UC San Diego

UC San Diego Electronic Theses and Dissertations

Title

Numerical and experimental studies of ethanol flames and autoignition theory for higher
alkanes

Permalink
https://escholarship.org/uc/item/3bg724kqd
Author

Saxena, Priyank

Publication Date
2007

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3bq724kg
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA, SAN DIEGO

NUMERICAL AND EXPERIMENTAL STUDIES OF ETHANOL FLAMES AND
AUTOIGNITION THEORY FOR HIGHER ALKANES

A dissertation submitted in partial satisfaction of the

requirements for the degree Doctor of Philosophy

in

Engineering Sciences (Mechanical Engineering)

by

PRIYANK SAXENA

Committee in charge:

Professor Forman A. Williams, Chair
Professor Kalyansundaram Seshadri, Co-Chair
Professor Lynn M. Russell

Professor Sutanu Sarkar

Professor Amitabha Sinha

2007






The dissertation of Priyank Saxena is approved, and it is
acceptable in quality and form for publication on
microfilm:

Co-Chair

Chair

University of California, San Diego

2007

il



TABLE OF CONTENTS

SIGNAUTE PAZE ..ottt ettt et s il
Table Of CONENLS ...c..eetiiiiiiieiiiiert ettt st v
LSt OF FIGUIES ..cviieiiieiie ettt ettt ettt e e e e e e sabeenneeenee vii
LSt OF TADIES ..ttt st s Xiv
ACKNOWIEAZEMENLS......c..eieiiieiieiiieeie ettt ettt et e e essaeenseesaee e XV
Vita, Publications, and Fields of Study.........ccccccieriiiiiiniieiieeceeeceeeeeee e Xvil
ADSTIACE ...ttt ettt b et sh e bt et st enbe et Xix
Chapter 1 INtrodUCHION ......eoeiieiieciieiieee ettt et 1
Lol OVEIVIEW ..ttt et ettt ettt sb e st eenbe e 1
Ethanol as an Alternative Fuel..........cccoooiiiiiiiiiiiiiiieceeeeee 2

1.2.1 Current Status of the Research.........cc.cccooooiiiiiiii 3

1.2.2 A Small Detailed Reaction Mechanism for Ethanol....................... 4

1.2.3  Experimental cOnditions ...........cccceueeereieeerieeeniieeriee e eeeee e 7

1.3 Theory for Autoignition of Higher Alkane Fuels ...........ccccoovevvinininnnnnnn. 8

1.4 Thesis OrganiZation ...........cccueeeeueeeriieeeniieeesieeesieeesseeeereeessseeesseeessseesssseeens 9

1.5 RETCIENCES....eiiiiiiieiiieiieieee e 10
Chapter 2 Method for Detailed Mechanism Development............cccccecereinenicnnnne. 13
2.1 OVEIVIEW ..ttt ettt ettt et e bt e esee bt enteeaeenseens 13

2.2 Existing MechaniSms ..........cccceiiiiiiiiiiieiieiiieeee e 14

2.3 The San Dieg0 MECh ......cceeviiiiiiiiiieiecieceece et 16

2.4 Numerical Methods........ccccoviiieiiiieiiccecee e 17

2.5 Sources of Reaction-Rate Parameters...........cccceveeviieiienienenienienieeieneene 23

2.6 Concluding Remarks...........ccoceeviiriiniiiiiiiiiiienieeeeceeeeeeeee 25

2.7 RETCIENCES....eutieiieiiiieiieee ettt 25
Chapter 3 Experimental Methods ...........ccccuieiiiiiiiiiieiiciccececeee e 30
3.1 OVEIVIEW ..eiiiiiiiiieeeite ettt ettt et e e et e et e e e ae e e s beeesabeeesaseeensseeesseesnseeas 30

3.2 Selected Experimental Conditions...........ccceeveerieeneeniieenieeieeniesveenieens 30

3.2.1 Autoignition in Shock Tube.........ccccoceviiiiniiniinniniceeee, 31

3.2.2 Laminar Burning VeloCities.........cccveriieiienieniieriieeieeiee e 31

3.2.3 Counterflow Diffusion-flame Extinction...........ccccccccveevvieeeneennee. 32

3.2.4 Counterflow Diffusion-flame Structures ............ccceeeveevvervrrenneens 32

3.3 Previous Experimental Data ..........cccccoooiiiiiiiiiiniiiieeceeeeee 33

3.4 Flame Configurations.........ccceeecvierieeiiieniieniiienieeeieesieeereesreeesseesseesveessnenns 35

3.5 Counterflow Experimental SEtup..........ccceeveereriieniineniienienieeieneenceene 36

v



3.6
3.7
3.8
3.9

Chapter 4

4.1
4.2
4.3
4.4
4.5
4.6
4.7

Chapter 5

5.1
5.2

53

54

5.5
5.6
5.7

3.5.1  VAPOTIZET.c..uiieiiieiie ettt ettt 36

3.5.2 Counterflow BUIMET .......ooovvvviiiiiiiiiiiiieeee e 38
3.5.3 Measurements and Instrumentation...............ccoceveeeeeeiveeeeenineeeenn. 40
3.5.3.1 Flow Measurement..........ccceeeeeeeviviiivreeeeeeeeeeiinneveeeeeens 40
3.5.3.2 Temperature Measurement ............ccceeevveerrveeenveesnuneenne 42
3.5.3.3 Sampling with a Quartz Probe...........cccceevevveeviienninens 43

3.5.3.4 Concentration Measurements — The Gas
Chromatograph .........ccceeeeieieiiie e 44
Connections and Procedure..........cocveeeeeiviiiiiiiiieeeeceee e 49
Measurement of Formaldehyde, Acetaldehyde, and Ketene .................... 51
Concluding Remarks...........cccieiieiiiiiiiiiieieeie e 52
REEICIICES ...t e 57

Testing Mechanism for the Combustion of Hydrogen and

Carbon MONOXIAE.......ccuveriiriiriiiieeieet et 60
OVETVIEW ..ttt ettt ettt et e b e et et e st e bt e st e e sbeesaneens 60
Hydrogen Burning Velocities and Autoignition...........cceceeveveereeeneennenne. 61
Hydrogen Diffusion-Flame EXtinction ...........ccceeevvieeiieenciieeciie e 65
Burning Velocities of Carbon Monoxide...........ccccceevieeriienieeiiienieeieeneen. 66
Autoignition of Carbon Monoxide...........ccevueeeeiieniiieniiieeie e, 67
CONCIUSIONS ...ttt ettt ettt ettt s 69
RETRIENCES ...ttt 76
Testing C; and C; SubmechaniSms .........cccveeeieeeiiieeriiieeiee e &1
OVEIVIBW ...ttt ettt sttt ettt ettt sttt et et b et st sae et et e b enees 81
C; Formaldehyde SubmechaniSm ...........cccceeviiieniiieniieeiie e &3
5.2.1 Autoignition of Formaldehyde...........c.coceiiiiniiiiiiiiiiiiies 84
5.2.2 Laminar Burning Velocities of Formaldehyde .............ccccceeueennee. 86
C; Methane and Methanol SubmechaniSms............ccccevevviiiiieiiiiiiiiiininnn.. 86
5.3.1 Auotignition of Methane...........c.ccceevviieiieiiiienieciieeeee e 87
5.3.2 Diffusion-Flame Extinction of Methane.............cccccccveeviieeenenns 88
5.3.3. Laminar Burning Velocities of Methane ............ccccceeveevveeciiennnns 90
5.3.4 Diffusion-Flame Structure of Methane............ccccceeeevveeiiieeeneens 91
5.3.5 Autoignition of Methanol ............ccceeeieviiiiiiiiieeiieeeeeee e, 92
5.3.6 Laminar Burning Velocities of Methanol..............ccocceniniienin. 94
5.3.7 Diffusion-Flame Structure of Methanol...............ccccceoerieninnnnnee. 96
5.3.8 Diffusion-Flame Extinction of Methanol................ccccoevvieennenns 98
Co SUDMECHANISIT ..ot e e e e e eaeeeeeeeeaaen 99
5.4.1 Laminar Burning Velocities of Ethane, Ethylene, and

ACCLYIENE ..ttt 99
5.4.2 Autoignition of Ethane, Ethylene, and Acetylene ....................... 101
5.4.3 Partially Premixed Flame Structure of Ethane..............c..cccc....... 102
Generic Chaperon Efficiencies ........cccccoevveriinieiinicneinienicncccece 103
Propane SubmechaniSmi...........ccceevverciieriieeiiienie e 104
Acetaldehyde Submechanism ..........ccceeeeviriiiniininienieneceeeeee 104



5.8
5.9

Chapter 6
6.1
6.2
6.3

6.4
6.5
6.6
6.7

Chapter 7
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9

Chapter 8
8.1
8.2

Appendix 1

Appendix 2

Appendix 3

CONCIUSIONS ..o 105

RETRIENICES ... 130
Detailed Mechanism Development for the Combustion of Ethanol ........ 135
OVEIVIBW ...ttt ettt ettt ettt sttt ettt et st be et bee b eaee 135
The Reaction MechaniSm ...........cocceeiieeiiiiiiiiiieniceeeeee e 135
Autoignition, Laminar Burning Velocities and Diffusion-Flame

EXHNCHION ...ttt 138
Counterflow Flame Structures .........c.ccoeevverieneenenienienenieseeeeeneene 141
Concentration Profiles Related to Pollutants.............ccccoeiiniiinnnnen. 144
CONCIUSIONS ...ttt sttt 146
RETRIENCES ...t 155
Autoignition Theory for Higher Alkanes...........ccoeeveeeiieeniiieecieeeieeee, 159
OVEIVIBW ...ttt ettt ettt ettt ettt et ettt sttt et bee b eaee 159
Basis of the Approach...........cccueieeiiieiiiiecieee e 160
High-Temperature Chemistry of Fuel Depletion..........cccccocevvevieniennenne 162
Sensitivity and Reaction-Path Analysis........ccccecevveeviieeniieeciie e, 167
Derivation of the Ignition-Time Formula ...........c..cccceovininnininininne 170
Tests of Ignition-Time Predictions ..........cccceecveeeiiienciieecie e 173
Range of Validity of the Theory .........cccoevieiieniiiiiieieeee e 175
CONCIUSIONS ...ttt et 178
REEIENCES. ...ttt 188
Summary and Future Work ...........coccoeviiiiiiniiieiieeee e 191
Ethanol-Flame Studies..........ccoooiiiiiiiiiiiiie e, 191
Autoigntion Theory for Higher Alkanes...........cccocceeviiiiiininiieniieene 197
The San Diego MeECh........cocuiviiiiiiiiiiiiiicceccceeee e 200
Vaporizer Temperature Calculation...........ccccceevveriinenninienenncnieneene. 209
A2.1 Nonpremixed Flame...........ccccoeviiiiieiieniiiiiieciecceee e 209
A2.2 Partially Premixed Flame...........cccccooiiiiiiiiiiniiee 210
Hydrogen Autoignition Results...........ccccoevieiiiiiiiiiiiiiiieiiceieeeeee 212

vi



LIST OF FIGURES

Figure 3.1 Photographs and dimensions of the counterflow setup used in the experiments
for (a) partially premixed flame and (b) nonpremixed flame ............ccocereenneee. 52

Figure 3.2 (a) Photograph of the vaporizer (b) A section of a solid model of the vaporizer.53

Figure 3.3 (a) Photograph of the counterflow burner assembly (b) A section of a solid
model of the counterflow burner.............cccooiiiiiiiiiiiiieee, 54

Figure 3.4 Quartz microprobe assembly ...........cccccueiiiiiiiiiiiniiiececce e 55

Figure 3.5 Flow of the sampled stable species through the mole sieve and Porapaq Q

columns to the detectors, and the valve switching involved...............cceeveennnne. 55
Figure 3.6 Temperature programming of the mole sieve column ..........ccceveeveviinieeniennenne. 56
Figure 3.7 Temperature programming of the Propaq Q column ..........cccoceeveriniineniiinnenne. 56

Figure 3.8 Schematic of the experimental setup including the counterflow burner, the
vaporizer, the gas sampling system, and the gas chromatograph ........................ 57

Figure 4.1 Measured and predicted laminar burning velocities of hydrogen-oxygen-inert
flames at 1 atm and initially at 298 K with a dilution factor f = 0.214, for
inerts nitrogen (air), argon and helium ..........cccoociieiiiieniieeeeccee e 71

Figure 4.2 Measured [24] and predicted laminar mass burning rates of hydrogen-oxygen-
helium mixtures with a dilution factor f = 0.08, initially at 298 K for pressures
from 10 atm t0 20 @tML...eouviiiiiiiieieee e 72

Figure 4.3 Measured [36] and predicted extinction strain rate as a function of the mole
fraction of hydrogen in a hydrogen-nitrogen fuel mixture for a counterflow
diffusion flame of the diluted fuel and air ............coceeveviininiineeee, 72

Figure 4.4 Measured [38] and predicted extinction strain rate as a function of the mass
fractions of water in the oxidizer stream for a counterflow diffusion flame
having a hydrogen-nitrogen mixture at room temperature as fuel (hydrogen
mole fraction between 0.28 and 0.29) and an oxygen-nitrogen-water mixture
at 383 K (dilution f approximately 0.1) as 0XidiZer ..........ccceevvereerrreieiiesrreienenn 73

Figure 4.5 Measured [40] and predicted laminar burning velocities as functions of the

equivalence ratio for two different mixtures of hydrogen and carbon monoxide
in air at 1 atm and initially at 298 K .........cccoeoviiiiiiiiiiiiicicceee e 73

Vil



Figure 4.6 Measured [40] and predicted laminar burning velocities of stoichiometric fuel-
air mixtures at 1 atm and initially at 298 K, as a function of the percentage of
carbon monoxide in a fuel consisting of a mixture of hydrogen and carbon
TNONOXIAC. 1.ttt ettt ettt ettt et e sat e et e s bt e e mbeesabeenbeesaeeenbeesaeeene 74

Figure 4.7 Measured [42] and predicted laminar burning velocities at 1 atm and initially
at 298 K, as functions of the initial fuel mole fraction of carbon monoxide Xco
at various dilutions f, for flames of carbon monoxide with initial hydrogen
mole fraction X,, = 0.015(X¢g + Xy + Xij ) vevenniiiine, 74

Figure 4.8 Measured [43] and predicted ignition times of a mixture of 12.15% CO,
0.05% H,, 1.0% O, and 86.8% Ar by volume at pressures between 1.4 atm
and 2.2 atm, according to three different definitions of the ignition times based
on concentration-time profiles of carbon dioxide, namely, the time t; of the
zero intercept of the maximum-slope straight line, the time t, at which the
concentration is 10'® molecules/cm’, and the time t; at which the
concentration is 3x10" Molecules/Cm ..............covvveveeeeeeeeeeeeee e, 75

Figure 4.9 Measured [44] and predicted ignition times, defined as hydroxyl
concentrations reaching 2.5x10"° mol/cm3, for a mixture of 3% CO, 1% H,,
5% O and 91% Ar by volume, at pressures between 0.15 and 0.30 atm............ 75

Figure 5.1 (a) Measured [13] and predicted autoignition delay times for Series E mixture
¢=1.0 (1.5% CH,0, 1.5% O,, and 97.0% Ar by volume) at pressures between
1.2 and 1.5 atm; solid line represents the prediction of the San Diego Mech;
dashed line represents the prediction of the SD Old...........ccccoeviieiieniiniiiannnne. 111

Figure 5.1 (b) Measured [13] and predicted autoignition delay times for Series E mixture
¢=1.0 (1.5% CH,0, 1.5% O,, and 97.0% Ar by volume) at pressures between
1.8 and 2.2 atm; solid line represents prediction of the San Diego Mech. ......... 111

Figure 5.2 (a) Measured [13] and predicted autoignition delay times for Series F mixture
¢=0.25 (0.49% CH,0, 1.98% O,, and 97.5% Ar by volume) at pressures
between 1.25 and 1.43 atm; solid line represents prediction of the San Diego
IMIECR. ettt sttt et et st 112

Figure 5.2 (b) Measured [13] and predicted autoignition delay times for Series F mixture
¢=0.25 (0.49% CH0, 1.98% O,, and 97.5% Ar by volume) at pressures
between 1.89 and 2.0 atm; solid line represents prediction of the San Diego
IMIECR. ettt 112

Figure 5.3 Measured [14] and predicted autoignition delay times for methane-oxygen-
argon mixture ¢=1.0 (3.5% CHj, 7.0% O,, and 89.5% Ar by volume) at
pressures between 5.8 and 8.0 atm; solid line represents prediction of the San
Diego Mech; dashed line represents prediction of the SD Old........................... 113

viil



Figure 5.4 Measured [15] and predicted autoignition delay times for methane-oxygen-
argon mixture ¢=1.0 (9.5% CHa, 19.0% O, and 71.5% Ar by volume) at
pressures between 2.3 and 2.6 atm; solid line represents prediction of the San
DO MECH. ...ttt ettt et ees 113

Figure 5.5 Measured [16] and predicted extinction strain rate for a counterflow diffusion
flame at P=1 atm as a function of the mass fraction of water in the oxidizer
stream having a methane-nitrogen mixture at room temperature as fuel and an
oxygen-nitrogen-water mixture at 352 K as oxidizer; solid line represents
prediction of the San Diego Mech. ........cccoeiiiiiiiiiiiiiiieee e, 114

Figure 5.6 Measured [17, 18] and predicted laminar burning velocities for methane-air
mixtures at initial temperature of 298 K at P = 1 atm; solid line represents
prediction of the San Diego Mech. ........cccovviiiiiiiiiiiiiieceeeee e 114

Figure 5.7 Measured [4] and predicted methane-air partially premixed flame structure:
(a) Concentration profiles for CH4, O3, N, CO, CO,, and H,, (b) Temperature
profile and concentration profiles for C;Hg, C;H,+CyHy, and NO; solid line
represents prediction of the San Diego Mech. .........ccocvieviiiiiiiiiiiieeeee 115

Figure 5.8 Measured [19] and predicted autoignition delay times for methanol-oxygen-
argon mixture ¢=1.0 (2.0% CH3;0H, 3.0% O,, and 95.0% Ar by volume) at
pressure 0.33 atm; solid line represents prediction of the San Diego Mech;
dashed line represents prediction of the SD Old.........ccccevevieiieniiiiieniieiiee, 116

Figure 5.9 (a) Measured [20] and predicted autoignition delay times for methanol-
oxygen-argon mixture ¢=0.75 (2.0% CH3;OH, 4.0% O,, and 94.0% Ar by
volume) at pressures between 1.2 and 1.74 atm; solid line represents
prediction of the San Diego MecCh. ........cccieviieiiiiiiiiiiieceeeeee e 116

Figure 5.9 (b) Measured [20] and predicted autoignition delay times for methanol-
oxygen-argon mixture ¢=1.5 (1.0% CH3;OH, 1.0% O,, and 98.0% Ar by
volume) at pressures between 2.85 and 3.25 atm; solid line represents
prediction of the San Diego MecCh ........cocoeviriiiiiiiiiiiiiiiccccccce 117

Figure 5.9 (c) Measured [20] and predicted autoignition delay times for methanol-
oxygen-argon mixture ¢=0.375 (1.0% CH3;0H, 4.0% O,, and 95.0% Ar by
volume) at pressures between 2.9 and 3.2 atm; solid line represents prediction
of the San Dieg0 MECh. ......ccoooiiiiiiiiiieieceeee e 117

Figure 5.9 (d) Measured [20] and predicted autoignition delay times for methanol-
oxygen-argon mixture ¢=3.0 (2.0% CH3;OH, 1.0% O,, and 97.0% Ar by
volume) at pressures between 2.8 and 3.2 atm; solid line represents prediction
of the San Diego MECh. .......cocoiiiiiiiiiiiicce e 118

X



Figure 5.10 Measured [21-25] and predicted laminar burning velocities for methanol-air

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

mixtures at initial temperature of 298 K at P = 1 atm; solid line represents
prediction of the San Diego Mech; dashed line represents prediction of the
SD OLd. ettt st 118

Measured [22] and predicted laminar burning velocities for methanol-air
mixtures at initial temperatures of 318 K, 340 K, and 368 K at P=latm;
solid lines represent prediction of the San Diego Mech. ........cccccceviiriinennene 119

Measured [5] and predicted methanol-air partially premixed flame structure:
(a) Concentration profiles for CH3;OH, O,, CO, CO,, and H,, (b)
Temperature profile and concentration profiles for CHs, and C,
(C,He+CyH,+C,Hy); solid line represents prediction of the San Diego Mech.120

Measured [26] and predicted methanol-air nonpremixed flame structure: (a)
Temperature and concentration profiles for CH;OH, O,, CO, CO,, and H,O,
(b) Concentration profiles for CHs, C,Hg, CoH,+C;H4, Ny, and H»; solid line
represents prediction of the San Diego Mech. ..........ccoooviviiiiniiiiiienieniiee 121

Measured [27] and predicted nonpremixed flame extinction strain rates at
P=1 atm for fuel-stream temperature Tr=323+ 10 K and air temperature
Tox=298 K; lines represent the predictions of the San Diego Mech................ 122

Measured [17, 18, 24, 29] and predicted laminar burning velocities for
ethane-air mixtures at initial temperature of 298 K at P = 1 atm; solid line
represents prediction of the San Diego Mech; dashed line represents
prediction of the SD Old. ......cc.ooiiiiiiiiiiieiieeeeeee e 123

Measured [17, 24, 29] and predicted laminar burning velocities for ethylene-
air mixtures at initial temperature of 298 K at P = 1 atm; solid line
represents prediction of the San Diego Mech; dashed line represents
prediction of the SD Old. .......ccooiiiiiiiiiiceeee e 123

Figure 5.17 Measured [24, 29, 32] and predicted laminar burning velocities for acetylene-

Figure 5.18

air mixtures at initial temperature of 298 K at P = 1 atm; solid line
represents prediction of the San Diego Mech. ........ccceoeeviniiiiniiiniincnicnene 124

Measured [28] and predicted autoignition delay times for ethane-oxygen-
argon mixture =1.0 (1.11% C,Hg, 3.89% O, and 95.0% Ar by volume) at
pressure 0.335 atm; lines represent prediction of the San Diego Mech; dot-
dashed line represents prediction based on [CO;] inflection criterion; solid
line represents prediction based on [OH] inflection criterion.............cccceuueeeee. 124



Figure 5.19 Measured [30] and predicted autoignition delay times for ethylene-oxygen-
argon mixture ¢=1.0 (1.0% C,Ha4, 3.0% O,, and 96.0% Ar by volume) at
pressure 1.0 atm; solid line represents prediction of the San Diego Mech...... 125

Figure 5.20 Measured [31] and predicted autoignition delay times for acetylene-oxygen-
argon mixture ¢=1.0 (1.4% C,H,, 3.6% O,, and 95.0% Ar by volume) at
pressures between 1.0 and 2.6 atm; solid line represents prediction of the
San DI1eZ0 MECK. .....ccviiiiiieiieeee e e 125

Figure 5.21 Measured [7] and predicted ethane-air partially premixed flame structure: (a)
Temperature and concentration profiles for C;Hs, O,, CO, and CO»; (b)
Concentration profile for CHy; solid line represents prediction of the San
DIEZO MECH. ...ttt et 126

Figure 5.21 (c¢) Measured [7] and predicted ethane-air partially premixed flame structure:
Concentration profiles for C,H,, and C,Hy; solid line represents prediction
of the San Die@o MECh. .....ccooiiiiiiiiiiiieeeee e 127

Figure 5.22 Measured [33] and predicted autoignition delay times for propane-oxygen-
argon mixture ¢=1.0 (0.2% C,H4, 1.0% O,, and 98.8% Ar by volume) at
pressure 1.5 atm; solid line represents prediction of the San Diego Mech...... 128

Figure 5.23 Measured [18] and predicted laminar burning velocities for propane-air
mixtures at initial temperature of 298 K at P = 1 atm; solid line represents
prediction of the San Diego MecCh. ........ccceeriiiiiiiiiiiiieeee e 128

Figure 5.24 (a) Measured [34] and predicted autoignition delay times for acetaldehyde-
oxygen-argon mixture ¢=0.5 (1.0% CH3;CHO, 5.0% O,, and 94.0% Ar by
volume) at pressure 5.0 atm; solid line represents prediction of the San
DIEZO MECH....eiiiiieiieceee ettt e 129

Figure 5.24 (b) Measured [34] and predicted autoignition delay times for acetaldehyde-
oxygen-argon mixture ¢=1.0 (1.0% CH3;CHO, 2.5% O,, and 96.5% Ar by
volume) at pressure 5.0 atm; solid line represents prediction of the San
DiIZO MECH. ..t 129

Figure 6.1 Reaction-path diagram of the ethanol partially premixed flame listed in Table
ettt h e h e bt a e bttt et a et h e b ae bt ettt ae e 150

Figure 6.2 Comparisons of measured [20] and calculated autognition delay times for
¢=0.5, 1.0 and 2.0 at P=1 bar and for ¢=2.0 at P=2 bar, with 90% Ar dilution;

the experimental ignition criterion was first visible light emission.................... 151

Figure 6.3 Comparisons of measured [21] and calculated autognition delay times for
autognition delay times for ¢=0.25 at P=2 bar, P=3.5 bar and P=4.6 bar, with

xi



92% Ar dilution; the experimental ignition criteria were pressure rise, OH
emission and the chemiluminesent reaction between CO and O......................... 151

Figure 6.4 Comparison of measured [23] and calculated laminar burning velocities for
ethanol-air mixtures at initial temperatures of 298 K, 363 K, 428 K, 453 K at
P=TatM e e 152

Figure 6.5 Comparison of measured [24] and calculated diffusion-flame extinction strain
rates at P=1 atm for fuel-stream temperature Tr=323+10 K and air
temperature To,=298 K; distance between the exit ducts was 10 mm, and the
strain rate was calculated from measured flow rates using a plug-flow formula
125 RSP PR 152

Figure 6.6 Ethanol partially premixed flame structures: (a) Concentration profiles for
C,HsOH, N, O,, H,O, CO, CO;, and H,, (b) Temperature profile and
concentration profiles for CH4, C;H,+C,Hs, CoHg and NOx. v, 153

Figure 6.7 Ethanol nonpremixed flame structures: (a) Concentration profiles for
C,HsOH, N, O,, H,O, CO, CO;, and H,, (b) Temperature profile and
concentration profiles for CH4, C;H,+C,Hs, CoHg and NOx. vonevveeevieeiee. 154

Figure 6.8 Comparison of measured and calculated NO concentration profiles for a
partially premixed ethanol-air flame with fuel-side equivalence ratio ¢ = 2.3,
and plug-fIOwW STrAIN TAE 53 S™. c..vreeieeeeeeeeeeeee oo e 155

Figure 7.1 Computed histories of temperature and mole fractions for isochoric, adiabatic,
stoichiometric propane-air mixtures at 1 atm and initially at 1500 K. ............... 183

Figure 7.2 Computed ratio of the rate of reaction of the radical with the parent fuel to the
total rate of consumption of the radical, for H, O and OH, as functions of time,
for the fuel and conditions of Fig. 1.......ccoooiiiiiiiiiiiiiiee e 183

Figure 7.3 Computed magnitude of the difference between the production rate and the
consumption rate, divided by the production rate, for four radicals, as
functions of time, for the fuel and conditions of Fig. 1. .......cccocceiiiiniiinnian 184

Figure 7.4 Comparison of theoretical and experimental ignition times for normal alkanes
with argon as the inert (a) propane [21], ¢=1.0; 0.2% C;Hs, 1% O,, 98.8% Ar;
P=1.5 atm; T=1431-1680 K; (b) n-butane [22], ¢=1.0; 2.5% CsH,0, 16.25%
0,, 81.25% Ar; P=9.19-10.58 atm; T=1233-1372 K; (c) n-pentane [22],
¢=1.0; 2.04% CsHi2, 16.32% O,, 81.64% Ar; P=8.27-9.46 atm; T=1166-1390
K; (d) n-heptane [23], ¢=1.0; 2.5% C;Hj¢, 27.5% O,, 70% Ar; P=1-4 atm;
T=1272-1559 K; (e) n-decane [5], ¢=1.0; 0.2% C;oHz2, 3.1% O,, 96.78% Ar;
P=1.2 atm; T=1396-1518 K. .ecueiiiiieeieeieeee e 184

xii



Figure 7.5 Comparison of theoretical and experimental ignition times for normal alkanes
with nitrogen as the inert (a) propane [24], ¢=1.0; 4.17% CsHg, 20.83% O,,
75.0% N,; P=3.4-5.0 atm; T=1238-1510 K; (b) n-heptane [25], ¢=1.0; 1.87%
C7Hi6, 20.61% Oy, 77.51% Ny; P=13.3 atm; T=949-1297 K; (¢) n-decane [26],
¢=1.0; 1.34% C,oHa2, 20.73% O, 77.94% N»; P=12.83 atm; T=1015-1300 K. 185

Figure 7.6 Comparison of theoretical and experimental ignition times for (a) iso-octane
[27], 9=1.0; 1.65% 1CgH g, 20.7% O, 77.7% N»; P=13.3 atm; T=970-1301 K;
(b) JP 10 [28], 9=1.0; 0.4% CioHis, 5.6% O,, 94% Ar; P=2.5 atm; T=1259-
TAT2 Kttt 185

Figure 7.7 Comparison of theoretical and experimental ignition times for (a) propene
[29], =1.0; 1.6% CsHg, 7.2% O3, 91.2% Ar; P=1 atm; T=1532-1824 K; (b)
ethylene [30], =1.0; 1% CyH4, 3% O3, 96% Ar; P=1 bar; T=1440-1745 K. .... 186

Figure 7.8 Variation of the parameter a with temperature for n-heptane at 100 atm and
different dilutions and equivalence ratios. ..........ccceeceeerieerieeiiienieeieenie e 186

Figure 7.9 Comparison of theoretical and numerical predictions of (a) the effect of
pressure on ignition delay time for stoichiometric propane-air mixtures at
1500 K (lower curves) and of (b) the effect of nitrogen dilution on ignition
delay time for stoichiometric propane-air mixtures at 1 atm and 1500 K (upper
CUTVES). tiiiuttieeeeiueeeeeaittteeeesuseeeeaaasaeeeeassaeaeeasseeeaasssseesasssaseseasseseeansssseesasssseeaans 187

Figure 7.10 Comparison of experimental, theoretical and numerical predictions of the
effect of equivalence ratio on ignition delay time for n-heptane, with fuel
mole fraction fixed at 0.4%, at 1 atm and 1500 K in oxygen-argon mixtures
(lower curves) and for fuel-air mixtures at 13.2 atm and 1100 K (upper
CUTVES ). vveeeutteeeuereeeseeeeseeessseeesssaeaasseaeassaeasssaeassesassaeassseasseeessssessseesnsseessseenns 187

Figure A3.1 Measured and predicted autoignition delay times for hydrogen-oxygen-inert
mixtures; solid diamonds [2] ¢=1.0 (29.6% H,, 14.8% O, and 55.6% N, by
volume) at pressure 0.43 bar, solid squares [2] ¢=0.1 (4.0% Ha, 20.2% O,
and 75.8% N, by volume) at pressure 0.45 bar; solid triangles [3] ¢=1.0
(29.6% H,, 14.8% O,, and 55.6% N, by volume) at pressure 2.5 bar; open
circles [4] ¢=1.0 (2.0% H,, 1.0% O,, and 97.0% Ar by volume) at pressure
33 bar; open triangles [5] ¢=0.42 (15.0% H, 17.85% O, and 67.15% N, by
volume) at pressure 4.0 bar; solid circle [5] ¢=0.42 (9.0% H,, 10.71% O,
40.0% H,O, and 40.29.0% N, by volume) at pressure 4.5 bar; solid line
represents prediction of the San Diego Mech. ..........cccoeviviiieiiieiieniecieee, 212

xiil



LIST OF TABLES

Table 4.1 Chemical-Kinetic Mechanism for Hydrogen and Carbon Monoxide............ 70
Table 5.1 Formaldehyde EXperiments ...........ccoeoieeiieniieniienieeieeiieeeeie et 107
Table 5.2 Methane EXPeriments ..........ccceevieeiienieeiiienieeieesie et 107
Table 5.3 Methanol EXPeriments...........c.cevieeiierieeiiienieeiieeie et 107
Table 5.4 Ethane EXPeriments ..........ccoeouiiiiiiiiienieeiiesie ettt 108
Table 5.5 Ethylene EXperiments ...........cccoeviieiienieeiiienieeieesie et 108
Table 5.6 Acetylene EXPeriments ..........ccevieeiierieeiiienieeiiesie ettt 108
Table 5.7 Propane EXPEeriments ...........ccceerieeiienieeniienieeiienieeiee e eieesneeseesneeenseenens 108
Table 5.8 Acetaldehyde EXpeirments ..........cccueevierieeiieniieeiieiiecieece e 108
Table 5.9 Updates to the elementary steps in C; and C, submechanisms .................... 109
Table 6.1 New ethanol rate parameters.........ccueeveereeeiieeniieniieniie e eiee e eseee e eeee e 149

Table 6.2 Experimental conditions and boundary conditions used in the numerical

CAICULATIONS ...ttt st 149
Table 7.1 Formal Derivation of Reduced Chemistry...........ccceeevveriierieenieenieenieeneenne, 180
Table 7.2 Reaction-Rate Parameters Employed .........cccoovveviieiiiniieiieciieieeeee 181
Table A1.1 Chemical-Kinetic Mechanism for Ethanol ...............cccccoovviiiiiiiiiiiiiennnnnn, 199

X1V



ACKNOWLEDGEMENTS

The present work has been accomplished at the Center for Energy Research at the
University of California, San Diego, during the period of September 2002 until January
2007. I am deeply indebted to Professor Forman A. Williams for his encouragement,
advice, and research support throughout my doctoral studies. I thank him for giving me
chances to correct my mistakes during my research work. His energy and dedication to
research is a constant source of inspiration to me.

I express my special gratitude to the faculty members of Mechanical and
Aerospace Engineering Department, especially Professor Kalyansundaram Seshadri and
Professor Sutanu Sarkar for their prompt help regarding both academics and non
academics. I also valued tremendously the discussions with Professor Amable Lifan,
Professor Antonio Sanchez, and Professor Norbert Peters during their summer-time stays
at UCSD.

I am thankful to Venkat Tangirala for his constant encouragement and for always
reviving my self confidence in the time of disappointments. I thank Shikha Gupta for
helping me in a smooth transition to life in the USA, and her kind assistance in improving
my written English. My stay at UCSD was a pleasant experience due to my interactions
with all my friends at UCSD; Nick Killingsworth, Gonzalo Del Alamo, Masha Petrova,
Maria Da Conceicao, John Buma, Vincent Morin, and Guillaume Mauger to name a few.
I also thank my brother and my wife for sharing light moments with me when I was
under stress.

Finally, it is impossible to have my research career without my parent’s love and

constant encouragement for a pursuit for knowledge. It is the guidance of my parents and

XV



teachers that have shaped my ideals and career. I dedicate my dissertation to my parents
and teachers.

Chapter 4 of the present dissertation, in part or in full, is a reprint of the material
as it appears in the article: P. Saxena and F.A. Williams, “Testing a Small Detailed
Chemical-Kinetic Mechanism for the Combustion of Hydrogen and Carbon Monoxide”,
Combustion and Flame, 145, 2006, pp. 316-323. The dissertation author was the primary
researcher in that publication.

Chapter 6 of the present dissertation, in part or in full, is a reprint of the material
as it appears in the article: P. Saxena and F.A. Williams, “Numerical and Experimental
Studies of Ethanol Flames”, Proceedings of the Combustion Institute, 31, 2007, pp.1149-
1156. The dissertation author was the primary researcher in that publication.

Chapter 7 of the present dissertation, in part or in full, is a reprint of the material
as it appears in the article: P. Saxena, N. Peters, and F.A. Williams, “An Analytical
Approximation for High-Temperature Autoignition Times of Higher Alkanes”,
Combustion and Flame, to appear, 2007. The dissertation author was the primary
researcher in that publication.

The research contained in this dissertation was supported by NSF through Grant

No. CTS 0129562 and by NASA through Grant No. NCC3-1097.

XVi



VITA

January 9™, 1976 Born in Etawah, India

1993-1997 B.E. (Mechanical Engineering), Bhilai Institute of Technology,

Bhilai, India

1998-2000 M.Tech. (Aerospace Engineering), Indian Institute of

Technology, Kanpur, India

2000-2002 Aerospace Engineer, General Electric Global Research Center,

Bangalore, India

2002-2007 Research Assistant, Center for Energy Research, University of

2007

California, San Diego, USA

Ph.D., University of California, San Diego

PUBLICATIONS

Journals

1.

6.

P. Saxena, N. Peters, and F.A. Williams, “An Analytical Approximation for High-
Temperature Autoignition Times of Higher Alkanes”, Combustion and Flame, to
appear 2007.

P. Saxena and F.A. Williams, “Numerical and Experimental Studies of Ethanol
Flames”, Proceedings of the Combustion Institute, 31, 2007, pp. 1149-1156.

P. Saxena and F.A. Williams, “Testing A Small Detailed Chemical-Kinetic
Mechanism for the Combustion of Hydrogen and Carbon Monoxide”,
Combustion and Flame, 145, 2006, pp. 316-323.

S. Mittal and P. Saxena, “Hysteresis in flow past a NACA 0012 airfoil”,
Computational Methods in Applied Mechanics and Engineering, 191, 2002, pp.
2179-2189.

S. Mittal, P. Saxena, and A. Singh, “Computation of 2D flows past Ram Air
Parachutes”, International Journal of Numerical Methods in Fluids, 35, 2001, pp.
643-667.

S. Mittal and P. Saxena, “Prediction of hysteresis associated with the static stall of
an airfoil”, AIAA Journal, 38, No. 5, 2000, pp. 933-935.

Conferences

7.

P. Saxena and F.A. Williams, “Experimental and numerical studies of ethanol
flames”, ASME TURBO EXPO 2006: Power for Land, Sea and Air, May 2006,
Barcelona, Spain, GT2006-90326.

R. Devi, P. Saxena, B. Walter, B. Record, and V. Rajendran, “Pressure Reduction
in Intake System of a Turbocharged-Inter cooled DI Diesel Engine using CFD

xvil



Methodology”, 2004 SAE Fuels & Lubricants Meeting & Exhibition, June 2004,
Toulouse, France, 2004-01-1874.
Reports
e M.Tech. Thesis: “Numerical simulation of turbulent flows using the Baldwin-
Lomax model”.

e B.E. Final Year Project: “Estimation of Primary Energy for Bhilai Steel Plant”.

FIELDS OF STUDY
Major Field: Engineering
Studies in Combustion

Professor F. A. Williams

Studies in Physics of Gases and Physical Gas Dynamics
Professor F.A. Williams, Professor S. Krasheninnikov, and Professor R. Cattolica

Studies in Fluid Mechanics and Turbulence
Professor S. Sarkar, Professor P. Linden, and Professor S.L. Smith

Studies in Applied Mathematics
Professor F.A. Williams, Professor S.L. Smith, and Professor W.R. Young

Studies in Numerical Methods and Computational Fluid Dynamics
Professor T. Bewley

xviil



ABSTRACT OF THE DISSERTATION

NUMERICAL AND EXPERIMENTAL STUDIES OF ETHANOL FLAMES AND

AUTOIGNITION THEORY FOR HIGHER ALKANES
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Professor Forman A. Williams, Chair

Professor Kalyansundaram Seshadri, Co-Chair

In order to enhance the fuel efficiency of an engine and to control pollutant
formation, an improved understanding of the combustion chemistry of the fuels at a
fundamental level is paramount. This knowledge can be gained by developing detailed
reaction mechanisms of the fuels for various combustion processes and by studying
combustion analytically employing reduced-chemistry descriptions. There is a need for
small detailed reaction mechanisms for alkane and alcohol fuels with reduced
uncertainties in their combustion chemistry that are computationally cheaper in
multidimensional CFD calculations. Detailed mechanisms are the starting points in
identifying reduced-chemistry descriptions of combustion processes to study problems

analytically.
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This research includes numerical, experimental and analytical studies. The first
part of the dissertation consists of numerical and experimental studies of ethanol flames.
Although ethanol has gained popularity as a possible low-pollution source of renewable
energy, significant uncertainties remain in its combustion chemistry.

To begin to address ethanol combustion, first a relatively small detailed reaction
mechanism, commonly known as the San Diego Mech, is developed for the combustion
of hydrogen, carbon monoxide, formaldehyde, methane, methanol, ethane, ethylene, and
acetylene, in air or oxygen-inert mixtures. This mechanism is tested for autoignition,
premixed-flame burning velocities, and structures and extinction of diffusion flames and
of partially premixed flames of many of these fuels. The reduction in uncertainties in the
combustion chemistry can best be achieved by consistently updating a reaction
mechanism with reaction rate data for the elementary steps based on newer studies in
literature and by testing it against as many experimental conditions as available. The
results of such a testing for abovementioned fuels are reported here along with the
modifications of reaction-rate parameters of the most important elementary steps and the
addition and deletion of a few key steps relevant to these tests. A mechanism developed
in such a hierarchical way starting with simpler fuels such as hydrogen and carbon
monoxide to the fuels with one and two carbon atoms has reduced uncertainties in the
combustion chemistry of a fuel. This reaction mechanism, consisting of 137 reactions
among 30 species, provides a robust building block upon which an ethanol mechanism is
developed. The San Diego Mech is extended for ethanol combustion by adding 55 new
reactions and 6 new species. Specifically, 33 reactions are added that involve C;HsOH or

one of the three isomers produced by abstraction of an H atom from it, CH;CHOH,
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CH,CH,0H and CH3;CH;0, and 22 reactions are added that involve acetaldehyde or one
of the two isomers produced by abstraction of H from it, CH,CHO and CH;CO.

Ethanol combustion is investigated on the basis of a new reaction mechanism,
thus developed, consisting of 192 elementary steps among 36 species, augmented by 53
additional steps and 14 additional species to address the formation of the oxides of
nitrogen and 43 steps and 7 species to address formation of compounds involving three
carbon atoms. The mechanism is tested against shock-tube autoignition-delay data,
laminar burning velocities, counterflow diffusion-flame extinction and measurements of
structures of counterflow partially premixed and diffusion flames. Measurements on
ethanol-air flames at a strain rate of 100 s™', employing prevaporized ethanol with a mole
fraction of 0.3 in a nitrogen carrier stream, were made for the pure diffusion flame and
for a partially premixed flame with a fuel-side equivalence ratio of 2.3 and involved
thermocouple measurements of temperature profiles and determination of concentration
profiles of C,HsOH, CO, CO,, H,, H,O, O,, N,, CH4, C,H¢ and C,H,+C,H4 by gas
chromatographic analysis of samples withdrawn through fine quartz probes.
Computational investigations also were made of profiles of oxides of nitrogen and other
potential pollutants in similar partially premixed flames of ethanol and other fuels for
comparison purposes. The computational results with the present mechanism are in
reasonable agreement with experiment and perform as well as or better than predictions
of other, generally much larger, mechanisms available in the literature. Further research
is, however, warranted for providing additional and more stringent tests of the

mechanism and its predictions, especially for condition at higher pressures.
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The second part of the dissertation consists of analytical study of autoignition of
higher alkane fuels. It is shown that, above about 1000 K, ignition delay times for
propane and all higher alkanes, as well as for a number of other fuels, can be calculated
well by employing rate parameters of only three types of elementary steps, namely
CnHy+HO,—C 1 Hy 1 +H20,, H O +M—20H+M and 2HO,—H,0,+0,, only the first of
which is fuel-specific, the other two clearly being common to all fuels. The prediction of
this remarkably simple result relies on a steady-state approximation for HO,, as well as
steady states for more active radicals during induction. The resulting approximation to
the chemistry exhibits a slow, finite-rate buildup of H>O, and removal of fuel during the
induction period. The criterion employed for termination of the induction period is the
complete depletion of the original fuel subject to the approximations introduced.
Numerical comparisons of the ignition-time formula with the experiments show that the
predictions work well not only for higher alkanes but also for propene and JP-10. The
analytical approximation thus produces reasonable results for a wide range of fuels.
These results provide a new perspective on high-temperature autoignition chemistry and
a general means of easily estimating ignition times of the large number of fuels of

practical importance.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW

Dwindling fossil fuels supplies and rising pollutant levels in the atmosphere are
some of the major challenges to fast-paced-power-intensive industrial growth in modern
society. The scientific community is trying to tackle these problems by replacing fossil
fuels with renewable and cleaner sources of energy. At present, biomass-based fuels seem
to be most economically viable option because they can be used in the existing fossil fuel
based infrastructure. As a result, a new avenue has been opened for engine designers to
develop flex-fuel engines; the engines that can run simultaneously on different fuels.

The present research is a contribution towards these world-wide efforts. Recently,
ethanol has piqued the interest of research and industrial communities as a promising
biomass fuel. The first part of the present thesis attempts to elucidate ethanol combustion
at fundamental level by obtaining improved understanding of ethanol combustion
chemistry.

Autoignition delay times of hydrocarbon fuels play a major role in the
performance characteristics of new engine concepts such as HCCI (Homogeneous
Charged Compression Ignition). There is a need for reduced-chemistry models and
simple formula for the autoignition of practical hydrocarbon fuels for flex-fuel complex
engine analysis, which are computationally less expensive compared to detailed chemical
mechanisms. The second part of this work proposes such a simple chemistry and provides

a simple analytical formulation for autoignition of higher alkane fuels.



1.2 ETHANOL AS AN ALTERNATIVE FUEL

Interest in the use of ethanol as a stand-alone fuel and as an oxygenated additive
to hydrocarbon fuels is continually increasing. The underlying reasons are the cost of the
fuel and environmental effects; as a renewable energy source, ethanol qualifies for
consideration in programs designed to conserve precious natural resources [1, 2]. Interest
in reducing pollutant emissions in combustion processes also has focused attention on
ethanol because many believe that oxygenated fuels or oxygenated fuel additives can
decrease emissions of oxides of nitrogen (NOy) by reducing peak temperatures in flames
and also help to oxidize carbon monoxide and lessen soot production by favoring
oxidation routes over pyrolysis routes. Although much attention has been given to
oxygenated additives other than ethanol in automotive applications, such as ethers that
range from methyl tertiary butyl ether (MTBE) to dimethyl ether, these alternatives all
are synthetic fuels that, besides exacting in principle an energy-supply penalty in their
production, also can be harmful to the environment (witness MTBE in groundwater [3]).
To the extent that oxygenated species can reduce air pollution, therefore, increased
interest is focused on ethanol for clean burning.

There are, however, considerable uncertainties about the extent to which these
possible benefits of ethanol combustion are realizable. There is, for example, concern
about possible increased emissions of aldehydes. Since methanol produces very little
soot in combustion, prevailing belief is that this may be true for all alcohols, but Spacelab
experiments on the combustion of fiber-supported ethanol droplets, performed along with
experiments on the combustion of free heptane droplets [4], revealed substantial sooting

of ethanol, comparable to that of heptane. With the advent of flexible-fuel cars and high-



octane-rated E85 (85/15 percent ethanol/gasoline) fuel, it thus becomes desirable to
assess more critically the suitability of ethanol as an environmentally friendly fuel.

The objective of this study was to understand ethanol combustion at the
fundamental level, reduce the uncertainties in the existing combustion-chemistry of
ethanol, measure flame structures, and evaluate to what extent the abovementioned
advantages are the reasons of excitement and disadvantages are the reasons of concerns.
This research has computational and experimental components. The computational part
addresses detailed chemical-kinetic descriptions of ethanol combustion chemistry, and

experimental part involves experimental testing of predicted flame structures.

1.2.1 CURRENT STATUS OF THE RESEARCH

A number of different authors around the world have contributed to our
knowledge of the chemistry of ethanol combustion. This includes work in Ireland [5],
Russia [6], France [7], USA [8, 9, 10] and Brazil [11]. As a consequence of these efforts,
a number of different detailed chemical-kinetic mechanisms for ethanol combustion now
exist that have been tested in a number of ways against different kinds of experimental
data. There are experiments with static reactors [12, 13, 14], shock tubes [15, 16, 17],
flow reactors [8] and premixed laminar flames [18]. Different experiments pertain to
different ranges of conditions. The combustion applications of interest are at
temperatures between roughly 800K and 2200K and pressures between 1 bar and 50 bar.
The static-reactor experiments tend to be at temperatures and pressures lower than this,
while the shock-tube experiments are in the right range and provide useful autoignition

data. Flow-reactor temperatures do not extend over the entire range of interest, but flame



experiments, virtually by definition, are central to combustion applications. There are,
however, important practical concerns about nonpremixed and partially premixed
systems that cannot be addressed by any of these experiments.

Although there have been early experiments on coflow ethanol diffusion flames
[19, 20], much better tests of chemical mechanisms can be made in counterflow flames
because of the one-dimensional geometry (for all variables except the velocity field) and
the availability of readily usable codes to calculate their flame structures with detailed
chemistry. The counterflow configuration facilitates thermocouple and gas-sampling
measurements by providing horizontal isothermal, isoconcentration surfaces along which
the probes can be inserted to minimize sampling errors. These experiments, which are

carried out for the first time for ethanol flames, are part of the current research.

122 A SMALL DETAILED CHEMICAL KINETIC MECHANISM FOR

ETHANOL

None of the above mentioned mechanisms were [5-11] found to agree with all the
available data and showed uncertainties in predicting the preliminary test results on
ethanol flames [21]. This indicates the need for the development of a detailed mechanism
for ethanol combustion which is robust.

Because of limitations on computer capabilities, there is a need for detailed
chemical-kinetic mechanisms for combustion that are not too large. Our approach differs
from that underlying a number of other data bases where larger mechanisms are proposed
by including all possible elementary routes for the sake of completeness. The efforts here

are directed to keep minimum numbers of species and reactions needed to describe the



high-temperature combustion processes. This in turn reduces the uncertainties in the rate
parameters employed. This simplification is achieved by restricting attention to
temperatures above about 1000 K, pressure below about 100 bar, equivalence ratios less
than about 3 in premixed systems, and potential-flow strain rates greater than about 50 s
!. The simplifications arise from the unimportance of soot formation and cool-flame
phenomena (peroxide chemistry) under these conditions.

Hence, as an alternative to mechanisms having thousands of elementary steps, a
mechanism for fuels as complex as propane having less than 300 steps [22] was
developed, widely known as the San Diego Mech. In the current study, the San Diego
Mech, as a starting mechanism, was augmented for ethanol combustion. The ethanol
mechanism consists of 192 elementary steps among 36 species, extended by 53 additional
steps and 14 additional species to address the formation of oxides of nitrogen and 43
steps and 7 species to address formation of compounds involving three carbon atoms. Out
of the 192 reactions 33 reactions are added that involve C,HsOH or one of the three
isomers produced by abstraction of an H atom from it, CH;CHOH, CH,CH,OH and
CH3CH;O0, and 22 reactions are added that involve acetaldehyde, which is an important
intermediate in ethanol combustion, and CH,CHO and CH3;CO. For the pressure
dependent reactions, the third-body efficiencies of various species are assigned constant
values, which are the mean over 1000 K to 2000 K for temperature-dependent third-body
efficiencies. This helps in keeping the structure of the mechanism simple. Also, generic
third-body efficiencies [23] with respect to nitrogen are assigned for all the pressure-
dependent reactions. In many detailed mechanisms, it is observed that some reactions are

assigned third-body efficiencies related to nitrogen while others have efficiencies



assigned equal to that of nitrogen. This can be a cause of concern especially in simulating
experiments consisting of water vapor in the fuel mixture or the possible errors in the
rates of recombination reactions which occurs when a lot of carbon dioxide, carbon
monoxide and water vapor exist in the oxidation layer in the system.

Important aspects that need to be addressed in an ethanol mechanism are fuel
pyrolysis three-body reactions which are also pressure dependent, and the three routes of
H abstraction. Previous studies [8, 9, 10] have addressed the branching ratios of H-
abstraction steps extensively, and the flame-structure data in this research provides
validation to these branching ratios of the H-abstraction reactions. Also an estimation of
the rates for two significant pyrolysis steps with pressure fall-off are reported.

The numerical predictions from the mechanism were tested against shock-tube
autoignition data, laminar burning velocities, diffusion-flame extinction and
measurements of structures of counterflow partially premixed and nonpremixed flames,
the last of these were performed and reported here for the first time. In the process of
development, the mechanism was also tested for the intermediate fuels such as hydrogen,
carbon monoxide, formaldehyde, methane, methanol, ethane, ethylene, acetylene, and
acetaldehyde against various experimental data of interests available in the literature.

Computational studies included numerical integration of the conservation
equations with detailed chemistry, radiation and transport effects, the last of which is not
active in shock-tube autoignition delay time calculations. The computer programs
CHEMKIN [24] and FlameMaster [25] were employed for this purpose. San Diego Mech
is freely available on the web [26] for academic, research and noncommercial applied

purposes in both CHEMKIN and FlameMaster formats.



1.2.3 EXPERIMENTAL CONDITIONS

The experimental conditions adopted in the present work correspond to diffusion
flames and partially premixed flames at a plug-flow strain rate of 100 s, in a
counterflow setup. The diffusion flame that was probed in detail consists of prevaporized
fuel, with mole fraction of 0.3, diluted with nitrogen in the fuel stream, and air as the
oxidizer stream. The partially premixed flame that was measured includes prevaporized
fuel in air partially premixed to an equivalence ratio of 2.3 in the fuel stream, and air as
the oxidizer stream. This last configuration yields a two-stage flame: There is a pale
green fuel-rich premixed flame in the fuel stream and a brighter blue diffusion flame in
the vicinity of the stagnation plane. Temperature profiles were measured by a
thermocouple, and concentration profiles of stable species such as C;HsOH, CO, CO,,
H,, H,O, O,, N, CH4, C;Hg and C,H,+C,H4 were measured by gas chromatography of
samples withdrawn by a fine probe.

There are two reasons for including partially premixed flames in the
measurements along with the diffusion flames. One is the prevalence of partially
premixed flames in the applications, and the other is for improved experimental accuracy.
At a sufficiently large extent of premixing, the partially premixed flames exhibit two
reaction zones, a rich premixed reaction zone and a diffusion-flame reaction zone. This
serves to spread the flame structure over a few millimeters and lessens the necessity of
obtaining fine submillimeter spatial resolution. Proper alignment enables half-millimeter
spatial resolutions to be obtained with proper design and operation of the sampling

probes, but it is very difficult to go beyond quarter-millimeter resolution. In many



respects, the structures of the partially premixed flames have more character and are more

revealing.

1.3 THEORY FOR AUTOIGNITION OF HIGHER ALKANE FUELS

In both propulsion and explosion-safety applications, as well as in fundamental
investigations such as computational approaches to descriptions of combustion processes,
there is a need for simple analytical expressions for autoignition induction times.
Expressions of that type can be obtained empirically from experiment, as they often have
been [27-31], but this requires experiments to be performed for each fuel over the full
range of conditions of interest. At the opposite extreme, programs are now readily
available [24, 25] that enable autoignition times in homogeneous, adiabatic systems to be
computed readily with full detailed chemical-kinetic mechanisms, and empirical fits to
the computational results can be made. This, however, does not aid in understanding or in
extension to conditions that have not been computed.

Autoignition times of most fuels, especially higher hydrocarbons, seem to be
remarkably similar in both value and temperature dependence in the temperature range
between about 1000 K and 2500 K. This suggests that the length of the induction period
may be controlled by chemistry that the fuels have in common, not strongly dependent on
the specific fuel and not reliant on the full complex details of the true chemical
mechanism. A simple set of key elements of that common chemistry, however, has not
yet been identified. Once that set is determined, if it is simple enough then it can readily
be used to derive a general analytical autoignition-time formula from basic first

principles. Identifying a reduced chemistry for autoignition by systematic reduction and



deriving such a formula was the objective of the present study. A formula which depends
on one fuel-dependent step and two fuel-independent steps is developed and reported
here. The most important assumption that goes in this study is that the rapid-radical
build-up doesn’t happen until all the fuel, which absorbs all the reactive radicals, is

completely consumed, hence, the ignition occurs [32].

1.4 THESIS ORGANIZATION

Chapter 2 to 6 covers the ethanol combustion study while chapter 7 presents
autoignition theory. A survey of the literature for ethanol combustion chemistry, issues
related to current mechanisms, and a method for detailed mechanism development is
described in Chapter 2. Chapter 3 presents details of experimental setup, experimental
conditions, and the procedure for measuring counterflow diffusion flame structures for
ethanol. Chapter 4 and Chapter 5 present a detailed study for testing of submechanisms
for intermediate fuels in the ethanol mechanism such as hydrogen, carbon monoxide,
formaldehyde, methane, methanol, ethane, ethylene, acetylene, and acetaldehyde. Testing
of the mechanism for the combustion of hydrogen and carbon monoxide is presented in
Chapter 4 while fuels with C; and C, hydrocarbons and acetaldehyde in Chapter 5. In
Chapter 6, ethanol mechanism development, experimental measurements of the flame
structures and tests of ethanol mechanism against these flame data, and the data from the
literature for autoignition delay times, laminar burning velocities and flame extinction are
reported.

Chapter 7 is devoted completely to identifying a simplified chemistry for high-

temperature autoignition of higher alkanes, and development of an analytical formula for
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the same. The numerical results are compared with the experimental data, and the validity

of the theory is discussed.

Finally in Chapter 8, major conclusions from the current studies and the future

extensions to this research are discussed.
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CHAPTER 2

METHOD FOR DETAILED MECHANISM
DEVELOPMENT

2.1 OVERVIEW

The first part of this research consists of numerical and experimental studies of
ethanol flames. In the numerical studies a detailed reaction mechanism for ethanol is
developed. A detailed reaction mechanism, also called chemical-kinetic mechanism, for a
fuel is a system of elementary reactions among different species (molecules and radicals)
that are observed to occur during the combustion of that fuel. The critical part in the
development of a mechanism is to determine different routes of formation and
consumption of each species, and the rate at which the reactants are converted into
products. A brief overview of the methods used in the development of a reaction
mechanism is presented here. The implementation of the procedures is discussed in
details in Chapters 4, 5, and 6 where the development of the San Diego Mech is
conducted.

The first step of a detailed reaction mechanism development is to identify routes
of fuel consumption, and the formation and consumption of various intermediate stable
species and radicals. The second step is to identify the experiments that will cover all the
aspects of the combustion processes that are desired in the mechanism, and testing of the
mechanism against these experiments. The third step involves sensitivity analysis,
reaction-flux analysis, and rate of heat release per reaction to identify key steps and non-

significant steps for a particular process. In the fourth step, rate parameters of the key
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reactions are chosen after studying the uncertainties in their values from different
literature sources and their effect in predictions of different experiments. Finally in the
fifth step, the non-significant elementary steps can be eliminated by testing their effects
in extreme conditions of pressure, temperature, and equivalence ratio ranges that the
mechanism is designed for.

In developing a mechanism for complex fuels, it is important that sub-
mechanisms for the simpler fuels are developed and tested as described above. The
development of a mechanism in such a hierarchical way simplifies the task of mechanism
validation, since only those reactions and rates which have been added to account for the
next level of complexity require special attention [1]. However, in order to be sure of the
robustness of a mechanism, any modification to the mechanism requires testing the effect
of that modification on all the fuels, which in turn requires validating the predictions
against the experimental data for each of the fuels. Nevertheless, because of the
numerous uncertainties that exist in quantitative data for reaction-rate constants,
thermodynamic data, transport data, etc. and in the qualitative descriptions of the
chemistry, a chemical-kinetic mechanism can never be proven to be correct; it can only
be disproved [2].

These mechanisms, once validated over a wide range of experimental conditions,
are available for use in modeling combustion processes in practical devices over similar
ranges and can also be used in identifying reduced-chemistry models — for example, to

study flame structures analytically.

2.2 EXISTING MECHANISMS
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Natarajan and Bhaskaran [3] reported a detailed mechanism for their experiments
on ethanol autoignition in a shock-tube. However, they included only one path (isomer
formed by H atom abstraction) of fuel consumption but recommended investigation of
the effect of the other two isomers formed by H atom abstraction. Later mechanisms were
proposed by Dunphy et al. [4], and Curran et al. [5] for shock tube autoignition delay
times, Egolfopoulos et al. [6] and Giilder [7] for laminar burning velocities and Cullis [8],
Brown [9] and Borisov [10] for static reactors experiments. It is only in the flow reactor
study of Norton et al. [11] that a comprehensive mechanism was reported. An extensive
exploration of the branching ratios of the formation of the three different isomers formed
by H atom abstraction of the ethanol molecule was discussed [11]. Marinov [12]
extended the ethanol study by proposing a mechanism for laminar flame speeds, ethanol
oxidation profiles from jet stirred and turbulent flow reactors, and autoignition data. The
branching ratios for the three different isomers were re-evaluated and rate parameters for
fuel pyrolysis steps were estimated. Li [13] proposed a new mechanism by updating the
mechanisms proposed in [11] and [12] based on newer rate data in the literature and tests
against flame structure in variable pressure flow reactor. Recently, a mechanism [14],
mostly based on Dagaut et al. [15] mechanism, was tested for data on
chemiluminescence.

None of the above mentioned mechanisms were found to agree with all the
available data and showed uncertainties in predicting the preliminary test results on
ethanol flames [16]. This indicates the need for the development of a detailed mechanism

for ethanol combustion which is robust.
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2.3 THE SAN DIEGO MECH

The San Diego Mech grew out of rate-constant evaluations for hydrogen-air
diffusion flames [17], augmented by carbon monoxide [18, 19], then methane [20],
methanol [21, 22], ethane [23], ethylene [24], acetylene [25, 26], and further extended to
propane, propene, propyne and allene [27]. Ethanol seems to be a natural extension to
this mechanism, and that is what has been achieved in this study.

Over the years newer experimental data for different fuels have appeared in the
literature, and there have been updates in the rate constants of elementary steps based on
experimental and theoretical, such as Rice-Ramsperger-Kassel-Marcus (RRKM),
studies. As a result of these new rate studies, variations of up to one-order of magnitude
in the rate constant values for a few important steps have been observed. Also, potential-
surface analysis has shown that a few steps cannot occur. Hence, availability of newer
data, revision of rate constants of elementary reactions based on recent studies, and
reevaluation of certain paths motivate us to revise the San Diego Mech for the above-
mentioned fuels. This way a comprehensive mechanism can be developed in a
hierarchical manner as was suggested by Westbrook et al. [1]. By doing this, confidence
in the rates of major routes of fuel breakdown as well as formation and consumption of
important intermediates, especially pollutants, is achieved.

Recently, tests have been made for hydrogen autoignition [28]. However, when
the hydrogen submechanism was tested for freely propagating flames, it overpredicted
the burning velocities for mixtures at atmospheric pressure and room temperature. Hence,

before developing the ethanol mechanism, a thorough testing and revisions were made in
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this study for hydrogen, carbon monoxide, and then all the abovementioned fuels, which
are intermediate fuels in the combustion of ethanol.

As a result, a starting mechanism was developed consisting of 137 steps among
30 species augmented by 43 steps among 7 species related to three carbon atoms. After a
thorough literature review for different routes of ethanol oxidation and pyrolysis,
branching ratios of H-atom abstraction reactions from the ethanol molecule, and the
ethanol decomposition reactions, the Li [13] mechanism (based on previous studies of
Norton and Dryer [11] and Marinov [12], and modified based on flow reactor
experiments) is taken as a basic submechanism for ethanol. The mechanism is chosen
since it is the most recent and comprehensive data available. The peroxides species and
related reactions, which are important only for low-temperature kinetics, are eliminated.
Fall-off for ethanol decomposition steps are proposed after correlating rate constants
from different literature sources and experimental results. A new chemical-kinetic
mechanism for ethanol is developed, consisting of 192 elementary steps among 36
species, augmented by 53 additional steps and 14 additional species to address the
formation of oxides of nitrogen and 43 steps and 7 species to address formation of
compounds involving three carbon atoms. The San Diego Mechanism for ethanol

developed in this study is tabulated in Appendix 1.

2.4 NUMERICAL METHODS
The best way to reduce the uncertainties in a mechanism is by validating its
predictions against as many experimental data as are available. Hence, during the process

of development for the San Diego Mech, numerical predictions were compared against
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the data of selected experimental conditions. Numerical simulations of the experimental
systems were performed using the CHEMKIN [29] and FlameMaster [30] codes. The
CHEMKIN subroutines such as AURORA, PREMIX, and OPPDIFF were employed for
homogeneous autoignition, freely propagating flames, and diffusion flame structures and
extinctions, respectively.

These codes solve the following conservation equations [2] for multicomponent,
reacting, ideal-gas mixtures with appropriate assumptions based on the experimental

setup.
Mass conservation:

aplot+V-(pv)=0 , (1)
where p is density, ¢is time and v is velocity of the fluid.

Momentum conservation:

8V/8t+V-VV:—(V-P)/p+§:Yifi, (2)

N
where P is the pressure tensor and ZK f; 1s the sum of all body forces over the mass
i=1

fraction for each species 1.



Energy conservation:

Zlhe= +ov-VIih+= =2 ,v. —P)-
Yo, t(h v) pv (h V) " [(pU )v]

N 3
+p2 Y1 (v+1)=V q ©

i=1

where h is enthalpy and V is the diffusion velocity.
Species conservation:

oY, fot+v-VY, =w /p=[V-(o¥V))p, 4)
where w, is the rate of production of species i by a chemical reaction.

In equation 2 and 3, the pressure tensor is given by

SR T e

N
The ideal gas law, p = pR°T Z (K / Wl.), applies here.

i=1

In equation 3, the heat flux vector is given by
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q=—-AVT + pihiYiVi + ROTi i [%}(V —V,)+ 4,
i J= i~

i=1 i=1 1

where A is thermal conductivity and D, is the thermal diffusion coefficient of species 1,

and g, is the radiation heat flux. The second to last term is the called Dufor effect.

The relation of diffusion velocity with the thermodynamic parameters and concentrations

is given by

where D, is binary diffusion coefficient of species i and j. The last term in the above

equation is called Soret effect.

The enthalpy in equation 3 is given by
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where 5, =hf+J; cp,l.dT, i=1,..,N, which is a sum of chemical and thermal

enthalpy.

The source terms in equation 4, which depend on the reaction-rate parameters of each

elementary step, in species and energy equations are provided by,

where for a particular reaction r, prefactor B,, temperature exponent a,, and activation
reaction E; are obtained experimentally or theoretically. The pressure dependence of

(£, /r"T)

Arrhenius reaction rate constants, k = B, T“e are given by the formulation in [31].

In the case of autoignition of a homogeneous mixture in a shock tube, where
reaction timescales are relatively small compared to the diffusion timescales, the
transport effects become insignificant. Hence a zero-dimensional time-dependent initial-
value problem was solved using AURORA. The system was considered adiabatic by
assuming no heat transfer through the walls. This assumption is valid since for the
conditions in a shock-tube the chemical timescales are much smaller than the timescales
involved in heat transfer. In addition, all the calculations were performed assuming
isochoric system.

In the case of a steady freely-propagating flame, the system of equations is a one

dimensional boundary-value problem with burning velocity as an eigenvalue of the
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system. The transport effects such as multicomponent diffusion and thermal diffusion
(Soret effect), and radiation effects (CO;, and H,O bands) are included in calculating the
flame propagation. These calculations were performed using PREMIX code.

In simulating counterflow setup for diffusion flame structures and extinctions,
flame was regarded to be steady, laminar, and axisymmetric, where momentum equations
in radial and axial directions were solved with appropriate boundary conditions such as
jet inlet velocities and the mixtures’ inlet temperatures and compositions at the ducts’
exit. OPPDIFF was employed in performing these calculations. Transport effects such as
multicomponent and mixture-averaged diffusion, thermal diffusion (Soret effect), and
radiation effects were included.

In case of diffusion-flame extinction, a converged solution was obtained at lower
strain-rate value. Then the strain-rate was increased gradually by increasing the nozzle-
exit velocities and maintaining momentum balance at the mid plane. The extinction strain
rate was the strain rate at which the flame extinction happens. The care must be taken by
tracking the strain-rate increments only along the stable branch of the extinction S-curve.

In all the above calculations, body-force terms, Dufor effect, and dependence of
diffusion velocity on pressure and body forces are assumed to be negligible.

In the above calculations, various input databases are required, namely
mechanism file, thermodynamic database, and transport database. In a mechanism file,
the elementary reactions and the reaction-rate constants for forward reactions, kg, are
documented in a desired format depending on the requirements of the code used. The k¢
values are obtained either experimentally or theoretically from the literature. In order to

obtain kp, thermodynamic data for each species is required to calculate equilibrium
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constants. A thermodynamic database provides the entropy, heat of formation, and
specific heat values for each species. This data is mainly based on Burcat’s
thermodynamic database [32], which is the most up-to-date in light of recent
publications. A discussion on the thermodynamic data selection was presented in [27].
Another required database is the transport database, which provides information about the
coefficients of diffusivity, viscosity, and conductivity for all the species. This data is
mainly taken from the CHEMKIN transport database [29]. The mechanism files,
thermodynamic data and transport data are available on the CER website [33].

During the simulations, grid independence of the solution was ensured and the
mesh adaptation parameters were utilized to resolve the gradients in the variables as
accurately as possible. In flame calculations, the grid size of approximately 1000 grid
points were found to be sufficient for the calculations of hydrogen and carbon monoxide
systems and approximately 600 grid points for hydrocarbons.

Besides numerical predictions of the desired experimental conditions, tools such
as sensitivity analysis and reaction-flux analysis were utilized in assessing the
uncertainties in rate parameters of elementary steps. In sensitivity analysis, effect of
variation in rate parameters of each elementary step on the desired measured quantity
such as ignition delay times, burning velocities or flame temperatures are determined, and
are tabulated hierarchically. Reaction pathway analysis provides useful information
regarding the formation and consumptions of different species and their percentage due to

different routes.

2.5 SOURCES OF REACTION-RATE PARAMETERS
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The most important source of uncertainty in mechanism development is due to
uncertainty in rate parameters for elementary steps. Other sources of uncertainty are due
to uncertainties in thermodynamic and transport data. However, thermodynamic and
transport data are better known and the improvements are seen to be marginal, if any. For
example as an improvements in thermodynamic data for OH radical in recent publication
[34] the value for heat of formation was found to be 5% lower than the earlier value.

In the literature, there are three approaches to estimate the rate constant of
elementary steps i.e. experimental, theoretical, and numerical optimization. Most of the
experimental sources are based on shock-tube studies where the transport effects are
negligible. Hence, the rate of consumption of species can be measured with confidence.
However, the uncertainties in other elementary steps contribute towards the errors in
determination of the rate parameters for the elementary step under study. Another
important source for rate parameters is theoretical studies based on quantum mechanical
(RRKM) calculations. Here the potential-surface calculations provide information about
what products are possible and what are impossible for a particular elementary step,
along with the probable rate for each route [35, 36]. The reaction mechanisms based on
numerical optimization are available, for example GRI Mech [37], and are widely used
among the scientific community. However, the accuracy of the recommendation of the
rate constant of an elementary step in a optimized mechanism greatly depends on the
uncertainties in the rate constants of other key elementary steps.

The compilations of these elementary steps and their rate parameters are provided

in [38-41]. In these databases, for particular elementary reactions, authors tabulated and
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plotted the reaction rates from different sources such as experimental and theoretical

studies.

2.6 CONCLUDING REMARKS

A framework for the development of the San Diego Mech for ethanol has been
laid out in this chapter. A discussion has been provided on the models, the accompanying
assumptions, and the computer programs used in the calculations. In the next chapter the
experiments are selected for which the reaction mechanism is developed so as to cover all
the aspects of high-temperature combustion. Then in Chapters 4, 5, and 6 development of
the San Diego mechanism in a hierarchical way as described in this chapter is done. All
the fuels that occur as intermediate species in ethanol flames are tested extensively
against the experimental conditions that encompass aspects of high-temperature
combustion. The updates to the San Diego mechanism as a result of these tests are

reported and discussed in details in these chapters.
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CHAPTER 3
EXPERIMENTAL METHODS

3.1 OVERVIEW

In Chapter 2 the methods for development of a chemical-kinetic model were
discussed. After the elementary steps in a chemical-kinetic model are identified and
assembled along with their rate constants, the best way to test a mechanism’s range of
validity is by testing it against as many experimental data as possible. An important
requirement of an experimental method is that convective and diffusive effects and their
interaction with chemistry are well defined. It should also provide easy access for data
acquisition. There are various combustion experiments available in the literature catering
to different combustion processes under different conditions. Some of the simple
experimental configurations are static reactor, flow reactor, well stirred reactor, rapid
compression machine, autoignition in shock-tube, laminar premixed and diffusion flames.
The temperatures involved in static and flow reactors are lower than the temperatures
encountered in combustion processes of practical engines, while temperatures involved in

ignition delay from shock tube and flame experiments lie in the region of interest.

3.2 SELECTED EXPERIMENTAL CONDITIONS

The San Diego Mech is developed to interpret experiments which represent high-
temperature combustion. Hence, four different experimental conditions were chosen,
namely autoignition in a shock-tube, laminar burning velocities, diffusion-flame

extinction and their chemical structures.

30
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3.2.1 Autoignition in Shock Tube

Shock-tubes are widely used to study autoignition characteristics of combustible
mixtures at temperature above those achievable in conventional static or flow reactor
experiments. The fuel/O,/inert mixture compressed to a desired temperature and pressure
is ignited behind the incident or reflected shock wave. The onset of the ignition is
inferred from a pressure trace or the emission spectra from an intermediate species
(example OH, CH). Care must be taken in interpreting the autoignition delay time data
based on different ignition criteria.

Although the advantage of these experiments is that fluid mechanics interactions
with the chemistry are negligible, when the ignition times are larger than 500 s, there is
a departure from the ideal behaviors. For example, formation of boundary layers and their
interactions with the reflected shock may be a cause of concern. Also, in order to rule out
the heterogeneous wall effects, a shock-tube with an appropriate diameter for a particular
pressure must be used. Other sources of complication in the measurement of induction
time in shock-tube experiments are the presence of two distinct ignition modes and non-
equilibrium processes such as vibrational relaxation of the post shock mixtures. The

guidelines for evaluating shock-tube data are documented in a review [1].

3.2.2 Laminar Burning Velocities

The burning velocity data for a freely propagating flame lie directly in the range
of temperatures that occur in a flame inside a combustion chamber, and provide
information regarding the extent of interaction of chemistry with the diffusion effects.

Many different techniques to measure burning velocities are listed in the literature, such



32

as soap bubble, constant volume bomb, burner stabilized, counterflow twin-flame
technique. The accuracy of the data depends on the corrections applied to the measured
values such as strain-rate corrections and markstein number. In counterflow setup, the
burning velocity reported at strain rate — 0, as in [2], is most trustworthy. However, the
formation of cellular structures at leaner-flame conditions provides erroneous flamespeed

measurements in the counterflow setup.

3.2.3 Counterflow Diffusion-Flame Extinction

The counterflow setup is described in greater details in the following sections.
The extinction strain-rate data for a diffusion flame provides a measure of the interaction
of the chemical timescales to the flow timescales for a particular mixture. The biggest
advantage of extinction data obtained from such a configuration is that these
measurements are nonintrusive.

All the above measured quantities are global quantities. A detailed reaction
mechanism can be tested more rigorously against the flame-structure data. There is,
however, no data available in the literature for the structures of ethanol flames in

counterflow setup.

3.2.4 Counterflow Diffusion-Flame Structures

The flame structure provides chemical structure of the flame at different locations
of the reaction zone. Hence, it provides a stringent test to the mechanism, especially in
the formation and consumption of the trace (such as pollutant) species. The accuracy of

the experimental data depends on the validity of the plug-flow condition at duct exits,
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moderate value of strain-rate to facilitate flat, stationary luminous zone, correct
measurement of concentration of the vaporized liquid fuel, and sampling of the data from
the reaction zone. The plug-flow condition is where flow at the ducts exit has only non-
zero axial velocity component. The flame is stretched by applying higher flow strain rates
which in turn facilitates a flat, stationary luminous zone by eliminating buoyancy induced
instabilities. In a counterflow setup the variation in temperature and species
concentrations are in axial direction only, except the velocity field. The readily available

1-D codes, such as CHEMKIN can be used to validate the mechanism.

3.3 PREVIOUS EXPERIMENTAL DATA

In the process of development of the San Diego Mech for ethanol, the mechanism
was validated against the experimental data from the literature mentioned in following
paragraphs. The intermediate fuels in the San Diego Mech such as hydrogen, carbon
monoxide, formaldehyde, methane, methanol, ethane, ethylene, acetylene, and
acetaldehyde were also tested for the selected experimental conditions mentioned above.
These conditions are reported along with the discussion on these tests in Chapters 4 and
5.
Autoignition delay times from shock tube

Natarajan and Bhaskaran [3] reported ignition delay time for C,HsOH/O,/Ar gas
mixtures for equivalence ratios of 0.5, 1.0 and 2.0 at 1.0 and 2.0 atm over the temperature
range of 1300-1700 K. The ignition was studied behind the reflected shock wave with

first visible light emission and pressure inflection as ignition criteria.
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Dunphy et al. [4] investigated ignition delay for C,;HsOH/O,/Ar mixtures behind
reflected shock wave between 2-4.6 atm over the temperature range of 1120-1600 K. The
mixture equivalence ratio of 0.25, 0.5, 1.0 and 2.0 were used. Ignition time was
determined by rapid pressure rise and the maximum of the product of the CO and O
concentrations.

Curran et al. [5] studied ignition delay in a shock tube for an equivalence ratio of
1.0 at pressures 2, 3 and 4.5 bar over a temperature range of 1100-1500 K. Ignition delay
was defined based on the onset of a rapid pressure rise, and maximum emissions from

OH and CO, chemiluminescence.

Laminar burning velocities

Egolfopoulos et al. [6] studied laminar burning velocities using the counterflow
twin-flame technique for ethanol/air mixtures. The burning velocities were reported for
mixture equivalence ratio in the range of 0.5-1.9 at 1 atm and initial temperatures of 298,
363, 428, and 453 K.

Prior to this Giilder [7] investigated laminar burning velocities using a constant
volume spherical bomb for ethanol/air mixture in equivalence ratio range 0.7-1.4 at 1 atm
and initial temperature 298 K. Also dependence of laminar burning velocities on
temperature and pressure was studied over a temperature range of 300-500 K and a

pressure range of 1-8.0 atm for mixture-equivalence ratios between 0.7-1.4.

Diffusion-flame extinction
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Seiser and Seshadri [8] experimentally determined extinction strain rates in a
counterflow setup at normal pressure for fuel streams of prevaporized ethanol in nitrogen
with fuel mass fractions varying between 0.18 and 0.39, flowing against air at room

temperature.

3.4 FLAME CONFIGURATIONS

There are, however, important practical concerns about partially premixed and
nonpremixed systems that cannot be addressed by any of the experiments listed above.
Although there have been early experiments on coflow ethanol diffusion flames [9],
much better tests of chemical mechanisms can be made in counterflow flames because of
the one-dimensional geometry (for all variables except the velocity field) and the
availability of codes to calculate their flame structures with detailed chemistry. Such
experiments have been performed for methanol [10, 11] but not for ethanol flames.
Hence, in the present study, flame structure measurements are performed in a
counterflow setup for two flame configurations: partially premixed flame and
nonpremixed flame for ethanol.

The experimental conditions adopted in the present work correspond to diffusion
flames and partially premixed flames at a plug-flow strain rate of 100 s, in a
counterflow setup. The diffusion flame that was probed in detail consists of prevaporized
fuel, with mole fraction of 0.3, diluted with nitrogen in the fuel stream, and air as the
oxidizer stream. The partially premixed flame that was measured includes prevaporized

fuel in air partially premixed to an equivalence ratio of 2.3 in the fuel stream, and air as

the oxidizer stream. This last configuration yields a two-stage flame: There is a pale
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green fuel-rich premixed flame in the fuel stream and a brighter blue diffusion flame in
the vicinity of the stagnation plane. Figure 3.1 shows the photographs of the flames

observed in these two different configurations, and dimensions of the counterflow setup.

3.5 CONTERFLOW EXPERIMENTAL SETUP

Diffusion flame structures for flames in two different configurations were
measured using counterflow setup. The factors critical to the accuracy of the
measurements when using liquid fuel are the vaporization of liquid fuel to a desired mole
fraction, prevention of condensation of the fuel in the lines, establishment of accurate
flow rates of the fuel and oxidizer streams.

The experimental setup consists of a vaporizer, counterflow burner, and
instrumentation such as flowmeters, thermocouple, sampling probe and gas
chromatograph. The detailed description of the vaporizer and the burner can be found in

[12]

3.5.1 Vaporizer

Figure 3.2 shows a cross section of the vaporizer. It consists of an aluminum
cylinder of 116 mm inner diameter and a height of 600 mm. It was filled with liquid
ethanol to about half the volume. This level was maintained during the course of data
sampling by monitoring the level and manually refilling of vaporizer. At the bottom of
the vaporizer, an insert holds a porous brass sinter metal plate which was used for the
nitrogen inlet. The nitrogen flow was evenly distributed into fine bubbles that percolate

through the heated liquid bath. This ensures a homogeneous mixture of the evaporated
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ethanol fuel and the nitrogen gas. Appropriate heating is provided by heating tapes
(Themolyne BIH102-100) wrapped around the vaporizer at elevated temperature. The
heated lower section was used to vaporize the liquid fuel mixture while the heated upper
section was to prevent condensation of evaporated fuel mixture during transfer to the
burner. The heating tapes were powered by a variable transformer (STACO3PN1010B).
The temperature of the tapes was controlled by the applied voltage; with a maximum
voltage of 140 V a power of 250 W for each tape can be achieved. Fiberglass was used to
provide insulation on the surfaces exposed to the surrounding air to prevent the heat loss.
The temperature inside the vaporizer was measured using a K-type thermocouple which
was located within 25 mm below the level of ethanol. The liquid ethanol and ethanol
vapor are assumed to be in equilibrium. This ensures that the measured temperature is the
temperature of the ethanol/nitrogen flow exiting the ethanol bath. The mole fraction of

ethanol in the fuel stream is given by, Xethanol = Pethanol/Ptotal, where, P_ =1.013 bar, and

total
Pethanot 18 Vapor pressure of ethanol.

The relation of the desired partial pressure and the temperature to which the
mixture should be elevated was determined by Classius-Clayperon equation or by
Antoine equation. Appendix 2 presents the involved calculations. The vaporizer
temperatures were determined based on the fuel mole fraction desired in the nonpremixed
flame and partially premixed flame configurations.

The performance of the vaporizer was tested [12] by vaporizing water and
examining the effluent with the hygrometer; saturation above 99% was observed for flow
conditions comparable to those in the experiments. Also, a test was made before

conducting the experiments in the current study by collecting the sample of the
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fuel/nitrogen mixture exiting from the vaporizer and analyzing it using gas
chromatograph. Accurate mole fractions for fuel and nitrogen corresponding to the
desired temperature were ascertained.

The fuel/nitrogen mixture from the vaporizer was transported to the exit of the
bottom burner. All the flow lines were heated and insulated between vaporizer and burner
to prevent any fuel condensation. The temperature was maintained at about 15 K higher
than the evaporation temperature. The fuel-stream temperature at the duct exit was
measured using a thermocouple to validate the boundary condition at the exit of fuel
stream.

There was a bypass flow mainly used for nitrogen which may be used for
controlling the dilution in the fuel stream. The bypass nitrogen stream was heated to the
temperature maintained in the vaporizer by heat transfer. In the case of the partially
premixed configuration, oxygen was made to flow through the bypass, which constituted
desired fuel/air mixture at the exit of the vaporizer. This precautionary step was taken to

avoid any fire hazard.

3.5.2 Counterflow Burner

The burner consists of two parts; the bottom burner on the fuel side and the top
burner on the oxidizer side. Figure 3.3 shows a cross-section view of the burner. The top
burner is made of brass and the bottom burner is made of aluminum.

The bottom burner consists of an inner duct with an inner diameter of 23.1 mm
for fuel stream, an annular duct of cross sectional area 664.6 mm’ for the nitrogen

curtain, and an outermost concentric duct for the suction (using a vacuum pump) of
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exhaust gases from the flame to the ventilation system. The fuel and curtain ducts are
kept at temperatures 15 K higher than the evaporation temperature of the fuel. An
additional thin shield is mounted around the curtain duct which prevents cold water or
gases in the exhaust section from directly contacting the hot curtain duct. During the
experiment, the bottom burner was cooled by a water-cooled circuit. The spray nozzles
(Type BETE PJ15) were used to spray water in order to cool the hot products and to
prevent autoignition of accumulated ignitable gases in the exhaust duct. Furthermore, the
section where hot gases from the flame enter into the exhaust was narrowed down to
provide preliminary cooling and quenching of the flame before the section of water mist
was reached. The small flange above the spray nozzles was intended to prevent any water
particles from traveling towards the flame zone.

Similar to the bottom burner, the top burner consists of an inner duct of inner
diameter 23.1 mm for oxidizer stream, and an annular duct of cross section area of 638.7
mm? for the nitrogen curtain. Since the oxidizer stream is at room temperature, there is no
cooling system required in the top burner.

An important boundary condition in this configuration, for both the top and
bottom burner, is a plug-flow boundary condition. This condition was ensured by using
three layers of wire meshes (200 x 200 mesh/in). The screens were mounted using four
stainless steel rings of 1 mm thickness; between each screen layer a ring was placed. The
velocity and temperature of the nitrogen-curtain streams were adjusted to ensure no
momentum and heat transfer between them and the reactants streams. Seiser [12]

verified plug-flow boundary conditions at the exit of the inner ducts by quantifying the
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velocity field on the oxidizer side of the flame using a Particle Imaging Velocimetry
(PIV) system.

The top burner was mounted and aligned with the bottom burner with the
adjustable screws. The desired distance between the duct exits for a particular strain rate
was maintained by adjusting the screws manually.

A separator, which is connected to the ventilation system, was used at the exit of
the exhaust pipe connected to the bottom burner to separate the gaseous components from

the liquid and solid components by gravity.
3.5.3 Measurements and Instrumentation

3.5.3.1 Flow Measurement
The flows of fuel and oxidizer streams were controlled by mass flowmeters in

such a way that the oxidizer-side strain rate of 100 s was maintained as calculated by the

formula [13]

a

<ot 1)
Az

Here, V denotes the velocity and p the density. Subscripts 1 and 2 refer to the fuel stream
and oxidizer stream, respectively. The separation distance between the two ducts was
L=12 mm. In order to maintain the stagnation plane at the mid-plane, the momentum

balance, p,V,’ = p,V,>, was invoked. Using the above relations and the information
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about the values of strain rate, vaporizer temperature, fuel and oxidizer streams
temperature, and fuel and oxygen concentration, velocities for the fuel and oxidizer
streams were determined.

During the experiments rotameter, massflow meter, and flow controllers were
used depending on their availability for the experimental setup. In the nonpremixed case,
nitrogen curtain flows in the top and bottom burners were metered by separate
rotameters, which provided volume flow rates. These rotameters are rated at an accuracy
of +3%. The fuel-side nitrogen flow and the oxidizer-side air flow were maintained by
Matheson Tri-gas Inc. massflow meters. These massflow meters are rated at an accuracy
of +1%.

In the setup for partially premixed flame, nitrogen curtain flows were maintained
by the rotameters, oxidizer-side air flow by Matheson Tri-gas Inc. massflow meter, and
oxygen and nitrogen flows in the fuel stream by two separate computer controlled
Hastings Inc. electronic massflow controllers. These flow controllers are rated at an
accuracy of + 1%.

Before the experiments were conducted, all the flow meters were calibrated using
a Precision Scientific Inc. wet-test meter. This was done to establish the linear behaviour
of the flow meters, and to obtain quantitative values of the scale readings versus volume
flow rates. For the calibration, the wet-test meter was connected in the actual
experimental setup under actual conditions such as temperature, strain rate, and the gas
type. Before taking the readings, equilibrium was established in the wet-test meter
between the gas flow and the water vapor by running the flow for 5 to 10 minutes. The

wet-test meter had a volume reading, a pressure guage, and a temperature reading. The
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pressure corrections were applied to the measured values by subtracting the effect of
vapor pressure of the water vapor on the gas flow at atmospheric pressure. The corrected
pressure was used in determining the volume flow rate at standard temperature and
pressure using ideal-gas laws. A linear correlation for each flow meter was determined
for scale reading versus volume flow rate at STP. The correlations were further tested by
Hastings Inc. flow controllers to ensure the accuracy for each of the rotameters and
massflow meters. These tests were made for the desired flow rates for each flow meter as

was used in the experimental setup.

3.5.3.2 Temperature Measurement

Temperature profiles were measured by an uncoated Pt-PtI13%Rh (Type R)
thermocouple, except in the high-temperature region of the partially premixed flame. The
maximum temperature experienced in the partially premixed flame was much higher than
that in the diffusion flame and surpassed the melting point of Pt, necessitating use of an
uncoated Pt-6%Rh vs. Pt-30%Rh (Type B) thermocouple for near-flame-temperature
measurements in the partially premixed flame. The Type R thermocouple with wire
diameter 0.088 mm and bead diameter 0.21 mm, and the Type B thermocouple with wire
diameter 0.2 mm and bead diameter 0.33 mm were used. Both the thermocouples were
shielded in two separate holes in a capillary ceramic tube to hold them in place, to avoid
electrical short-circuiting by contact of the wires, and to protect them from bending and
other mechanical stress. The ends of the wires were cased in a connector which leads to a

digital temperature display unit. The care had been taken in reducing the conduction heat
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transfer effects by keeping the wires parallel to the flow field. The measured temperatures

were corrected for radiative losses [14] assuming a spherical bead,

d ca
Tcorrected = Tg + SGT;( 7\;\1 d ) 5

u

where, emissivity € = 0.2, the Boltzmann constant ¢ = 5.7 x 10 W/m2K4, Nusselt number

Nu=2.0, and A denotes the temperature-dependent thermal conductivity of the wire,

A =4.6942.10" +8.1225.10 T, - 1.4547.107° ng

T, stands for gas temperature. The catalytic effects were neglected, leading to
temperatures estimated to be about 120 K too high at the highest temperatures, based on

experimental observations and the ideas in the literature [14].

3.5.3.3 Sampling with a Quartz Microprobe

The gas samples from the reaction zone were collected using a quartz microprobe.
The tip of the microprobe has an inner diameter and an outer diameter of 88 pm and 168
um, respectively. The diverging nozzle was shaped in accordance with [15], where the
shape ensures sonic speed at the throat. This provides rapid decompression of the sample,
and hence prevents any further reactions inside the probe. As shown in Fig. 3.4, a tapered
copper shield was used around the tip of the probe to reduce heat transfer from the flame

to the front part of the probe. In addition, a heated coil maintained at about 380 K was
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wrapped around the probe to keep the water and fuel vapors from condensing. By proper
balance of the temperature with the pressure of the sampling lines and the sample loop,

condensation of sampled vapors was prevented.

Positioning of the thermocouple and sampling probe

The sampling probe and the thermocouple were mounted on a 3D translator. For a
particular flame measurement, a digital photograph (using Canon EOS D30) was taken
and image processing with a coordinate evaluation feature in Corel Photo-Paint 8 was
done to determine the location of the tip of the sampling probe and the bead of the
thermocouple in the flow field. A pixel size corresponds to a distance in the flow field of
approximately 17 pm. The coordinates of the left and the right rims of the projections in
the inner ducts of the top and bottom burners are known. The location of the
thermocouple bead and the tip of the microprobe were determined with reference to these
coordinates using linear interpolation in a plane. The bead of the thermocouple and the
tip of the probe were placed 5 mm off the axis of symmetry. At this position a small
radial component of the flow velocity exists towards the probe, which decreases the
influence of the probe on the flow field. It was observed that the variation in the species
concentrations and temperatures along the horizontal surfaces are negligible. They were

the functions of the vertical coordinates only.

3.5.3.4 Concentration Measurements — The Gas Chromatograph
Once the sample was drawn from the flame, the various components were

analyzed using a gas chromatograph. A gas chromatograph consists of columns where
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species were separated and detectors where their concentrations are quantified. An inert
gas called carrier gas is used to transport the sample to the columns. Helium was used as
a carrier gas in the experimental setup. The working principle of a gas chromatograph is
that the sample enters a column and gets adsorbed by it. Various species pass through the
columns with different speeds depending on the species’ vapor pressure and affinity for
the stationary column bed. Further downstream, the concentrations of these eluting

species are determined in detectors.

Columns

In the present experiments a model SRI 8160C gas chromatograph was used. It
consists of two types of columns: a 4.5 ft mole sieve 5 A (80/100 mesh), which is a
capillary column, and a 12 ft long Porapak Q column, which is porous polymer based.
The mole sieve was used to separate hydrogen, oxygen+argon, nitrogen, methane, and
carbon monoxide, while Porapak Q was used to separate carbon dioxide, ethane,
ethylene+acetylene, water vapor, propene, propyne, and ethanol.

The performance of a column depends on the species retention time and clear
separation of the species with narrow peak width. Short retention times decreased the
analysis duration. In order to optimize performance characteristics of the columns, valve
switching and temperature programming of the ovens, where these columns are located
separately, was employed.

Valve switching is critical in preventing CO; from reaching the mole sieve, which
causes poisoning of the mole sieve. Figure 3.5 shows the flow of sample through

different columns to the detectors, and the switching involved.
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The temperature programming helps in obtaining the ideal temperature range for
the separation of each component. Each component is sensitive to a temperature range in
which it migrates and separates within the column. Prior to reaching this ideal
temperature range, each substance is “frozen” or condensed at the head of the column
waiting to be separated at a higher temperature. In general a temperature programming is
performed so that initially the temperature is low for the most volatile and therefore less
dissolved components. Then in order to reduce analysis time the temperature is raised for
the later eluting species. This way the temperature programming was used to improve,
simplify, or accelerate the separation, identification, and determination of sample
components. It allows the proper selection of a temperature which results in well-
resolved, nicely shaped peaks, and a total analysis time shorter than isothermal operation.
Higher temperature of the mole sieve oven affects each species differently. For example,
the retention time of CH4 was much less sensitive to temperature than CO.

The temperature programming of the mole sieve oven is shown in Fig. 3.6. The
initial temperature was room temperature. Five minutes into the experiment, the
temperature was raised at a rate of approximately 20 K/min until the second switch of the
valve at 12.5 minutes. The mole sieve was then cooled down again to room temperature.
The temperature programming of the mole sieve column oven was controlled manually
by switching on and off a power supply (variable AC-transformer) at the required time.

The temperature programming of the Porapak Q column oven is shown in Fig.
3.7. The initial temperature was 37 °C. After the second switch of the valve, the
temperature was raised at a rate of 5 K/min until the temperature reached 205 °C. The

temperature was then held constant until the analysis was terminated. The temperature
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programming of the column oven was controlled by a software provided with the gas

chromatograph.

Detectors

The gas chromatograph consists of two detectors: The Thermal Conductivity
detector (TCD) and Flame Ionization Detector (FID). The TCD was used to detect
hydrogen, oxygen, nitrogen, water vapor and other non-hydrocarbons, and the FID was
used to detect hydrocarbons. The working principle of both the TCD and FID are

described below.

TCD: A TCD consists of an electrically heated wire or thermistor. It measures the
thermal conductance of an unknown gas by monitoring the resistance of the heated wire
in the gas flow. The unknown gas conducts heat to the body of the TCD and therefore
cools the wire. By comparing the resistance to an identical wire in a reference channel,
the unknown gas can be identified. The reference gas in the reference channel, which was
helium in the present study, has a well known thermal conductance. To measure the
resistance a Wheat-stone bridge circuit is employed. The detection limit of TCD is

approximately 100 ppm.

FID: An FID is used to determine the presence of total hydrocarbons
concentrations in a gaseous sample. The sample containing hydrocarbons is introduced
into a hydrogen-air flame and ions are generated either by thermal ionization or

oxidation. A high polarizing voltage is applied between the two electrodes immediately
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adjacent to the flame and produces an electrostatic field. Negative ions migrate to the
collector electrode and positive ions migrate to the high voltage electrode. This generates
ionization current between the two electrodes that is directly proportional to the
hydrocarbon concentration in the sample burnt by the flame. The FID can detect
hydrocarbons containing molecules as low as 100 ppb. Since water is produced in the
combustion process, the detector must be heated to at least 125 °C to prevent

condensation of water and high boiling samples.

Calibration of detectors: The area under the curve in a chromatogram from a
detector output for a particular species is mV-min, where signals are in mV and the x-axis
is time in minutes. In order to obtain the absolute concentration of a species, a calibration
factor, given as a concentration/mV-min is determined. The calibration factor for a
particular species is determined by comparing the known concentration of that species
with the corresponding detector output. A certified mixture of nine gases was used to
obtain calibration factor for hydrogen, carbon monoxide, carbon dioxide, methane,
ethylene, ethane, propene, propane; air was used for oxygen and nitrogen. The
composition of the nine-gas sample was: hydrogen (2.11), carbon monoxide (4.99),
carbon dioxide (10.00), methane (2.00), ethylene (3.00), ethane (1.01), propene (1.00),
propane (3.00), balance nitrogen, where the numbers in parentheses corresponds to
percentage by volume. The calibration factors for water and ethanol were obtained by
vaporizing them in separate containers and by determining the area under the curve from
the detector output, where their molefractions were 100% in each case. The samples for

calibration gases were introduced at pressures similar to the pressures at which the flame
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samples were collected. Also, the linearity of the detectors output was determined by
measuring the output at 150 mbar and 250 mbar. These measures ensured the confidence

in required interpolation or extrapolation in calibration factors.

3.6. CONNECTIONS AND PROCEDURE

Figure 3.8 shows a schematic of the experiemental setup including the
counterflow burner, the vaporizer, the gas sampling system, and the gas chromatograph.
The probe was connected to the gas chromatograph by stainless steel lines which were
heated to prevent condensation.

Once the desired fuel concentration in the fuel-stream and strain rate are
established, the flame was ignited using a torch. The gas samples were drawn from the
flame at various axial locations. First, the sampling lines and the sample loop were
evacuated using a vacuum pump. The sample was then taken from the flame through the
probe into the lines and the sample loop of volume 1 cc. The samples were injected into
the gas chromatograph at a pressure around 280 mbar in order to prevent condensation of
water vapor and fuel. The temperature of the sample loop of the gas chromatograph was
measured using a thermocouple; the pressure using a strain gauge pressure transducer.
Thus, the absolute number of moles in the sample loop could be calculated assuming an
ideal gas mixture, and the absolute mole fraction of a species of a specific sample could
be determined, independent of the concentrations of other species in the sample. These
samples were transported to columns by a carrier gas, where different species were

separated and released to the detectors where they were quantified.
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During the experiments, continuous flow of helium gas is very important for the
correct operation of gas chromatograph. In order to prevent contamination of the system
99.999% pure helium was used. It prevents the overheating of the system which can lead
to column and detector damage. The flow rate of helium was measured in the beginning
using a cathetometer, and was maintained constant throughout the experiment by
maintaining the constant flow pressures in the lines. The flow rate effects the
transportation of sample gas to the columns and hence their retention time. It also affects
the detection output from the TCD as peak area is inversely proportional to the carrier gas
flow rate. Also, desired flow rates for hydrogen and air for FID were maintained in order
to maintain a constant flame in the detector.

Ideally, one expects a peak in a chromatogram to be symmetric and Gaussian, and
to have a well defined start, end, and height. As peak shape becomes further removed
from this expectation, interpretation of its features, including area, height, and retention
time, becomes increasingly more difficult. A peak with a tailing edge as it appears for
water occurs when the species’ ability to dissolve with the column bed decreases with
higher concentrations. A symmetric peak is observed when the ability of a component to
dissolve with the column is independent of the concentration. Leading edges occur when
the ability to dissolve with the column increases with higher concentrations.

Argon elutes together with oxygen from the columns of the gas chromatograph.
By assuming the Lewis number of argon and the Lewis number of the main species to be
equal, the amount of argon at any point in the flow field was determined from the mixture
fraction (calculated using the carbon mass fraction from the measured species) and the

amount of argon in the oxidizer stream (Y ar=0.01313). Ethylene and acetylene appear in
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the gas chromatogram as a single peak and were reported as their sum using the
calibration factor for ethylene since earlier work [16] indicates that its concentration is
the larger of the two.

The experimental data from the literature and the one measured in counterflow
flames for ethanol are presented in Chapter 6, along with the comparison with the

numerical calculations using the San Diego Mech developed for ethanol.

3.7 MEASUREMENT OF FORMALDEHYDE, ACETALDEHYDE, AND
KETENE

The presence of acetaldehyde, formaldehyde, and ketene in the atmosphere has
serious health hazards. All of these are considered to be possible human carcinogen. They
are also observed to cause irritation to the eyes, nose, throat, and lungs. These three
species are a few of the major intermediate species that are observed to constitute big
portion of the pollutants in ethanol flames. It is of a great interest to the scientific
community to measure the concentration of acetaldehyde, formaldehyde, and ketene in
the ethanol flames studied in Chapter 6. This could not be achieved during this study due
to three reasons — the requirement of a different column to separate these species,
difficulties in calibration at the low concentrations encountered in ethanol flames, and
difficulties in sampling. A Hayes Separation Column D by Hayes Separation Inc. made
of divinylbenzene can be used for separation of acetaldehyde. Hayes Separation Column
T by Hayes Separation Inc. made of ethyleneglycoldimethacrylate can be used for

separation of formaldehyde and ketene. Formaldehyde and ketene are very reactive and
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get consumed in the sampling probe, while acetaldehyde is observed to be formed in
sampling probe. These issues have been discussed in details in [17].
3.8 CONCLUDING REMARKS

A brief review of the experiments that are selected for the development of the San
Diego Mech is presented. A list of the experimental conditions for the ethanol
combustion from the literature for which the ethanol mechanism is developed in Chapter
6 is given here. In addition, a detailed description is provided for the counterflow
technique along with the experimental setup and the involved instrumentation. The
results of these experiments are presented in Chapter 6 along with the comparisons with

the predictions from the mechanism developed in this study.

- 231 mm .

OXIDIZER STRESM

S mm

FUEL STRE&AR
(a) (b)

Figure 3.1 Photographs and dimensions of the counterflow setup used in the experiments
for (a) partially premixed flame and (b) nonpremixed flame
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Figure 3.2 (a) Photograph of the vaporizer (b) A section of a solid model of the vaporizer
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Figure 3.3 (a) Photograph of the counterflow burner assembly (b) A section of a solid
model of the counterflow burner
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Figure 3.5 Flow of the sampled stable species through the mole sieve and Porapak Q
columns to the detectors, and the valve switching involved
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Figure 3.8 Schematic of the experimental setup including the counterflow burner, the
vaporizer, the gas sampling system, and the gas chromatograph
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CHAPTER 4

TESTING MECHANISM FOR THE COMBUSTION OF
HYDROGEN AND CARBON MONOXIDE

4.1 OVERVIEW

Because of limitations on computer capabilities, there is a need for detailed
chemical-kinetic mechanisms for combustion that are not too large. As an alternative to
mechanisms having thousands of elementary steps, a mechanism having less than 300
steps is being developed [1]. This simplification is achieved by restricting attention to
temperatures above about 1000 K, pressures below about 100 bar, equivalence ratios less
than about 3 in premixed systems, and strain rates greater than about 50 s in
nonpremixed or partially premixed systems. The simplifications then arise mainly from
the unimportance of soot formation and cool-flame phenomena under these conditions.

Fuels that have been studied previously with the San Diego Mech include
methane [2], ethane [3], ethylene [4], acetylene [5, 6], propane [1], propene, [1], propyne
[1], allene [1] and methanol [7, 8]. Tests also have been made recently for hydrogen
autoignition [9], and some time ago premixed and diffusion flames of carbon monoxide
were addressed [10, 11]. There have, however, been no recent tests for premixed
hydrogen flames and no tests at all for autoignition of mixtures containing carbon
monoxide. Since the hydrogen and carbon monoxide submechanisms are essential to the
mechanisms for all of the other fuels, and since there is also substantial interest in these

two fuels themselves, testing of the mechanism for them is completed here.
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The comparisons to be reported lead to small revisions of rate parameters for a
few elementary steps. The resulting steps and rate parameters for this submechanism are
given in Table 4.1, in which all steps are considered to be reversible, with backward rates
obtained from listed forward rates by use of equilibrium constants. The revisions improve
agreements in the present comparisons. The revised values are in agreement with those in
some of the more recent literature, and the changes are well within fundamental
uncertainties in rates of elementary steps. These uncertainties were considered for all of
the steps, and possibilities of revising rate parameters for many additional steps were
investigated but finally rejected as insufficiently useful or not justified well enough from
fundamental considerations. In addition, one reaction is deleted that has been
demonstrated recently to be unlikely to occur, and one has been added that previously
had been thought to be unimportant but was found to exert a small but noticeable effect.

In the following sections comparisons are made first for premixed hydrogen
systems, next for hydrogen diffusion-flame extinction, then for burning velocities of
premixed flames of carbon monoxide with different amounts of hydrogen, and finally for
autoignition of mixtures of carbon monoxide and hydrogen. The rate-parameter revisions
are discussed in connection with the test for which they are most relevant. The
computations for the comparisons were performed with CHEMKIN [19] programs,
although the FlameMaster program [20] was also employed to make sure that predictions

from the two different programs were the same.

4.2 HYDROGEN BURNING VELOCITIES AND AUTOIGNITION
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There is a wealth of data available for laminar flame speeds for hydrogen-air
systems for a wide range of equivalence ratios at normal atmospheric pressure and
initially room temperature. In the earliest predecessor of the present mechanism for
hydrogen [21], comparisons were made with data taken prior to 1990. These results
exhibited a great deal of scatter, but more recent data are much more accurate. The
measurements that we judge to be most reliable were selected for comparisons in the
present work. These include hydrogen-air data at 1 atm and an initial temperature of 298
K for equivalence-ratio ranges of 0.23 to 4.5 [22], 0.25 to 1.5 [23], 0.4 to 4.0 [24] and 0.6
to 4.5 [25]. These results are in remarkably good agreement with each other. In addition,
for these same conditions good data are available [25] for hydrogen-oxygen mixtures
diluted by argon and by helium at 1 atm, and also [24] at pressures up to 20 atm for this
last diluent.

Figures 4.1 and 4.2 compare the present burning-velocity predictions with this
data. The computational results were obtained with CHEMKIN 3.7 PREMIX including
multicomponent diffusion and Soret effects but excluding radiant energy loss, which
would decrease predicted burning velocities only slightly under these conditions.
Throughout the present work, calculations also were made including radiant loss from
H,O and CO, bands in an optically thin approximation, and results differed
approximately by the thickness of the lines.

A dilution factor may be defined as

/=10, 1/0,1+[1D),
where the brackets denote concentrations and I stands for the inert; = 0.214 in figure

4.1, and /= 0.08 in figure 4.2. The agreements between predictions and experiments are
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quite good in these figures, comparable with the agreements obtained previously [26] by
a more complex mechanism. Although measured burning velocities in air for very lean
mixtures consistently exceed predictions, the exceptionally strong tendency towards
forming cellular flames under these conditions make experiments very difficult and
would tend to produce measured burning velocities that are higher than those of a planar,
unstretched flame, to which the computations apply.

The small mechanism originally had 22 elementary steps for hydrogen
combustion, but recent calculations of potential-energy surfaces [27] show clearly that
one of the two chain-initiation steps that had been included, namely H,+0,—20H, is
highly unlikely, leaving only the reverse of step 12, Hy+O,—HO,+H, for initiation. The
unlikely step therefore now is deleted. Although this step influenced autoignition times at
higher temperatures, coupled with the other rate-parameter modifications indicated
below, its deletion does not degrade reported [9] ignition-time comparisons. (The results
for hydrogen autoignition with the current hydrogen mechanism are shown in Appendix
3). The comparisons in figures 4.1 and 4.2 therefore pertain to a 21-step hydrogen
combustion mechanism, the first 21 entries in Table 4.1.

When the mechanism was first tested against this data, it gave burning velocities
noticeably higher than shown in figure 4.1 for air over most of the equivalence-ratio
range and much lower than shown in figure 4.2. The rate parameters therefore were
reviewed again for all steps, and certain revisions were made on the basis of more recent
literature and to obtain the agreements seen in figures 4.1 and 4.2.

The rate of the recombination step 6, HFOH+M—H,0+M, was increased by

about 80% to reduce high-temperature hydrogen-air burning velocities, on the basis of



64

newer literature [28, 29, 30], which supports this revision, the listed rate being an average
of the rates in the newer literature. The rate of the step 11, HO,+*H—20OH, had been
decreased to reduce predicted propane-air burning velocities [1], improving agreements,
and that similarly helps for hydrogen-air flames. Associated with this decrease,
considerations of rate and branching-ratio results [31, 32] prompted recommending a
corresponding reduction in the rate of step 12, HO,+H—H,+0O, [15]. The specific
reaction-rate constant
k — ATne—E/RT

with the recommended [15] parameter values listed as entry 12 in Table 4.1 is therefore
now adopted for this step, improving agreements slightly for both burning velocities and
autoignition times. Revision of the rate of step 17, 2HO,—H,0,+0,, was considered but
rejected as not well justified at the high temperatures of interest.

All of the other changes that were made pertain to the three-body recombinations.
Newer [13] rate parameters were adopted for O+H+M—OH+M, (entry 8 of Table 4.1)
with the recommended chaperon efficiencies. The rate parameters for O+O+M—0O,+M
(entry 7) also were taken from this reference, although chaperon efficiencies of 0.2 were
introduced for argon and helium to avoid employing separate reactions for these third
bodies, the selected value representing an average over the temperature range of interest
here (1000 K to 2500 K). All rate parameters are written consistently with a chaperon
efficiency of unity for nitrogen. For step 5, HFH+M—H,+M, the recommendation of
Baulch et al. [16] was adopted; these authors give values only for argon as the chaperon,
whose efficiency with respect to nitrogen was assumed to be 0.5, slightly improving fuel-

rich burning-velocity agreements in figure 4.1 and resulting in rates that lie between those
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of Li [26] and of the optimized mechanism of Davis et al. [30], whose common relative
efficiencies [26, 30] were adopted. For reaction 9, O+OH+M—HO,+M, chaperon
efficiencies are now introduced which are the same as those of O+H+M—OH+M, while
the rate is slightly reduced (by 20%) from our previous value [33]. The Troe [34] rate
parameters and falloff recommendations for step 10, H+O,+M—HO,+M, for nitrogen as
the bath gas (e.g., F=0.5) were adopted, improving both burning-velocity agreement for
high-pressure experiments with helium dilution and ignition-time agreement. To avoid
having to introduce either a different rate expression or temperature-dependent chaperon
efficiencies for argon as the bath gas for this reaction, just as was done for the other
recombination processes discussed above, constant chaperon efficiencies were selected, a
high value for water being used for agreement with measured autoignition times and
diffusion-flame extinction by water addition, and a value for argon being selected
consistent with autoignition times. Finally, for step 16, OH+OH+M—H,0,+M, the listed
rate parameters [9] are obtained from those for nitrogen of Baulch et al. [35] (who write
the reaction in the opposite direction) by use of equilibrium constants, but the argon
efficiency was decreased from 0.7 to 0.4, a better average, between 1000 K and 2500 K,

of the temperature-dependent recommendation of Baulch et al. [35].

4.3 HYDROGEN DIFFUSION-FLAME EXTINCTION

The mechanism with these updated rate parameters also was tested against
counterflow diffusion-flame extinction experiments. Comparisons are shown in figures
4.3 and 4.4. The extinction strain-rate data in figure 4.3 [36] are seen to lie below the

solid curve, calculated using CHEMKIN 3.7 OPDIFF with complete transport. Since
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there is an indication of inaccurate transport data for hydrogen (as well as helium) in the
code [37], for comparison purposes the calculation also was performed with the Soret
effects excluded, to obtain an idea of how important light-species transport may be. The
results, show by the dashed curve, agree better with the data, about as good as the
agreement obtained [36] with an early version of the present mechanism. In view of the
non-negligible influences of transport uncertainties for these experiments, until improved
transport properties for hydrogen and helium can be incorporated into the computations,
the agreement with the updated mechanism is considered acceptable.

Figure 4.4 tests the influence of water addition on the extinction strain rate,
employing data [38] against which other mechanisms have been tested earlier. The
agreement seen in this figure is somewhat better than found earlier [38], largely as a
consequence of the increased chaperon efficiency for water in the step 10,
H+0,#M—HO,+M, which decreases the extinction strain rate with increasing water
concentrations more rapidly than predicted earlier. Although even better agreement can
be obtained with falloff [39] for H,O different than that for N,, it was preferred to accept
the agreement shown for the sake of not having to treat the reaction with H,O as a

separate reaction.

4.4 BURNING VELOCITIES OF CARBON MONOXIDE

Since flames of carbon monoxide are dominated by hydrogen chemistry in
practice, it is necessary only to add the three species CO, CO, and HCO, along with nine
additional reversible elementary steps, to the hydrogen-oxygen mechanism, to obtain a

workable thirty-step mechanism among eleven species for the combustion of carbon



67

monoxide, as seen in Table 4.1. Figure 4.5 tests predictions of this mechanism against
recent burning-velocity data as a function of equivalence ratio for two different mixtures
of hydrogen and carbon monoxide in air [40]. Figure 4.6 similarly tests the dependence
on the fraction of carbon monoxide in the fuel for stoichiometric mixtures [40]. The
excellent agreement in these two figures indicates that slightly revised rate parameters for
the step 22, CO+OH—CO,+H, [26] and revised rate parameters for step 23,
CO+HO,—CO,+0H, [41], motivated mainly by experiments at temperatures lower than
those of interest here, are unnecessary for the present purposes, it being sufficient to
retain the earlier [10] rates unchanged.

An earlier version of the mechanism was tested previously [11] for flames of
carbon monoxide with trace amounts of hydrogen and water. Figure 4.7 repeats that test

with the updated mechanism and exhibits agreements no worse than before.

4.5 AUTOIGNITION OF CARBON MONOXIDE

The mechanism has not been tested previously for autoignition of mixtures of
carbon monoxide and hydrogen, even though there are shock-tube data [43, 44] on which
such tests can be made. These tests were performed here using the homogeneous,
adiabatic, isochoric option of CHEMKIN 3.7 AURORA. Figure 4.8 shows comparisons
with one set of data [43] based on three different definitions of ignition times, all derived
from profiles of the measured concentration of carbon dioxide. Figure 4.9 shows
comparisons with another set of data [44] at lower pressure, based on a different ignition-
time criterion. In all comparisons, the computational and experimental ignition-time

criteria are the same. The agreements are comparable with or better than those obtained
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[1, 4, 5] for other fuels; they are excellent in figure 4.8, while the predicted slope is a
little higher than the average experimental data in figure 4.9. The experiments in this last
figure were performed over a range of pressures, with values of the pressure not specified
for each specific data point, and for each point it is possible to select a value of the
pressure within the range that produces agreement between the prediction and the
measurement. It is unclear whether the noticeably greater theoretical slope, which agrees
with the slope of Li [26], should be attributable to erroneous values of rate parameters or
to systematic experimental error, which becomes more difficult to avoid at these low
pressures in shock tubes of the dimensions employed.

It was found that although the step 24, CO+0,—CO,+0O, has no measurable
influences on burning velocities and had not been retained previously as part of the
mechanism, it does have a noticeable influence on these ignition times at low hydrogen
content, contributing to initiation. This step therefore is now added to the mechanism,
with rate parameters giving half the rate recommended by Tsang and Hampson [45]. This
selection improves agreements somewhat in figure 4.8 and lies in the range of other
values in the literature, even lower rates having been reported [46].

There are recent studies on ignition delay times from shock tubes [47] and
laminar burning velocities [48] at higher pressures. The proposed mechanism
underpredicts the autoignition delay time under these conditions. Further studies is
required in accessing the rate parameters of elementary steps such as
CO+HO,—CO,+0OH and CO+O+M—CO,+M, observed to have insignificant effect in

the conditions studied here, are expected to play an important role at higher pressures.
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4.6 CONCLUSIONS

The testing for hydrogen and carbon monoxide led to a few revisions of rate
parameters for elementary steps in the mechanism for hydrogen and to deletion of a
hydrogen initiation step and addition of an initiation step for carbon monoxide. Small
increases in three-body recombination rates for certain steps and some changes in
chaperon efficiencies were identified. With these alterations, reasonable agreement is
obtained with available measured burning velocities, diffusion-flame extinction
conditions and autoignition times. There is, however, need for further studies in assessing
the validity of the mechanism for burning velocities and ignition delay times at

intermediate and higher pressures for carbon monoxide hydrogen mixtures.
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Table 4.1 Chemical-Kinetic Mechanism for Hydrogen and Carbon Monoxide

Reaction A? n® E? Reference
Hydrogen-Oxygen Chain
.H+0, > OH+O0 3.52x10'°  -0.7 714 [12]
2.H,+O0 >OH+H 5.06x10* 27 263 [13]
3.H,+OH » H,0+ H 1.17x10° 13 152 [14]
4. H,0+ O — OH + OH 7.60x10° 3.8 534 [13]
Direct Recombination
5 H+H+M > H, +M 1.30x10"  -1.0 0.0 See text
6. H+ OH+M —» H,0 + M 4.00x10% 2.0 0.0 See text
79.0+0+M->0,+M 6.17x10"°  -0.5 0.0 See text
8 . H+O+M - OH+M 471x10"®  -1.0 0.0 See text
9°. 0+ OH+M - HO, + M 8.00x10” 0.0 0.0 See text
Hydroperoxyl Reactions
10"H+0,+M 5> HO,+M ko 575x10”  -14 0.0 See text
k, 4.65x10" 04 0.0
11. HO,+ H - OH + OH 7.08 x 10”00 1.2 [15]
12. HO,+ H - H, + O, 1.66x10% 0.0 3.4 [15]
13.HO,+H > H,0+ 0 3.10x10% 0.0 72 [16]
14.HO,+ O - OH + O, 2.00x10% 0.0 0.0 [17]
15. HO, + OH — H,0 + O, 2.89x10% 0.0 -2.1 [16]
Hydrogen Peroxide Reactions
165. OH+ OH + M — H,0, + M 230x 10" -09 -7.1 See text
7.40x10%  -04 0.0
17. HO, + HO, —» H,0, + O, 3.02x10"% 0.0 58 [13]
18. H,0,+ H — HO, + H, 479%10° 0.0 333 [13]
19. H,0,+ H - H,0 + OH 1.00x10% 0.0  15.0 [13]
20. H,0,+ OH — H,0 + HO, 7.08x10” 0.0 6.0 [13]
21. H,0,+ O - HO, + OH 9.63x10° 2.0 167 [13]
Conversion of CO to CO,
22.CO+O0OH - CO, +H 4.40x10° 1.5 -3.1 [10]
23.CO+ HO, - CO, + OH 6.00x10”% 0.0  96.0 [10]
24.CO+ 0,5 C0O,+ 0 1.00x10” 0.0  199.4 See text
Formyl Reactions
25" HCO+M -> CO+H+M 1.86x10"7  -1.0 71.1 [18]
26. HCO+H - CO + H, 1.00x10"* 0.0 0.0 [10]
27.HCO+ O - CO + OH 3.00x10° 0.0 0.0 [10]
28. HCO+ 0 - CO, +H 3.00x10% 00 0.0 [10]
29. HCO+ OH — CO + H,0 5.02x10° 0.0 0.0 [10]
30. HCO+ 0, —» CO + HO» 3.00x10” 0.0 0.0 [10]
—E/R°T .

*Specific reaction-rate constant k = AT"e

- units mol/cm?, s, K, kJ/mol.
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bChaperon efficiencies are 2.5 for H,, 12.0 for H,O, 1.9 for CO, 3.8 for CO,, 0.5 for Ar
and He and 1.0 for all other species.

“Chaperon efficiencies are 2.5 for H,, 12.0 for H,O, 1.9 for CO, 3.8 for CO,, 0.4 for Ar
and He and 1.0 for all other species.

dChaperon efficiencies are 2.5 for H,, 12.0 for H,O, 1.9 for CO, 3.8 for CO,, 0.2 for Ar
and He and 1.0 for all other species.

“Chaperon efficiencies are 2.5 for H,, 12.0 for H,O, 1.9 for CO, 3.8 for CO,, 0.7 for Ar
and He and 1.0 for all other species.

fChaperon efficiencies are 2.5 for Hy, 16.0 for H,0, 1.2 for CO, 2.4 for CO,, 0.7 for Ar
and He and 1.0 for all other species; Troe falloff with . =0.5.

£Chaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 0.4 for Ar
and He and 1.0 for all other species; Troe falloff with F. = 0.265 exp (-7/94 K) + 0.735
exp (-7/1756 K) + exp (-5182 K/T).

hChaperon efficiencies are 1.9 for H,, 12.0 for H,O, 2.5 for CO, 2.5 for CO, and 1.0 for
all other species.

Ref. 22
Ref. 23
Ref. 24, air
Ref. 25, air
Ref. 25, Ar
Ref. 25, He
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Figure 4.1: Measured and predicted laminar burning velocities of hydrogen-oxygen-inert
flames at 1 atm and initially at 298 K with a dilution factor /= 0.214, for inerts nitrogen
(air), argon and helium.
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Figure 4.2: Measured [24] and predicted laminar mass burning rates of hydrogen-oxygen-
helium mixtures with a dilution factor /= 0.08, initially at 298 K, for pressures from 10
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Figure 4.5: Measured [40] and predicted laminar burning velocities as functions of the
equivalence ratio for two different mixtures of hydrogen and carbon monoxide in air at 1
atm and initially at 298 K.
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CHAPTER S
TESTING C; AND C, SUBMECHANISMS

5.1 OVERVIEW

The San Diego Mech grew out of rate-constant evaluations for hydrogen-air
diffusion flames [1], augmented by carbon monoxide [2, 3], then methane [4], methanol
[5, 6], ethane [7], ethylene [8], acetylene [9, 10], and further extended to propane,
propene, propyne and allene [11].

The hydrogen and carbon monoxide submechanism of the San Diego Mech has
been validated against various experimental data, and related modifications are reported
in Chapter 4. The major path of oxidation for most of the hydrocarbon and alcohol fuels,
including ethanol, is via CH,O — CHO — CO — CO,. Hence, in addition to H,/CO, the
CH,0O submechanism also constitutes an important building block for a detailed reaction
mechanism. A few of the important radical production and consumption steps related to
the formyl radical could not be tested by testing a submechanism for carbon monoxide.
But they play a key role in C; (formaldehyde, methane, methanol) submechanisms. In
addition, testing of methane and methanol submechanisms provide confidence in
reaction-rate constants for elementary reactions related to radicals such as CH3;, CH,OH
and CH3;0. The prediction of trace species, such as soot precursors, in ethanol flames
depend on the accuracy of the C, submechanism. Hence, in this chapter submechanisms
for C; (formaldehyde, methane, and methanol) and C, (ethane, ethylene, and acetylene)
fuels are developed for high-temperature combustion by revising the mechanisms

published in [1-11].
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Acetaldehyde is an important intermediate in ethanol combustion. The steps
related to acetaldehyde combustion are included from [12]. The preliminary tests for
ignition delay times are completed here. Nevertheless, there is a need for a thorough
study of the acetaldehyde submechanism by studying rate constants for a few key steps in
the submechanism [12] and including experimental data on acetaldehyde concentrations
in ethanol flames.

Going further with our practice in the development of the San Diego Mech in a
hierarchical way, the next step is to test the mechanism for formaldehyde, methane,
methanol, ethane, ethylene, and acetylene. The effect of the updates made to C; and C;
chemistry on the propane mechanism are also tested. Finally, the additional steps related
to acetaldehyde combustion are tested for autoignition of acetaldehyde. In the following
sections, comparisons of the predictions of the San Diego Mech are made with the
experimental data available in the literature for the conditions of interest. The
experimental conditions and associated references are identified in the Tables 5.1-5.8,
where @ denotes equivalence ratio, T temperature in K, and P pressure in atm. Table 5.9
lists all the elementary steps which are updated or added to the reaction mechanisms
(published in [1-11]) as a result of these tests. The rate-parameter revisions are discussed
in connection with the test for which they are most relevant.

In the following sections, older version of the San Diego mechanism (SD Old) for
a particular fuel refers to the mechanisms from [1-11] modified by the submechanisms of
the lower fuels which have already been updated during the study. The modifications to
the submechanism for the fuel under consideration, based on the updates in reaction-rate

constant for certain key steps and tests made against the experimental conditions (Table
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5.1 to 5.8), result in a newer version of the San Diego mechanism which we refer here as
the San Diego Mech.

In the process of the mechanism development in the following sections, the
calculations were carried out using CHEMKIN [44] and FlameMaster [45] programs in

accordance with the assumptions and procedures discussed in Chapter 2.

5.2 C; FORMALDEHYDE SUBMECHANISM

Both formaldehyde and formyl radical are the critical intermediates in the
oxidation of hydrocarbon and alcohol fuels, such as methane, methanol, ethanol, leading
to CO and then to CO,. Previous studies [46, 47, 48, 13, 49] include pyrolysis and
oxidation of formaldehyde, where shock-tube autoignition data as well as chemical-
kinetic models for formaldehyde combustion were reported. The San Diego Mech was
never developed for the formaldehyde combustion, and it has been tested here for the first
time. Table 5.1 is a list of the experimental conditions in the shock-tube experiments for
which the formaldehyde submechanism was tested in this study. When the SD Old,
constituted by reactions related to formaldehyde [4] with the modified H,/CO
submechanism from chapter 4, was tested for the autoignition-delay data, it was found to
overpredict the ignition delay times by 4 times at 1340 K and underpredict by 30% at
1700 K. This resulted in an incorrect slope. Since not all initiation steps were present
previously, the initiation step CH,O+O,—CHO+HO, and propagation reaction
CH,0+HO,—HCO+H,0; are included. Addition of these reactions and updates in a few

steps resulted in good agreement of predictions with the ignition delay times data.
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5.2.1 Autoignition of Formaldehyde

Seven mixtures were studied behind reflected shock waves in [13]. They were:
(1) Series A: 1.97% CH,0O-Ar; (2) Series B: 1.46% CH,0-Ar; (3) Series C: 1.47% CH,O-
0.25% O;-Ar; (4) Series D: 1.0% CH;0-0.6% O,-Ar; (5) Series E: 1.5% CH,0-1.5% O»-
Ar; (6) Series F: 0.49% CH,0-1.98% O,-Ar; (7) Series G: 1.0% CH,0-5.96% O,-Ar.
Mixture compositions covered a range from pure pyrolysis to oxidation of lean, rich, and
stoichiometric mixtures. The study covered almost all the conditions found in other
studies [46, 47, 48, 49]. The experimental conditions selected from [13], for which the
formaldehyde submechanism was developed, are listed in Table 5.1. The first and the
second entries correspond to conditions for Series E and F, respectively, in the notation in
[13].

Figure 5.1 (a) and (b) shows the comparison of predictions with the experimental
data for Series E where symbols represents experimental data, dashed line refers to
predictions of the SD Old, and solid line to the predictions of the San Diego Mech.
Reference [13] reports three ignition delay time criteria based on 25%, 50% and 75% of
the maximum CO concentration emission. The ignition delay times plotted in Figs. 5.1
and 5.2 correspond to 75% of [CO]max Which is closer to the widely used temperature
inflection criteria, (dT/dt)max.

It was observed that the predictions of the SD Old were found to agree well with
the experimental data for pyrolysis cases (not shown here). For oxidation cases, the
ignition delay times were overpredicted by 4 times at 1340 K while underpredicted by
30% at 1720 K. The recombination reaction H+O,+M—HO,+M, which is temperature

independent, competes with H+O,—OH+O at lower temperatures and results in an
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increased concentration of HO, radicals. Hence, step 1 of Table 5.9,
CH,O0+HO,—HCO+H,0,, was added to the formaldehyde submechanism. This step
consumes less reactive HO; radicals and produces relatively more reactive HCO radicals,
thereby lowering the ignition delay times at lower temperatures. The rate-parameter
values for step 1 were adopted from [13].

The step 2, CH,O+H—HCO+H,, consumes more reactive H radicals and
produces relatively less reactive HCO radicals. The rate-parameter values were updated
using [35] which are about two times higher than previously used [37] values. A more
recent study [49] of low-temperature autoignition in a shock tube shows similar values
for rate constants of the step. This modification improved the comparison at higher
temperature values.

There are two initiation steps in the formaldehyde combustion:
CH,0+M—HCO+H+M and CH,O+0O,—HCO+HO,. The reaction-rate parameters for
step 3, CH,O+M—HCO+H+M, from GRI Mech 1.2 [36], which includes pressure fall-
off, were preferred for the updates in the San Diego Mech. The reaction
CH,0+0,—HCO+HO,, step 4, was included to the formaldehyde submechanism. Since
the San Diego Mech is intended for high temperature oxidation processes, this step may
be important at all conditions of interest. The values for rate parameters were obtained
from [37].

The rate constants for the step 5, HCO+0,—CO+HO,, from different sources are
plotted in the compilation [37], and the recommended value was adopted in [4].
However, from the plots it seems that the recommendation from [38], which was based

on the experimental studies, is a better choice. Although the values of [38] at high
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temperatures of interest are only 30% greater than those in [37], this modification helps
in correlating the numerical and experimental data for formaldehyde ignition delay and in
lowering the laminar burning velocities on the lean side in methane and methanol
premixed flames, discussed in later sections.

With these above modifications, new formaldehyde submechanism, developed
along with updated H,/CO submechanisms, forms an important and accurate building
block for the mechanisms for larger fuels. The reasonably good comparisons of the
predictions of the San Diego Mech and the experimental data give confidence in the
updated elementary steps and their rate constants. However, there remains a need for the

validation of this mechanism for high-pressure data for ignition.

5.2.2 Laminar Burning Velocities of Formaldehyde

Although it would be desirable to test the mechanism against laminar burning
velocities of formaldehyde systems for freely propagating flame, no data on this were
found in the literature. These comparisons would be helpful in enhancing the accuracy of

the kinetic model.

5.3 C; METHANE AND METHANOL SUBMECHANISMS

The updates in the hydrogen, carbon monoxide and formaldehyde submechanisms
of the San Diego Mech, newer rate-constant data for a few elementary steps, and the
availability of newer experimental data motivate the evaluation of the San Diego Mech
for C; fuels, mainly methane and methanol. The updates in methane and methanol

submechanisms need to be done simultaneously because any change made for one affects
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the other. The submechanisms for methane and methanol have been developed previously
for autoignition delay times for methane [50], for laminar burning velocities for methane
[4] and methanol [6], and for diffusion-flame structures for methane [4] and methanol [5,
6]. The methanol submechanism has been extended to autoignition for the first time here.
Calculations have been made to ensure that the updates to the San Diego Mech do not
deteriorate the agreements of the predictions with the experiments shown in previous
studies with the published methane and methanol mechanisms. In addition, the new tests
are made for the recently published diffusion-flame extinction data for methane [16] and

methanol [26], and nonpremixed flame structures for methanol [27].

5.3.1 Autoignition of Methane

In an extensive study [50], a methane mechanism was developed for autoignition
of methane in a shock-tube for temperatures between 1000 K and 2000 K, pressures
between 1 bar and 260 bar, and equivalence ratio between 0.4 and 6.0. This mechanism
contained elementary steps related to C; and C, species. Further improvements to this
mechanism based on later studies [5-11] are summarized in [11]. The first entry in Table
5.2 corresponds to the first plot in Fig. 2 of article [50]. Figures 5.3 and 5.4 shows the
comparison of the experimental data (symbols) listed in Table 5.2 with the predictions of
the SD Old (dashed lines) and the San Diego Mech (solid line). The predictions of the SD
Old, the mechanism assembled by including reactions from [4, 11] with the modified
H,/CO, CH,;0O submechanisms, underpredict the ignition delay times by about 35%
through out the temperature range. Similar underpredictions were observed in [50] as

well. Hence, there was a need for revision of the steps involved in methane autoignition.



88

A sensitivity analysis was performed for this case at 1518 K and 1918 K to
determine the key reactions with high sensitivity coefficients. The autoignition delay
times were found to be very sensitive to the step 6 in Table 5.9, CH3+0,—CH;0+0. The
previous values for the rate constants were taken from [37], where reaction-rate constants
from different sources are plotted together. The recommendation in [39], which was
based on experimental values, is 0.2 times the recommendation in [37] was used here. In
[4] reaction CH3+O,—CH,0O+OH rate-constant values were taken from [39]. This
modification in step 6, CH3+0O,—CH;30+0, also from [39], maintains the branching ratio
for these two steps, as recommended in [39].

The solid line, Figs. 5.3 and 5.4, refers to the prediction of the San Diego Mech
after implementing the change in step 6. The ignition criteria used in both the cases in
experiments and the simulations was time when pressure inflection, (dP/dt)ma, occurs.
The comparisons of the predictions of the San Diego Mech for the data from two
experimental conditions in the shock-tube experiments listed in Table 5.2 look acceptable

within the experimental uncertainties.

5.3.2 Diffusion-Flame Extinction of Methane

The methane submechanism was developed for diffusion-flame structures and
laminar burning velocities [4], and was tested for autoignition [50], but it was never
tested for extinction of diffusion flames. There is a newer experimental measurement of
methane diffusion flame extinction strain rate [18] in a counterflow setup for the
conditions shown in table 5.2. The fuel-stream consists of methane diluted in nitrogen at

298 K, and the oxidizer-stream consists of oxygen and nitrogen mixed with water vapor
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at 352 K. The amount of fuel in the fuel stream and the oxygen in oxidizer stream was
determined by keeping the adiabatic temperature and stoichiometric mixture fraction
constant. The fuel mole fraction in nitrogen varied from 0.35 to 0.40. The distance
between the two ducts was 10 mm. The symbols in Fig. 5.5 shows the extinction strain
rate plotted against the increasing mass fraction of water vapor in the oxidizer stream.
When the mechanism developed in section 5.3.1 was used to calculate the extinction
strain rates, the predictions agree well with the data within the experimental uncertainty
for zero or lower concentrations of water vapor in the oxidizer stream. For the cases with
higher water vapor concentrations, such as Yu20=0.2, the predicted extinction strain rates
were about two times those of the experimental values.

In methane flames, step 7 of Table 5.9 CH3;+H+M—CH4+M is a major route for
the termination of reactive radicals H and CH3. The reaction-rate constant, along with the
pressure fall-off for this step in [4], were adopted from [37] and the third-body efficiency
for water in the termination step CHs3+H+M—CH4+M was equal to that of the nitrogen.
Generic third-body efficiencies [36] were introduced for this step. The efficiencies for
different bath gases are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy4, and
0.7 for Ar with respect to N,. The reaction-rate constant for step 7 [37] with the enhanced
chaperon efficiency for H,O resulted in rate-constant values too high for the H,O bath
gas. An extensive literature review for this step [37, 36, 51, 52, 53] indicates that the
Baulch et al. [37] values in Ar bath gas are too high with an order of magnitude
discrepancy observed in the rate-constant values in the latest study [53].

In the current study, the GRI Mech [36] values along with the chaperon-efficiency

values recommendations were adopted in the C; submechanism. The comparisons shown
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in Fig. 5.5 between the predictions (solid line) of the San Diego Mech and the
experimental values (symbol) are reasonably good. The discrepancies in these values at

higher water vapor concentrations are within the experimental uncertainties.

5.3.3 Laminar Burning Velocities of Methane

The predictions of the laminar burning velocities for experimental conditions in
Table 5.2 with the mechanism [4] agreed well with earlier data [17]. Advancement in the
methods [18] of the counter-flow twin flame techniques led to more accurate
measurements of the laminar burning velocities. These values are found to be about 10 %
lower than the measurements in [17] in the entire range of equivalence ratios.

The selection of [36] values for step 7 (in Table 5.9) was based on the nature of
the slope of k v/s /T plot. In the flames this step competes with
CH;+CH3+M—C,H¢+tM, and plays a very significant role in C; and C, chemistry in
predicting the laminar burning velocities, and the formation and consumption of CH4 and
C,H; trace species in methane and methanol flames. This selection helped in increasing
the near-stoichiometric mixture burning velocities while decreasing these predictions for
the rich-side in freely-propagating methane flames.

A few other steps were modified within the uncertainties of their rate-constant
values in the literature. Step 8§, HCO+H—CO+H,, reaction-rate parameters in [4] were
used from [2]. The newer values, which are one-half of the values in [2], were used.
Values (A=4.0x 10", n=0.0, E=0.0) lower than the ones adopted here are also observed
[54]. For the step HCO+OH—CO+H,0, step 9 in Table 5.9, previously used reaction-

rate values [2] were decreased to Tsang and Hampson’s recommendation [40]. Both these
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modifications helped in increasing the near-stoichiometric burning velocities by 10%. In
[4] for the reaction CH3+OH—S-CH,+H,0O (step 10 in Table 5.9), one-fourth of the
reaction-rate values from Grotheer et al. [41] were used to fit the burning velocities data
with a different H,/CO submechanism. In the present study, with a better H,/CO, CH,O
submechanisms, the original Grotheer et al. [41] recommendation for step 10 improves
the agreement between predictions and data near the stoichiometric conditions.

The step 11, CH;+#HCO—CH4+CO, is added to the mechanism for the first time.
It lowers the flamespeed in the rich side by consuming CHj radicals, which are relatively
higher in concentration on the rich side in methane and methanol flames. Since the Tsang
and Hampson [40] values for prefactor A=1.0x 10" seemed to be a too high, one-half of
this value was used in the present study.

The comparisons of the predictions of laminar burning velocities with the
experimental values selected in Table 5.2 are shown in Fig. 5.6. In reference [18] “Su,
ex” denotes the burning velocities at zero strain rate determined by the linear-
extrapolation method (old method), and “Su, tr” denotes the true value of the burning
velocities at zero strain rate determined by a new method. The predictions with the
current mechanism are in better agreement with the data in [18], confirming the choice of
reaction-rate values for the key elementary reactions, since these are the most accurate

experiments.

5.3.4 Diffusion-Flame Structure of Methane
The mechanism [4] was developed for methane flames and was validated against

the data, listed in Table 5.2, for partially premixed flame in a counterflow setup. The fuel
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stream consists of fuel-air mixture with equivalence ratios ranging between 1.5 and 3.0.
The strain-rates value of 50 s™' was reported in the article by assuming potential flow. The
distance between the ducts was 18 mm.

The calculation for ¢ = 2.5 case is repeated with the San Diego Mech for the
conditions in Table 5.2. Because of the lack of information about the input velocities of
fuel and oxidizer streams, plug-flow conditions were assumed in the calculations.
Corresponding to the input velocities used, the plug-flow strain rate on the oxidizer side
was found to be 23 s. Figure 5.7 (a) compares the predictions with the concentration
profiles of CHa, O, N, CO, CO,, Ha, and Fig. 5.7 (b) reports temperature profiles, and
the concentrations of the trace species (C,H,+C,Ha, C,Hg), and the NO production in the
flame. The agreements are found to be similar for most of the data and in the case of

C,H,+C,H,4 and NO better than those in [4].

5.3.5 Autoignition of Methanol

Methanol is a basic alcohol fuel. The methanol mechanism was developed for
partially premixed flame structures and burning velocities of freely-propagating flames
[5, 6], but it was never developed for methanol autoignition. The mechanism has been
augmented and tested for methanol autoignition for the first time in this study. The SD
Old mechanism was assembled by mechanism from [11] and updated with the modified
H,/CO, CH,;0 and CH4 submechanisms of the present study. Figure 5.8 shows the
comparison of experimental data (symbols) for the conditions of the first entry [19] of
Table 5.3 with the predictions of the SD Old (dashed line) and from the San Diego Mech

(solid line). The article [19] presented ignition delay times which were based on the onset
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of CO, and OH. The experimental data plotted in Fig 5.8 is based on onset of CO,. The
numerical prediction is based on the inflection of [CO;], (d[CO,]/dt)max. This could be the
reason for the slight overprediction of the data using the San Diego Mech. When the SD
Old was used for the numerical prediction of autoignition delay times (dashed line in Fig.
5.8), the predictions were found to be two times larger than the experimental data. An
addition of one important initiation step resulted in improving the agreement of
prediction of the San Diego Mech with the experimental data.

There are three different routes for methanol initiation reaction [36],
CH;0H+M—CH3+OH+M, CH3;0H+M—CH3;O0+H+M, CH3;0OH+M—CH,OH-+H-+M.
Through sensitivity analysis and reaction flux analysis it was observed that the
dependence of ignition delay times on the later two steps was insignificant. Hence only
the first step, CH;OH+M—CH;+OH+M, was included in the methanol submechanism.
The reaction-rate parameters were adopted from Held and Dryer [42], which were based
on the recommendation of [40]. In [42] the chaperon efficiencies for all the species were
assumed to be 1.0. In the present study the generic chaperon efficiencies from GRI Mech
[36] are included for this step. The reaction rate constant values are listed in Table 5.9 as
step 12.

A wide range of mixtures were studied [20] out of which four conditions were
selected to test the mechanism. The ignition delay times were defined as the time when
the maximum of the product of the concentration of O and CO occurs. The experimental
conditions are listed as entry 2 to 5 in Table 5.3. Figures 5.9 (a)-(d) show the comparison
of ignition delay times data [20] with predictions of the San Diego Mech. The agreements

show that the inclusion of a single initiation step with the selected rate parameters is
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sufficient to enhance the San Diego Mech capabilities to methanol ignition, and at the

same time keep the mechanism short.

5.3.6 Laminar Burning Velocities of Methanol

Li and Williams [6] tested the methanol mechanism for laminar burning
velocities. The experimental data (symbols) is plotted in Fig. 5.10. The experimental
conditions and methods of measurements are provided in the literature listed in Table 5.3.
There is a lot of scatter in the data, especially near stoichiometric conditions. In [6], the
predictions of the mechanism agreed well with the data from Giilder [23]. Giilder [23]
data near stoichiometric conditions is 15% higher than those in [25]. The laminar burning
velocities in [25], which were based on the counterflow twin-flame technique with stretch
corrections applied, are expected to be more accurate, hence are chosen as the target
values for the methanol mechanism development in the present study.

The SD Old mechanism was assembled with the mechanism published in [11]
modified by the H,/CO, CH,O submechanisms from this study. When the predictions
(dashed line) of this mechanism are plotted in Fig. 5.10 with the experimental data, 18%
underprediction is observed. However, when the modified CH4 submechanism from the
current study was substituted in the SD Old mechanism, relatively better agreements
were observed. However, the rich side burning velocities were overpredicted by about
10% compared to the data in [25]. This was observed mainly due to the lowering of the
reaction-rate constant of step CH3+H+M—CH4+M.

The burning velocities greatly depend on the branching ratios of radical attack on

the fuel molecule, such as
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CH;OH+H—CH,0H+H,, (R1)
CH;OH+H—CH;O+H,, (R2)
CH;OH+OH—CH,0H+H,0, (R3)
CH;OH+OH—CH;0+H,0, (R4)

where CH,OH is more stable compared to CH30. A new theoretical study [43] based on
RRKM calculations and comparison of the rate constants with the existing experimental
values recommended the rate constant for the step CH;OH+H—CH,OH+H, and
CH3;OH+H—CH;3;0+H; where the branching ratio, R1/R2, is 32 at 1000 K and 9 at 2000
K. The previous reaction rate constants in [6] correspond to a branching ratio (R1/R2) of
0.8 at 1000 K and 0.6 at 2000 K. Rate parameter values for CH;OH+OH—CH;0+H,0
were obtained from GRI [36] in [6], where the branching ratio of the rate constant of step
CH3;0OH+OH—CH,0OH+H,O0 to the rate constant of step CH;OH+OH—CH;0+H,0 was
about 0.5. Bott and Cohen [55] suggested branching ratio for these steps to be 1.0. Hence,
for reaction CH;OH+OH—CH;3;0+H,0, prefactor value was reduced by a factor of 0.7 to
enhance the branching ratio (R3/R4) to 0.8. The current modifications caused the desired
decrease in burning velocities on the rich side, as seen in Fig. 5.10.

The step 16, CH;0+M—CH,0+H+M, from [41] was reduced by a factor of 5.5 in
[6] to fit the burning velocities with the mechanism consisting of a different H,/CO
submechanism. In the methanol mechanism with the improved hydrogen, carbon
monoxide, formaldehyde, and methane submechanisms, the original values were adopted
from [41]. The rate constant in [41] was proposed from experiments in an argon gas bath.
The generic chaperon efficiencies based on GRI [36] recommendations were added to

this reaction as well. Since the third-body efficiencies for argon is 0.7 times that of the
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value of nitrogen, and all the chaperon efficiencies values are with respect to 1y, =1.0,

the prefactor of step 16 in Table 5.9 was divided by 0.7 resulting in prefactor value
A=7.8x10". This modification increased the burning velocities, especially near the
stoichiometric conditions and improved the agreement with the experimental data [25].
The San Diego Mech, which includes the reaction mechanism from [11] modified
by the H,/CO, CH,0, CH4 and the modifications in the present section, was used in the
calculations of the laminar burning velocities. Figure 5.10 shows the comparison of
predictions and experimental data where the mechanism has targeted the experimental
data in [25]. The agreements are reasonable in the rich and lean side, but at ¢=1.1 values
are underpredicted by 6% compared to what is believed to be the best experimental value.
Figure 5.11 shows another set of experimental data from [25] for methanol-air mixtures
at different initial temperatures. The agreements are reasonable within the experimental

uncertainties.

5.3.7 Diffusion-Flame Structure of Methanol

The methanol mechanism was developed for the partially premixed flame
structures in counterflow setup [5, 6]. The fuel stream consisted of fuel-air mixture with
fuel-stream equivalence ratios of 2.0 and 2.3. The oxidizer stream was air. The strain-
rates value of 50 s™ was reported in the article by assuming a potential flow. The distance
between the ducts was 18 mm.

The calculation for the ¢ = 2.0 case was repeated with the San Diego Mech for the
conditions in Table 5.3. Because of the lack of information about the input velocities of

fuel and oxidizer streams, the plug-flow conditions were assumed in the calculations.
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Corresponding to the input velocities, the plug-flow strain rate on the oxidizer side was
found to be 56 s™'. Figure 5.12 (a) compares the predictions of the San Diego Mech with
the concentration profiles of CH;0H, O,, Ny, CO, CO,, H,, and Fig. 5.12 (b) reports
temperature profiles, and the concentrations of the trace species C,H,+C,H4+C,Hg, and
CH4 production in the flame. The agreements of the predictions of the SD Old were
found to be similar to those in [5] for most of the data, except that for CH4, where the
peak concentration was overpredicted by two times. These calculations are not shown in
Figs. 5.12 (a) and 5.12 (b).

The methane formation in methanol flames occurs via CH,OH+H—CH3;+OH and
CH;+H+M—CH4+M. A discussion on the reaction-rate constant for step
CH,OH+H—CH;3+OH was presented in [6]. In [6] the rate constant for this reaction was
one-forth of the backward rate constant of Grotheer et al. [41]. When the backward rate
constant was obtained with the newer thermodynamic data for CH,OH, taking one-forth
of their values resulted in reaction rate constant 30% lower than those used by [6]. The
lowered rate constant of reaction CHOH+H—CH;3+OH helped in lowering the peak CH4
concentration; predictions of the San Diego Mech are shown in Fig 5.12 (b). Though the
peak CH4 concentartion was still 15% higher it was well within the experimental error.

The San Diego Mech predictions were also compared with the newer data on
nonpremixed flame structure in counterflow setup [26] in Fig 5.13 (a) and (b). The fuel
stream consisted of 30% methanol in nitrogen. The oxidizer stream was air. These
experiments were performed by carefully maintaining the plug-flow conditions at the
duct exits. The plug-flow strain rate on the oxidizer side was 100 s”. The distance

between the ducts was 10 mm. In the calculations, the exact conditions for velocity and
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composition for fuel and oxidizer streams as in experiments were implemented. The
predictions are compared for temperature and concentration profiles of CH;0H, O,, Ny,
CO, CO,, H,0, H; in Fig. 5.13 (a) and CH4, C;H,+C,Hy, and C,Hg in Fig. 5.13 (b). The
experiments and predictions agree well except for C,H,+CyHy4 where the prediction of

the peak concentration is lower by 20 %.

5.3.8 Diffusion-Flame Extinction of Methanol

The newer data on extinction strain rate for nonpremixed flame were reported
recently [27]. The experimental conditions are listed in Table 5.3. Figure 5.14 shows the
plot of extinction strain rates against increasing mass fraction of fuel in the fuel stream.
The fuel stream consisted of methanol diluted in nitrogen flowing against the oxidizer
stream, which was air. The distance between the ducts was 10 mm. The predictions using
the San Diego Mech with two different transport models - multicomponent and mixture
averaged values - are presented. Although the multicomponent diffusion model is
considered better, the agreements of results using the mixture-averaged model are found
to be better. At lower fuel mass fractions, the extinction strain rate values from the
multicomponent and mixture averaged transport models are similar. At a fuel mass
fraction of 0.3 the predicted values are lower by 10% for mixture averaged and by 20%
for the multicomponent case compared to the experimental data. There is a need for more
research in the kinetic model for this set of experiments. Relatively lower temperatures
are encountered in flames at strain rates as high as these. Hence, there is a need to review
the temperature dependence of the reaction rate for key reactions for these cases and of

the transport properties.
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54 C, SUBMECHANISM

Since C, chemistry plays an important role in determining the soot precursors
(sum of C;H,, C;Hs, and C,He) in ethanol flames, it is very important to establish
confidence in elementary steps related to ethane, ethylene and acetylene. It also
establishes confidence in the rate constants used for steps CH;+H+M—CH4+M and
CH;+CH3+M—C,H¢+M, and the extent of competition between these two steps for CHj
radicals. The first step is one of the major sources of formation and consumption of CHy,
while the second step is for the formation of C,Hg. Correct rate constants for these two
steps facilitate the accurate prediction of the soot precursors in flames for practical fuels.

The mechanism for ethane was first developed by Waly et al. [7] for partially
premixed flame structures. The mechanism for ethylene was developed by Bala and
Williams [8] for ignition delay in shock tubes. The mechanism for acetylene was
developed by Waly et al. [9] for laminar partially premixed flame structures. It was also
tested for laminar burning velocities for ethane, ethylene, and acetylene in the same
article. This mechanism was further enhanced for autoignition delay times for acetylene
in [10]. In the following sections, a few of these calculations are repeated with the
updated San Diego Mech to assess the effect of modifications in the hydrogen, carbon

monoxide, and C; chemistry on the C, submechanism.

5.4.1 Laminar Burning Velocities of Ethane, Ethylene, and Acetylene
The C, submechanism was tested [9] for freely propagating flame burning
velocity data for mixtures of ethane, ethylene, acetylene at an initial temperature and

pressure of 298 K and 1 atm, respectively against the experimental conditions listed in
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Tables 5.4, 5.5, and 5.6. As has been seen for methane in a previous section, recent
burning velocity measurements for ethane in [18] were found to be lower than the
previous data [17, 22, 29]. In the present study, modifications in the ethane
submechanism were targeted to match data in [18] as it is expected to be more accurate
because of the new methodology used for stretch-effect correction.

Figure 5.15 shows the comparison of experimental data (symbols) with the
predictions of the SD Old mechanism (dashed line) and the San Diego Mech (solid lines).
The SD Old mechanism was assembled from reactions in [11] and modified by the
updated H,/CO, CH,O, and C; submechanisms. The predictions of this mechanism were
found to be 10% higher than the experimental data in the near-stoichiometric and rich
side. The sensitivity analysis was done for =1.0 and 1.6. The laminar burning velocities
were found to be highly sensitive to the reaction 17, C;H;+H—C,H,+H,. This reaction
terminates highly reactive H atoms to form stable products. The reaction-rate parameter
values A=4.0x 1013, n=0.0, E=0.0 are used, which results in reaction rate constant values
3.3 times the previous value [37]. The updated rate parameters lie within the uncertainty
of the rate-constant values from the literature. The higher value of A=9.6x 1013, n=0.0,
E=0.0 were recommended in the compilation by Tsang and Hampson [40]. With just this
one modification, the predictions of the San Diego Mech agreed well against [18]
experimental data, Fig. 5.15. The agreements improved in the rich side and remain the
same in the lean side.

The mechanism in Waly [9] was tested for ethylene and acetylene for the
experimental conditions as listed in Tables 5.5 and 5.6. The initial mixtures were diluted

in N with a dilution factor f=0.1 and f=0.13 for ethylene and acetylene, respectively. The
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dilution factor was defined as ' =[O0, ]/([O,]+[I]), where I is the inert gas. The lower

dilution factors were employed due to safety reasons associated with mixture pressure
above 1.0 atm, especially for acetylene-air mixture.

The tests for ethylene-air and acetylene-air mixtures were repeated with the
updated San Diego Mech. Figure 5.16 show the comparison of the experimental ethylene-
air laminar burning velocities data with the numerical predictions of the San Diego Mech.
Figure 5.17 shows the comparison of experimental acetylene-air laminar burning
velocities data with numerical predictions of the San Diego Mech. The updated values for
the rate constants for step C,H;+H—C,H,+H; helped in lowering the burning velocities
by 10% in the rich and near-stoichiometric conditions in ethylene and acetylene flames as

well.

5.4.2 Autoignition of Ethane, Ethylene, and Acetylene

The C, mechanism in [7, 9, 11] was tested for autoignition of ethylene [8] and
acetylene [10], but never tested for ignition of ethane. Table 5.4 lists the experimental
condition for which the San Diego Mech, consisting of reactions from [11] modified by
updates in the H,/CO, CH,O, C; and C, submechanisms of this study, was tested. Figure
5.18 shows the comparison of predictions (lines) with the experimental data (symbols).
The ignition delay times were defined in the article based on the inflection of the
concentrations of CO,, OH and CH. The predictions of the San Diego Mech are plotted
based on inflection of [CO,] and [OH]. The agreements between the predictions and the
experimental data are reasonable within the uncertainties in the experimental data. One

elementary step C,Hs+HO,—C,Hs+H,0, has been added to the mechanism, with rate
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constant values adopted from Baulch et al. [37] In sensitivity analyses, ignition delay
time was found to be insensitive to this step. However, H abstraction by HO, radical
attack on fuel plays a major role in the analytical formula for ignition delay time,
motivating the inclusion of this step to the mechanism. This will be discussed further in
Chapter 7.

The mechanisms were developed [8] for autoignition of ethylene/oxygen mixtures
diluted in nitrogen or argon for ¢=0.5-2.0 in the temperature and pressure ranges of 1000-
2300 K and 0.4-6.7 bar, respectively. The experimental data with similar conditions were
used in [10] for acetylene autoignition. The fuel/O, mixture in nitrogen or argon for
¢=0.006-2.0 in the temperature and pressure ranges of 1000-2300 K and 0.7-9.4 bar,
respectively were used for the tests. One of these conditions for ethylene and acetylene
fuels was selected to test the San Diego Mech developed in this study. These
experimental conditions are listed in Tables 5.5 and 5.6.

The comparison of experimental ignition delay times and their numerical
predictions of the San Diego Mech are found to be same as those in previous studies or

better, as seen in Figs. 5.19 and 5.20.

5.4.3 Partially Premixed Flame Structure of Ethane

The ethane mechanism was originally developed for partially premixed flame
structures by Waly [7] in a counterflow setup. The strain-rate value of 90 s™ was reported
in the article. The distance between the ducts was 15 mm. The calculation for the ¢ = 2.2
case was repeated with the San Diego Mech for the conditions in Table 5.4. Because of

the lack of information about the input velocities of fuel and oxidizer streams, the plug-
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flow conditions were assumed in the calculations. Corresponding to the input velocities,
the plug-flow strain rate on the oxidizer side was found to be 80 s'. The tests were
repeated here with the San Diego Mech to assess its performance under these conditions.
Figures 5.21 (a), (b), and (c) show the profiles for the temperature and concentration
profiles of C;Hg, CO, CO,, C;H,, C,H4, and CHy. The agreements of the predictions of
the San Diego Mech with the experimental values are within the experimental error
except in the case of methane where the peak CH4 concentration is overpredicted by

50%.

5.5 GENERIC CHAPERON EFFICIENCIES
In addition to the modifications described in the sections above, the generic third-
body efficiencies were included for following three-body reactions based on the GRI
Mech [36] recommendations.
CH;+CH3+M—C,HetM
C,H¢e+tM—C,Hs+H+M
C,Hs+tM—C,Hs+H+M
C,Hs+M—C,H;+H+M
C,Hs+M—C,H+H+M
C,H;+M—C,H,+H+M
It has been observed that many other mechanisms in the literature do not use the
chaperon-efficiencies for all the three body reactions consistently. The chaperon
efficiency for H,O and CO,, when used equal to that of Ny, can be critical in calculations

of flame structures and burning velocities in the oxidation-zone where high
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concentrations of water vapor, carbon monoxide and carbon dioxide are observed.
However, more thorough evaluation of the effect of the inclusion of these third-body
efficiencies is required. For this, experiments at high pressures with different bath gases

are required.

5.6 PROPANE SUBMECHANISM

The submechanism for propane was developed by Petrova and Williams [11] in
an extensive study for autoignition delay times and laminar burning velocities. A few of
these tests are repeated here to assess the effect of the modifications in the San Diego
Mech based on the present study. The experimental conditions are listed in table 5.7.
Figure 5.22 presents a comparison of auotingition delay time predictions of the San
Diego Mech with the experimental data. Figure 5.23 shows the comparison of the
predictions of the San Diego Mech with laminar burning velocities data. In reference [18]
“Su, ex” denotes the burning velocities at zero strain rate determined by the linear-
extrapolation method (old method), and “Su, tr”” denotes the true value of the burning
velocities at zero strain rate determined by the new method. Both the predictions agree
well with the experimental data. However, there is a need to identify the reason for the
underprediction of about 5 % of the rich-side burning velocities. Also, the effect of the
inclusion of generic chaperon-efficiencies to the three-body reactions needs to be

evaluated.

5.7 ACETALDEHYDE SUBMECHANISM
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Acetaldehyde is one of the major routes in the combustion of ethanol in
counterflow diffusion flames studied in Chapter 6. The elementary reactions related to
acetaldehyde that were taken from [12] are listed in Table 5.9 as steps 20-41. These 22
reactions involve acetaldehyde or one of the two isomers produced by abstraction of H
from it, CH,CHO and CH3;CO. The mechanism was tested for the experimental
conditions listed in Table 5.8. The ignition time in experiments and numerical
calculations was based on onset of rapid pressure rise. Figure 5.24 shows the comparison
of the predictions of the San Diego Mech with the experimental data. There is an
underprediction of ignition delay times for the ¢=0.5 case by 20%. However, within the
experimental uncertainties, these agreements are reasonable and give credence to the
predictions of the concentration of acetaldehyde in ethanol flames that are presented in
Chapter 6.

There is a need for the re-evaluation of the step 21, CH;CO+M—CH;+CO+M.
The rate constant for this step was based on the recommendation of Warnatz [56]. Further

refinement of acetaldehyde submechanism is needed.

5.8 CONCLUSIONS

A thorough testing of the submechanisms of formaldehyde, methane, methanol,
ethane, ethylene, and acetylene fuels in the San Diego Mech has been conducted. Tests
were also made for propane and acetaldehyde fuels with the updated San Diego Mech.
The updates in the rate constant of a few key reactions, and the newly included reactions
are reported along with the significance for these changes. The mechanism is developed

for the autoigntion of formaldehyde, methanol, and ethane for the first time. Various tests
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have been repeated for the abovementioned fuels for selected experimental conditions, as
mentioned in the articles where the mechanism for the particular fuel was first developed.
The comparisons of predictions with the experimental data are found to be as good as
those in the original publications or even better in some cases. The San Diego Mech
developed in this chapter is ready to be used for fuels such as formaldehyde, methane,
methanol, ethane, ethylene, acetylene, acetaldehyde, and propane. It also forms a robust
building block for the ethanol mechanism developed in the next chapter. However, the
need remains for further research in assessing the performance of the mechanism for

various components at high pressure experimental conditions.
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Experiment | Mixture [0) T (K) P (atm) Ref.
Shock-tube | 1.5%CH,0/1.5%0, /97.0%Ar | 1.0 1338-1941 | 0.77-2.23 | [13]
0.49%CH,0/1.98%0,/97.5%Ar | 0.25 | 1421-1658 | 0.84-2.10 | [13]
Table 5.2 Methane Experiments
Experiment | Mixture [0) T (K) P (atm) Ref.
Shock-tube | 3.5%CH4/7.0%0,/89.5%Ar 1.0 1516-1918 | 5.8-8.0 [14]
9.5%CH4/19%0, /71.5%Ar 1.0 1407-1604 | 2.3-2.6 [15]
Diffusion CH4/O/N, 298 1.0 [16]
flame
extinction
Laminar CH4/0O,/N, 0.5- | 298 1.0 [17],
burning 2.0 [18]
velocities
Diffusion CH4/O2/N, 2.5 | 298 1.0 [4]
flame
structure
Table 5.3 Methanol Experiments
Experiment | Mixture 0] T (K) P (atm) Ref.
Shock-tube 2.0%CH30H/3.0%0, /95.0%Ar | 1.0 1573-1860 | 0.33 [19]
2.0%CH;30H/4.0%0,/94.0%Ar | 0.75 | 1570-1925 | 1.2-1.74 | [20]
1.0%CH30H/1.0%0, /98.0%Ar | 1.5 1575-2090 | 2.85-3.25 | [20]
1.0%CH3;0H/4.0%0, /95.0%Ar | 0.375 | 1555-2030 | 2.9-3.2 [20]
2.0%CH;0H/1.0%0, /97.0%Ar | 3.0 1555-1975 | 2.8-3.2 [20]
Laminar CH3;0H/O,/N, 0.5- |298 1.0 [21]-
burning 2.0 [25]
velocities
CH3;0H/O,/N, 0.5- | 318-368 1.0 [25]
2.0
Partially CH3;0H/O,/N, 2.0 F: 310 1.0 [5]
premixed 0x:298
flame
structure
Nonpremixed | CH;0OH/O,/N; F: 323 1.0 [26]
flame Ox:298
structure
Diffusion CH;0H/O,/N, F: 323 1.0 [27]
flame Ox; 298

extinction




Table 5.4 Ethane Experiments
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Experiment | Mixture [0) T (K) P (atm) Ref.

Shock-tube | 1.11%C,H¢/3.89%0; /95.0%Ar | 1.0 1503-1773 ] 0.335 [28]

Laminar C,Hg/O,/N, 0.5- | 298 1.0 [17],

burning 1.7 [18],

velocities [22],

[29]

Diffusion C,Hg¢/O2/N, 22 | 298 1.0 [7]

flame

structure

Table 5.5 Ethylene Experiments

Experiment | Mixture [0) T (K) P (atm) Ref.

Shock-tube | 1.0%C;H4/3.0%0,/96.0%Ar 1.0 1438-1745 | 1.0 [30]

Laminar C,H4/O5/N, 0.5- | 298 1.0 [17],

burning 2.0 [22],

velocities [29]

Table 5.6 Acetylene Experiments

Experiment | Mixture [0) T (K) P (atm) Ref.

Shock-tube | 1.4%C,H2/3.6%0,/95.0%Ar 1.0 1142-1448 | 1.0-2.6 [31]

Laminar C,H,/02/N, 0.5- | 298 1.0 [17],

burning 2.0 [22],

velocities [32]

Table 5.7 Propane Experiments

Experiment | Mixture [0) T (K) P (atm) Ref.

Shock-tube | 0.2%C3Hs/1.0%0,/98.8%Ar 1.0 1431-1680 | 1.5 [33]

Laminar C;3Hg/O,/N, 0.5- | 298 1.0 [18]

burning 2.0

velocities

Table 5.8 Acetaldehyde Experiments

Experiment | Mixture [0) T (K) P (atm) Ref.

Shock-tube | 1.0%CH3;CHO/5.0%0,/94.0%Ar | 0.5 1277-1411 | 5.0 [34]
1.0%CH3CHO/2.5%0,/96.5%Ar | 1.0 1255-1478 | 5.0 [34]
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Table 5.9 Updates to the elementary steps in C; and C, submechanisms

Reaction A? n* E? Reference

Based on formaldehyde ignition

1. CH,O + HO, — HCO + H,0, 4.11x10" 250 427 [13]

2. CH,O+ H - HCO + H, 5.74x10” 190 11.5 [35]

3> H+HCO+M - CH,0+M ko,  135x10*  -2.60 18 [36]
k, 1.09x107 048 -1.1

4. CH,0 + O, —» HCO + HO, 6.00x10"”  0.00 1702 [37]

5.HCO + 0, - CO + HO, 7.58x10"%  0.00 1.7 [38]

Based on methane ignition

6. CH; + O, > CH;0 + O 1.10x10%  0.00 1164 [39]

Based on methane flame extinction and burning velocities

7°.CH3+H+M — CH; + M ko  247x10®  -476 102 [36]
k, 127x10" 063 16

8. HCO+H - CO + H, 5.00x10"”  0.00 0.0 See text

9. HCO+ OH - CO + H,0 3.00x10"°  0.00 0.0 [40]

10. CH3+ OH — S-CH, + H,0 4.00x10°  0.00 105 [41]

11. HCO+ CH; - CH4 + CO 5.00x10"”  -0.00 0.0 See text

Based on methanol ignition

12°CH;O0H+M - CH; + OH+M ko  2.95x10* -7.35 3994 [42, 36]
k, 1.90x10"  0.00 383.8

Based on methanol burning velocities

13. CH;0H + H - CH,0H + H, 1.35 x 10 320 14.6 [43]

14. CH;0H + H - CH;0 + H, 6.83 x 10" 340 30.3 [43]

15. CH;0H + OH — CH,OH + H, 440 x 10%°  2.00 6.3 See text

16Y. CHs0+M —» CH,O + H+ M 778 x 10 0.00 56.5 See text

Based on methanol flame structure

17. CH,OH+ H — CH; + OH 2.50 x 10" -0.93 21.5 See text

Based on C; species burning velocities

18. C;H;+ H — C,H, + H, 4.00x10"”  0.00 0.0 See text

Based on ethane ignition

19. C,Hg+ HO, — CoHs + Hy0, 1.32x10"%  0.00 85.6 [37]

Based on acetaldehyde ignition

20. CH;CHO — CH; + HCO 7.00x10"  0.00 341.8 [12]

21°.CH;CO+M - CH3 + CO+M ko 1.20x10"°  0.00 52.3 [12]
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Table 5.9 Continued

Reaction A? n* E? Reference
k., 3.00x10”  0.00 69.9

22. CH3;CHO + OH — CH;CO + H,0 337x10”  0.00 -2.6 [12]
23. CH;CHO + OH - CH,CHO + H,0O 3.37x10'"  0.00 -2.6 [12]
24. CH;CHO + O — CH;CO + OH 1.77x10"®  -1.90 125 [12]
25. CH;CHO + O - CH,CHO + OH 3.72x10° 020 14.9 [12]
26. CH;CHO + H — CH;CO + H, 4.66x10%  -030 12.5 [12]
27. CH;CHO + H - CH,CHO + H, 1.85x10"% 040 224 [12]
28. CH3;CHO + CH; - CH;3CO + CH,4 3.90x107 580 9.2 [12]
29. CH;CHO + CH; - CH,CHO + CHs  2.45x10°"  3.10 24.0 [12]
30. CH3;CHO + HO, — CH;CO + H,0, 3.60x10"° 220 58.6 [12]
31. CH;CHO + HO, - CH,CHO + H,0,  2.32x10"" 040 62.3 [12]
32. CH;CHO + O, - CH5CO + HO» 1.00x10'"*  0.00 176.6 [12]
33. CH,CHO + H — CH; + HCO 5.00x10°  0.00 0.0 [12]
34. CH,CHO + H - CH,CO + H, 2.00x10%  0.00 0.0 [12]
35. CH,CHO + O — CH,0 + HCO 1.00x10"™  0.00 0.0 [12]
36. CH,CHO + OH — CH,CO + H,0 3.00x10"”  0.00 0.0 [12]
37. CH,CHO + O, - CH,O+CO+OH  3.00x10"°  0.00 0.0 [12]
38. CH,CHO + CH; - CoHs + CO + H 4.90x10™  -0.50 0.0 [12]
39. CH,CHO + HO, —» CH,O + HCO + OH 7.00x10'*  0.00 0.0 [12]
40. CH,CHO + HO, —» CH3;CHO + O, 3.00x10  0.00 0.0 [12]
41. CH,CHO - CH; + CO 1.17x10%  -9.80 183.3 [12]
*Specific reaction-rate constant k = AT "=k ROT; units mol/cm3, s, K, kJ/mol.

bChaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 3.0 for CHy,
3.0 for C;Hg, 0.7 for Ar and 1.0 for all other species; Troe falloff with . = 0.2176 exp (-
7/271.0 K) + 0.7824 exp (-7/2755.0 K) + exp (-6570.0 K/T).

“Chaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
0.7 for Ar and 1.0 for all other species; Troe falloff with F. = 0.217 exp (-7/74.0 K) +
0.783 exp (-7/2941.0 K) + exp (-6964.0 K/T).

“Chaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
0.7 for Ar and 1.0 for all other species; Troe falloff with F. = 0.586 exp (-7/279.0 K) +
0.414 exp (-7/5459.0 K).

dChaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
0.7 for Ar and 1.0 for all other species.

“Chaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
0.7 for Ar and 1.0 for all other species; Troe falloff with F. = 1.0.



111

a
@) 10000 -
- | A Experiments
? |
2
3 1000 +
E :
- L
- i
> i
°©
a
g 100
= B
=y i
10—y
0.55 0.6 0.65 0.7 0.75 0.8

1000/T (K™)

Figure 5.1 (a) Measured [13] and predicted autoignition delay times for Series E mixture
¢=1.0 (1.5% CH;0, 1.5% O, and 97.0% Ar by volume) at pressures between 1.2 and 1.5
atm; solid line represents the prediction of the San Diego Mech; dashed line represents
the prediction of the SD Old.
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Figure 5.1 (b) Measured [13] and predicted autoignition delay times for Series E mixture
¢=1.0 (1.5% CH,O0, 1.5% O,, and 97.0% Ar by volume) at pressures between 1.8 and 2.2
atm; solid line represents prediction of the San Diego Mech.
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Figure 5.2 (a) Measured [13] and predicted autoignition delay times for Series F mixture
¢=0.25 (0.49% CH,0, 1.98% O,, and 97.5% Ar by volume) at pressures between 1.25
and 1.43 atm; solid line represents prediction of the San Diego Mech.
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Figure 5.2 (b) Measured [13] and predicted autoignition delay times for Series F mixture
¢=0.25 (0.49% CH,0, 1.98% O,, and 97.5% Ar by volume) at pressures between 1.89
and 2.0 atm; solid line represents prediction of the San Diego Mech.
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Figure 5.3 Measured [14] and predicted autoignition delay times for methane-oxygen-
argon mixture ¢=1.0 (3.5% CHas, 7.0% O,, and 89.5% Ar by volume) at pressures
between 5.8 and 8.0 atm; solid line represents prediction of the San Diego Mech; dashed
line represents prediction of the SD Old.
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Figure 5.4 Measured [15] and predicted autoignition delay times for methane-oxygen-
argon mixture ¢=1.0 (9.5% CHi, 19.0% O,, and 71.5% Ar by volume) at pressures
between 2.3 and 2.6 atm; solid line represents prediction of the San Diego Mech.
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Figure 5.5 Measured [16] and predicted extinction strain rate for a counterflow diffusion
flame at P=1 atm as a function of the mass fraction of water in the oxidizer stream having
a methane-nitrogen mixture at room temperature as fuel and an oxygen-nitrogen-water
mixture at 352 K as oxidizer; solid line represents prediction of the San Diego Mech.
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Figure 5.6 Measured [17, 18] and predicted laminar burning velocities for methane-air
mixtures at initial temperature of 298 K at P = 1 atm; solid line represents prediction of
the San Diego Mech.
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Figure 5.7 Measured [4] and predicted methane-air partially premixed flame structure: (a)
Concentration profiles for CHy, O,, Ny, CO, CO,, and H,, (b) Temperature profile and
concentration profiles for C;Hg, CoH,+C,Hy, and NO; solid line represents prediction of
the San Diego Mech.
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Figure 5.8 Measured [19] and predicted autoignition delay times for methanol-oxygen-
argon mixture ¢=1.0 (2.0% CH3O0H, 3.0% O, and 95.0% Ar by volume) at pressure 0.33
atm; solid line represents prediction of the San Diego Mech; dashed line represents
prediction of the SD Old.
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Figure 5.9 (a) Measured [20] and predicted autoignition delay times for methanol-
oxygen-argon mixture ¢=0.75 (2.0% CH;OH, 4.0% O,, and 94.0% Ar by volume) at
pressures between 1.2 and 1.74 atm; solid line represents prediction of the San Diego
Mech.
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Figure 5.9 (b) Measured [20] and predicted autoignition delay times for methanol-
oxygen-argon mixture ¢=1.5 (1.0% CH3;OH, 1.0% O,, and 98.0% Ar by volume) at
pressures between 2.85 and 3.25 atm; solid line represents prediction of the San Diego
Mech.
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Figure 5.9 (c) Measured [20] and predicted autoignition delay times for methanol-
oxygen-argon mixture ¢=0.375 (1.0% CH3;0H, 4.0% O, and 95.0% Ar by volume) at
pressures between 2.9 and 3.2 atm; solid line represents prediction of the San Diego
Mech.
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Figure 5.9 (d) Measured [20] and predicted autoignition delay times for methanol-
oxygen-argon mixture ¢=3.0 (2.0% CH3;OH, 1.0% O,, and 97.0% Ar by volume) at
pressures between 2.8 and 3.2 atm; solid line represents prediction of the San Diego
Mech.

60
* [21]
% 50 x [22]
£ * [23]
s
~ 40 | | ©[24]
= s [25]
3 30 -
()
> <&
2 20 - "
IE A
@ 10 | o 00
I e s e o s e o A

04 05 06 07 08 09 1 11 12 13 14 15

Equivalence Ratio

Figure 5.10 Measured [21-25] and predicted laminar burning velocities for methanol-air
mixtures at initial temperature of 298 K at P = 1 atm; solid line represents prediction of
the San Diego Mech; dashed line represents prediction of the SD Old.
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Figure 5.11 Measured [22] and predicted laminar burning velocities for methanol-air
mixtures at initial temperatures of 318 K, 340 K, and 368 K at P=latm; solid lines
represent prediction of the San Diego Mech.
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Figure 5.12 Measured [5] and predicted methanol-air partially premixed flame structure:
(a) Concentration profiles for CH3;OH, O,, CO, CO,, and H,, (b) Temperature profile and
concentration profiles for CH4, and C, (C,He¢+C,H,+C,Hy); solid line represents
prediction of the San Diego Mech.
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Figure 5.13 Measured [26] and predicted methanol-air nonpremixed flame structure: (a)
Temperature and concentration profiles for CH;OH, O,, CO, CO,, and H,O, (b)
Concentration profiles for CHy, C,Hs, CoHy+CyHy, Ny, and Hy; solid line represents
prediction of the San Diego Mech.
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Figure 5.14 Measured [27] and predicted nonpremixed flame extinction strain rates at
P=1 atm for fuel-stream temperature Tr=323 £+ 10 K and air temperature Tox=298 K; lines
represent the predictions of the San Diego Mech.
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Figure 5.15 Measured [17, 18, 22, 29] and predicted laminar burning velocities for
ethane-air mixtures at initial temperature of 298 K at P = 1 atm; solid line represents
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Figure 5.16 Measured [17, 22, 29] and predicted laminar burning velocities for ethylene-
air mixtures at initial temperature of 298 K at P = 1 atm; solid line represents prediction
of the San Diego Mech; dashed line represents prediction of the SD Old.
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Figure 5.17 Measured [17, 22, 32] and predicted laminar burning velocities for acetylene-
air mixtures at initial temperature of 298 K at P = 1 atm; solid line represents prediction
of the San Diego Mech.
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Figure 5.18 Measured [28] and predicted autoignition delay times for ethane-oxygen-
argon mixture ¢=1.0 (1.11% C,;Hs, 3.89% O,, and 95.0% Ar by volume) at pressure
0.335 atm; lines represent prediction of the San Diego Mech; dot-dashed line represents
prediction based on [CO,] inflection criterion; solid line represents prediction based on
[OH] inflection criterion.
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Figure 5.19 Measured [30] and predicted autoignition delay times for ethylene-oxygen-
argon mixture ¢=1.0 (1.0% C,H4, 3.0% O,, and 96.0% Ar by volume) at pressure 1.0
atm; solid line represents prediction of the San Diego Mech.
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Figure 5.20 Measured [31] and predicted autoignition delay times for acetylene-oxygen-
argon mixture ¢=1.0 (1.4% C,;H,, 3.6% O,, and 95.0% Ar by volume) at pressures
between 1.0 and 2.6 atm; solid line represents prediction of the San Diego Mech.
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Figure 5.21 Measured [7] and predicted ethane-air partially premixed flame structure: (a)
Temperature and concentration profiles for C;Hg, O,, CO, and CO,; (b) Concentration
profile for CHy; solid line represents prediction of the San Diego Mech.
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Figure 5.21 (c) Measured [7] and predicted ethane-air partially premixed flame structure:
Concentration profiles for C;H,, and C,H4; solid line represents prediction of the San

Diego Mech.
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Figure 5.22 Measured [33] and predicted autoignition delay times for propane-oxygen-
argon mixture ¢=1.0 (0.2% C,Hy4, 1.0% O,, and 98.8% Ar by volume) at pressure 1.5
atm; solid line represents prediction of the San Diego Mech.
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Figure 5.23 Measured [18] and predicted laminar burning velocities for propane-air
mixtures at initial temperature of 298 K at P = 1 atm; solid line represents prediction of
the San Diego Mech.
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CHAPTER 6

DETAILED MECHANISM FOR THE COMBUSTION OF
ETHANOL

6.1 OVERVIEW

Although ethanol is attractive for use as a possible low-pollution source of
renewable energy, significant uncertainties remain in its combustion chemistry. Despite
the availability of a number of detailed chemical-kinetic mechanisms for ethanol
combustion [1-6], there are differences in predictions of these mechanisms, and most of
them have not been tested entirely thoroughly against experimental combustion data. A
need therefore exists to investigate possibilities of improving the mechanisms and to
attempt to validate them against measurements made in flames. The present study
addresses this need by suggesting a different detailed mechanism and by comparing
predictions with new measurements of structures of partially premixed and diffusion
flames in a counterflow geometry. It also investigates computationally profiles of

concentrations of pollutants in these and related flames.

6.2 THE REACTION MECHANISM

The chemical-kinetic mechanism is an augmentation of a mechanism developed
for the combustion of hydrogen [7], carbon monoxide [7], methane [8, 9], ethane [10],
ethylene [11], acetylene [12, 13], propane [14], propene [14], propyne [14], allene [14]
and methanol [15, 16]. The recent tests of these submechanisms are presented in Chapters

4 and 5. The mechanism is relatively short for a detailed mechanism, simplifications
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having been achieved by restricting attention to temperatures above about 1000 K,
pressure below about 100 bar, equivalence ratios less than about 3 in premixed systems
and potential-flow strain rates greater than about 50 s in nonpremixed or partially
premixed systems. These restrictions preclude addressing soot formation and cool flames,
for example. The mechanism is extended here to ethanol by adding many of the steps and
rate parameters of Li [6].

Specifically, 33 reactions are added that involve C;HsOH or one of the three
isomers produced by abstraction of an H atom from it, CH;CHOH, CH,CH,OH and
CH;CH;0, and 22 reactions are added that involve acetaldehyde or one of the two
isomers produced by abstraction of H from it, CH,CHO and CH;CO. Thus, in total, 55
new reactions and 6 new species are added. Consistent with our earlier practice and high-
temperature objective, the peroxide HOC,H4O; and reactions related to it, which are
included by Li [6], are not part of the present mechanism. All rate parameters for the
newly added reactions are those of Li [6], except for the two initiation steps for which Li
gives values only at particular pressures and for which, seeking simplicity within bounds
of present uncertainty, we constructed a Troe-type falloff fit with F.=0.5 and with zero
temperature exponents at both low and high pressures, resulting in low-pressure and
high-pressure specific reaction-rate constants given in Table 6.1. Because of falloff
complexities, the low-pressure rate parameters may not apply below about 107 bar, and
rates calculated at the highest temperatures likely are too high in Table 6.1. The resulting
mechanism, available on the web [17], incorporates revisions of rates discussed in
previous chapters and involves 288 elementary steps among 57 chemical species where

the 53 steps among 14 species needed to address NOy formation and the 43 steps among
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7 species needed to address formation of compounds involving three carbon atoms are
appended. All revisions other than those indicated above have been discussed in chapter 4
and 5.

Figure 6.1 shows a representative reaction-path diagram for this mechanism. The
conditions selected for construction of this figure correspond to the partially premixed
case of Table 6.2, and the figure tracks the carbon history, the arrows that show the main
pathways being labeled with the agents and the percentage of their contributions. These
percentages are obtained by integrating consumption rates over the entire field.
Indications of the fates of some of the minor species, such as C;H, CsHa, C3Hg and C;Hg,
are omitted for clarity because they are present in very small quantities and do not affect
the rest of the chemistry significantly.

Direct fuel decomposition by the second step listed in Table 6.1 seems to be more
important for these ethanol flames than is direct decomposition in corresponding flames
of many other fuels; this path contributes more than 20% of the fuel removal in Fig. 6.1
and nearly 50% in the corresponding diffusion flame for the conditions of Table 6.2.
Ethylene concentrations will be high in these flames because it is produced not only by
this direct decomposition but also by decomposition of one of the hydroxy ethyl radicals
formed by H abstraction, seen at the upper left of Fig. 6.1; (it will be even higher in the
diffusion flame than in the partially premixed flame since about 70% of the fuel is
calculated to go to C,H4 in the diffusion flame). The other hydroxy ethyl radical, as well
as the ethoxy radical, at the upper right of Fig. 6.1, are seen to lead instead to
acetaldehyde, the peak concentrations of which will be quite appreciable,

computationally about twice that of formaldehyde (which arises from oxygen attack on
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vinyl and hydroxyl attack on ketene in these particular flames, in addition to the familiar
oxygen attack on methyl). The acetaldehyde concentration nevertheless is still less than
half that of ethylene. Acetaldehyde is seen in Fig. 6.1 to play a major role in the
formation of CHj; radicals, directly by CH;CHO+M—CH3;+HCO+M, or indirectly, either
through the set of reactions CH;CHO+H—CH,CHO+H,, CH,CHO—CH,CO+H and
CH,CO+H—CH3+CO or by radical attack forming CH3CO, which in turn decomposes to
CH; and CO. Ethoxy also appreciably contributes to formation of CHj directly (the path
at the far right), since nearly 40% of it decomposes by CH;CH,O+M—CH;3;+CH,0+M,
the other 60% of passing through acetaldehyde. Ketene is produced from acetaldehyde
via CH,CHO and also from the ethylene path at the left, through vinyl and acetylene,
which thereby provides an additional, relatively smaller contribution to methyl. In this
mechanism, both methane and ethane come only from CHs, at the bottom of the figure.
For simplicity, the fate of HCCO, namely forming CO and CO,, is not shown in the
figure.

The paths shown in Fig. 6.1 are not quantitatively representative of other
conditions or other combustion processes. For example, although the first entry in Table
6.1 plays no significant role here, it is important in autoignition. The general ideas,
however, such as the observation that ethylene and acetaldehyde are very important

stable intermediates in ethanol combustion, extend to all processes considered here.

6.3 AUTOIGNITION, LAMINAR BURNING VELOCITIES AND DIFFUSION-

FLAME EXTINCTION
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It is of interest to test predictions of the mechanism against experimental data on
combustion processes that are available in the literature. The computer program
CHEMKIN 3.7 [18] mainly was employed for this purpose, although the FlameMaster
[19] program also was often used to make sure that the predictions of the two different
programs were the same. The autoignition computations were performed for
homogeneous, adiabatic, isochoric conditions, with the maximum rate of increase of
temperature employed as the criterion to define the ignition time. For the cases computed
this was found to correspond closely to the maximum rate of increase of pressure and is a
very good approximation to the shock-tube conditions to which the calculations are
applied; in these cases the dependence of the ignition time on the ignition criterion is
weak, and the results would be not too different if isobaric rather than isochoric
conditions had been selected for the computation. The burning-velocity computations
included multicomponent transport, the Soret effect and radiant energy loss from CO,
and H,O bands, while the diffusion-flame computations included these as well as an
alternative mixture-averaged transport approximation.

There are various sources of shock-tube ignition-delay data [20, 21, 22], and Figs.
6.2 and 6.3 show representative comparisons. The agreements in Fig. 6.2, where the
experiments were performed in 90% Ar at different equivalence ratios ¢ and pressures P,
are quite good. It is seen that, under these conditions, there is practically no dependence
of the ignition delay on ¢, and there is a small decrease in delay with increasing P, both
experimentally and computationally. For the leaner conditions at higher pressures shown
in Fig. 6.3, where the dilution was 92% Ar [21], the experimental pressure dependence of

the ignition time is slightly greater than predicted, and the experimental slopes of the
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curves are somewhat less than predicted. These differences, which are exhibited to an
even greater extent by other mechanisms, also extend to other data in this pressure range
at richer conditions [21, 22] and may reflect a combination of inadequacies in the
mechanisms and experimental difficulties at the lower temperatures. For purposes of
comparison, the prediction of the mechanism of Li [6] at 2 bar is shown as light dashed
curves in Figs. 6.2 and 6.3; other mechanisms are in poorer agreement.

Figure 6.4 compares predictions of the present mechanism with measurements of
laminar burning velocities at various initial temperatures [23]. Agreements are seen to be
good, except between equivalence ratios of 0.7 and 0.9, where burning velocities are
overpredicted by up to 20%. The predictions in Fig. 6.4 agree with those of Li [6] and are
in better agreement with the data than are the predictions of a mechanism of Marinov [5].

Measurements have been made of counterflow diffusion-flame extinction at
normal atmospheric pressure for fuel streams of prevaporized ethanol with mass fraction
in nitrogen varying between 0.18 and 0.39, flowing against air at room temperature [24].
Figure 6.5 compares this data with predictions of the present mechanism based on two
different transport-property descriptions, multicomponent and mixture-averaged
formulations as implemented in CHEMKIN 3.7. There are known deficiencies of
transport-model implementation in CHEMKIN 3.7 [26, 27], and it is unclear which of the
two is better. It is seen from Fig. 6.5 that, although the mixture-averaged computation
produces excellent agreement with experiment, the multicomponent description, which
might be thought to be better, exhibits noticeable differences. At present it is uncertain
whether the differences between computation and experiment reflect transport

uncertainties, experimental departures from plug-flow boundary conditions or
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deficiencies in the mechanism. In any event, the same types of differences are shared by

the other mechanisms in the literature.

6.4 COUNTERFLOW FLAME STRUCTURES

Experiments on flame structures were performed using a counterflow burner
described previously [28]. The details of the experimental setup are given in Chapter 3. In
this burner, fine wire meshes at the duct exits promote plug-flow boundary conditions
there. The opposing ducts, 23.1 mm in inner diameter with shielding annular nitrogen
curtains, were separated by 12 mm in these experiments. Air flows through the top duct
and fuel through the bottom duct at flow rates adjusted according to a momentum balance
to maintain the stagnation plane halfway between the duct exits. An insulated vaporizer,
temperature-controlled to provide the desired ethanol mole fraction in nitrogen, generates
the fuel vapor which flows through a heated line to the lower duct, first having been
mixed with oxygen to reconstitute air for the partially premixed experiments. Computer-
controlled flowmeters adjust the flow rates, which in these experiments provided an air-
side strain rate of 100 s™ according to the plug-flow formula [25].

Temperature profiles were measured by an uncoated Pt-Pt13%Rh (Type R)
thermocouple, except in the high-temperature region of the partially premixed flame. The
maximum temperature experienced in the partially premixed flame was much higher than
that in the diffusion flame and surpassed the melting point of Pt, necessitating use of an
uncoated Pt-6%Rh vs. Pt-30%Rh (Type B) thermocouple for near-flame-temperature
measurements in the partially premixed flame. Standard radiation corrections were made

[29], but catalytic effects were neglected, leading to temperatures estimated to be about
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120 K too high at the highest temperatures, based on experimental observations and the
ideas in the literature [29].

Following best established practice [28] gas samples were collected 5 mm off axis
by a quartz microprobe, tip 88 pm inner diameter and 168 um outer diameter, contoured
for rapid cooling to quench reactions and inserted radially to minimize flow disturbances.
The location of the sampling probe and the thermocouple in the flow field was
determined using a digital camera with a pixel size corresponding to a distance in the
flow field of approximately 17 um. The samples from the quartz probe flowed steadily,
through lines heated to prevent condensation, to a SRI 8610C gas chromatograph,
equipped with a 4.5 ft mole-sieve (80/100 mesh) for separating H,, O, plus Ar, N, CHy,
and CO and a 12 ft Porapaq Q column for separating CO,, C,Hs, C,H,+C,Hs, and
C,Hs0OH. Temperature programming and valve switching were employed to optimize the
separation performance of both columns. The species eluting from the column were
sensed by a thermal-conductivity detector (TCD) and a flame-ionization detector (FID).
The chromatograms were analyzed by in-house software, absolute mole fractions being
determined by comparing with runs of known samples. Since ethylene and acetylene
appear as a single peak, their sum was reported using the calibration for ethylene as in
earlier work [30]. Since argon eluted together with oxygen from the columns, a
correction was made for this [31]. Recently developed methods [31] were employed to
overcome difficulties in measuring water concentrations. The expected accuracy for the
maximum concentrations is better than + 10% for species that can be clearly identified on

either the FID or TCD. Hydrogen gives a very small signal on the TCD, so its
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concentration is estimated to be accurate to within +25%, while the expected accuracy
for water is estimated to be +20%.

Figures 6.6 and 6.7 show the results of these flame-structure measurements. In
these figures, the experimental results are compared with predictions of the chemical-
kinetic mechanism, which are shown by the solid curves. These computations included
multicomponent diffusion, the Soret effect and radiative heat loss from carbon dioxide
and water bands, with buoyancy neglected and plug-flow boundary conditions. Figures
6.6 (a) and 6.7 (a) give the concentrations of the major species in the partially premixed
flame and in the diffusion flame, respectively. The excellent agreements between the
experimental and computational results in these figures are mutually supportive and help
to verify the ability to measure H,O with good accuracy. The minimum of the N, mole
fraction somewhat on the air side of stoichiometry has also been seen for other fuels and
is associated with differential diffusion effects and changes in the numbers of moles,
since N is not consumed chemically. The disappearance of the reactants at the premixed-
flame and diffusion-flame sheets is evident in these figures, and the H,, CO, H,O and
CO, profiles also are all just as would be expected for these conditions. The
computational results in these figures are indistinguishable from those obtained when the
mechanism of Li [6] is employed, but some of the earlier mechanisms exhibit different
results and poorer agreement with experiment.

Figures 6.6 (b) and 6.7 (b) show the profiles of temperature and of mole fractions
of measured stable intermediates. The measured temperature profiles agree with
computations within experimental error. The catalytic effect of the high-temperature

thermocouple, not accounted for in data reduction, is seen between the premixed flame
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and the diffusion flame in Fig. 6.6 (b) where the measured values are too high by roughly
100 K; the displacement of the temperature profile on the air side in Fig. 6.7 (b) is within
experimental positioning uncertainty. Because of the more stringent spatial resolution
requirements in the diffusion flame, observed differences in profile shapes in Fig. 6.7
cannot definitively be attributed to deficiencies in the computational results.

The agreements of the profiles of methane and of ethylene plus acetylene
(computationally about 80% ethylene) are good in both of these figures, thereby lending
experimental support to the present mechanism. In contrast, the mechanism of Li [6]
produces poorer agreement, giving slightly high predictions of C,H,+C,H4 peaks and
underpredicting the height of the CH4 peaks by nearly a factor of two, the latter illustrated
by the light dashed curve in Fig. 6.6 (b). It may be noted that in the diffusion flame the
peak CH4 concentration is only about 60% that in the partially premixed flame, while the
peak C,Hs concentration is 25% greater, illustrating the proportionally larger
contributions of the paths on the left-hand side of Fig. 6.1 for the diffusion flame. The
mechanism underpredicts ethane concentrations somewhat, by about 30% for the
partially premixed flame and nearly 50% for the diffusion flame; the underpredictions by
other mechanisms [5, 6] are comparable to this. This difference can be removed for the
present mechanism by decreasing the rate of the step C,H¢+H—C,Hs+H, by a factor of
two (within uncertainties) or by adding a step C,HsOH+H—C,Hs+OH at a rate
somewhat less than that of other H attacks on the fuel; the latter of these has not been

considered in studies [32] of this system and may not be likely.

6.5 CONCENTRATION PROFILES RELATED TO POLLUTANTS
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Figures 6.6 (b) and 6.7 (b) also show computed NOy profiles in these flames. Here
NOy is defined as the sum of NO and NO,, but in all cases NO dominates in the flames.
Based on methanol-flame studies, general belief was that in contrast to hydrocarbon
flames, the thermal mechanism is much more important than the prompt mechanism for
alcohol flames in these counterflow, atmospheric-pressure experiments because the CH
concentrations are smaller. They are entirely negligible in methanol flames and, for these
ethanol flames, less than half the values calculated for hydrocarbon flames. However, the
reaction-pathways analysis of these flames show that in these ethanol flames the prompt
mechanism is more important than the thermal mechanism; almost all NO was from the
prompt route in the nonpremixed flame, and about 70% of NO produced in the partially
premixed flame was from the prompt route. In Fig. 6.6 (b) the peak NOy concentration,
about 40 ppm, is nearly twice that in Fig. 6.7 (b), mainly because the peak flame
temperature of the partially premixed flame is higher in these two experiments. In
general, peak NO concentrations in ethanol flames were calculated to be comparable with
those in methanol flames and about half those in hydrocarbon flames. Although NO
profiles were not measured in these experiments, they have been measured earlier in our
laboratory by T. Hiraiwa under quite similar conditions and are shown in Fig. 6.8 along
with a curve giving computed results for those conditions. The close agreement in Fig.
6.8 lends credence to the computational NOy results.

For these types of counterflow flames, extending to partial-premixing equivalence
ratios of 1.5, peak methane concentrations in ethanol flames are calculated to be about
twice those in methanol or hydrocarbon flames, while peak total concentrations of C,

species (sum of C;H,, C;H, and C;Hp) in ethanol flames are calculated to be comparable
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with those of most hydrocarbon flames, more than twice those in methane flames and
nearly one hundred times those in methanol flames. This last result may help to account
for the relatively high sooting tendency of ethanol (and higher alcohols); ethylene has
been seen to be a very significant decomposition product of ethanol in these flames.
Alcohol diffusion and partially premixed flames also exhibit higher maximum CO
concentrations than hydrocarbon flames. These observations, along with the previously
noted high acetaldehyde and formaldehyde concentrations in the ethanol flames studied
here, suggest that pollutant-emission concerns will be different for ethanol than they are

for methanol or for hydrocarbons.

6.6 CONCLUSIONS

Although the ethanol studies show that agreements between experiments and
predictions for near-atmospheric pressures are reasonably good, more work should be
done in the chemical-kinetic model in evaluating the performance of the mechanism. This
would necessitate additional experimental, chemical-kinetic and computational work. It
would be of interest to measure additional species in these flames at normal atmospheric
pressure and also to perform experiments and make comparisons at higher pressures,
since many of the applications of interest are at elevated pressures. The current study is a
step forward in the effort to minimize the uncertainties in the predictions of ethanol
combustion and to identify the associated chemical-kinetic channels. Similar to methanol,
ethanol is expected to reduce NOy emissions, but it may not be comparably effective in

soot reduction and may exacerbate concerns about aldehydes. This study may contribute
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towards enhancement of understanding of ethanol combustion and assessment of its

utility as a fuel.

Comment
Eva Gutheil, Heidelberg, Germany: As you go from the nonpremixed flame to the
partially premixed flame, a second green premixed flame zone appears at a certain degree

of premixedness. How does this flame affect the NO profile?

Reply

As the degree of partial premixing increases at a constant strain rate, the NO
profile broadens, but the peak remains at the diffusion flame, where the temperature is
highest. The variation of the peak NO concentration with the degree of partial premixing
depends, however, on the degree of dilution of the fuel stream, as a consequence of the
competition between the prompt and thermal pathways. Of our two experiments, the
diffusion-flame experiment involved nitrogen-diluted fuel against air and had a lower
flame temperature, resulting in a calculated peak NO concentration of 25 ppm, almost all
from the prompt mechanism. The partially premixed flame, on the other hand, involved a
fuel-air mixture against air, resulting in a higher flame temperature and a peak NO
concentration of 40 ppm, about 30% of which was attributable to the thermal mechanism.
For the latter case, computations indicated very slight increases in peak NO
concentrations with increasing premixing until a fuel-side equivalence ratio of about 10
was reached, beyond which, at lower equivalence ratios, there was a sharp drop in the

peak NO concentrations with increasing premixing through reduction in the prompt
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pathways. If oxygen were added to the fuel stream in our diffusion-flame experiment, on
the other hand, computations predict significantly increased peak NO concentrations,
partially through onset of the thermal mechanism (which occurs at about an equivalence
ratio of 5) as a consequence of the increased flame temperature, followed again by a

sharp decrease at high premixing through suppression of the prompt mechanism.
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Table 6.1 New ethanol rate parameters

Step

C,HsOH + M* — CH3 + CH,OH + M ko=3.0x 10" e"?*>*RD cmm3/mol s
koo: 50>< 1015 e(-342.8/RT) s-l

C,HsOH + M* — C,H, + H,O + M ko=1.0x10"7 23 7RD cm3/mol s

koo: 8 0x 1013 e(-271.7/RT) S-l

*Chaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
0.7 for Ar and He and 1.0 for all other species; Troe falloff with F. = 0.5; units of
activation energies are kJ/mol.

Table 6.2 Experimental conditions and boundary conditions used in the numerical
calculations (symbols: X = mole fraction, V = duct exit velocity, T = temperature;
subscripts: F = fuel stream, Ox = oxidizer stream, ad = adiabatic flame)

FUEL NON PARTIALLY
STREAM | PREMIXED | PREMIXED
Xc,Hs0H 0.3 0.1385
XN, 0.7 0.6803
Xo, 0 0.1812
Vr 29.8 cm/s 30.22 cm/s
Tr 340 K 327K
OXIDIZER

STREAM

XN, 0.79 0.79
Xo, 0.21 0.21
Vox 30 cm/s 30 cm/s
Tox 298 K 298 K
Tad 2070 K 2240 K
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Figure 6.1 Reaction-path diagram of the ethanol partially premixed flame listed in Table
2.
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Figure 6.2 Comparisons of measured [20] and calculated autognition delay times for
¢=0.5, 1.0 and 2.0 at P=1 bar and for ¢=2.0 at P=2 bar, with 90% Ar dilution; the
experimental ignition criterion was first visible light emission.
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Figure 6.3 Comparisons of measured [21] and calculated autognition delay times for
autognition delay times for ¢=0.25 at P=2 bar, P=3.5 bar and P=4.6 bar, with 92% Ar
dilution; the experimental ignition criteria were pressure rise, OH emission and the
chemiluminesent reaction between CO and O.
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Figure 6.4 Comparison of measured [23] and calculated laminar burning velocities for
ethanol-air mixtures at initial temperatures of 298 K, 363 K, 428 K, 453 K at P=1atm.
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Figure 6.5 Comparison of measured [24] and calculated diffusion-flame extinction strain
rates at P=1 atm for fuel-stream temperature Tr=323 £+ 10 K and air temperature Tox=298
K; distance between the exit ducts was 10 mm, and the strain rate was calculated from
measured flow rates using a plug-flow formula [25].
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Figure 6.6 Ethanol partially premixed flame structures: (a) Concentration profiles for
C,HsOH, N,, O,, H,O, CO, CO, and H,, (b) Temperature profile and concentration
profiles for CHy, C,H,+C,H4, C,Hg and NOk.
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Figure 6.7 Ethanol nonpremixed flame structures: (a) Concentration profiles for C;HsOH,
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Figure 6.8 Comparison of measured and calculated NO concentration profiles for a
partially premixed ethanol-air flame with fuel-side equivalence ratio ¢ = 2.3, and plug-
flow strain rate 53 s™.
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CHAPTER 7
AUTOIGNITION THEORY FOR HIGHER ALKANES

7.1 OVERVIEW

In both propulsion and explosion-safety applications, as well as in fundamental
investigations such as computational approaches to descriptions of combustion processes,
there is a need for simple analytical expressions for autoignition induction times.
Expressions of that type can be obtained empirically from experiment, as they often have
been [1-5], but this requires experiments to be performed for each fuel over the full range
of conditions of interest. At the opposite extreme, programs are now readily available [6,
7] that enable autoignition times in homogeneous, adiabatic systems to be computed
readily with full detailed chemical-kinetic mechanisms, and empirical fits to the
computational results can be made. This, however, does not aid in understanding or in
extension to conditions that have not been computed.

Autoignition times of most fuels, especially higher hydrocarbons, seem to be
remarkably similar in both value and temperature dependence in the temperature range
between about 1000 K and 2500 K. This suggests that the length of the induction period
may be controlled by chemistry that the fuels have in common, not strongly dependent on
the specific fuel and not reliant on the full complex details of the true chemical
mechanism. A simple set of key elements of that common chemistry, however, has not
yet been identified. Once that set is determined, if it is simple enough then it can readily

be used to derive a general analytical autoignition-time formula from basic first
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principles. Simplifying the chemistry and deriving such a formula is the objective of the

present study.

7.2 BASIS OF THE APPROACH

It has been observed from computational ignition studies that, in high-temperature
autoignition of propane and higher alkanes, during the induction stage that follows the
very short initiation stage, the parent fuel molecule is a major sink for radicals [8-11].
The extent to which this statement is true varies somewhat, of course, with the fuel and
the conditions. It is of interest to present here a representative demonstration. For that
purpose, consider a homogeneous, isochoric, adiabatic, stoichiometric propane-air
mixture at 1 atm and initially at 1500 K. Results of computations employing the detailed
San Diego reaction mechanism [12], obtained by using the FlameMaster program [7], are
shown in Fig. 7.1, where, following a brief initiation period, lasting perhaps 1 pus and seen
most clearly in the profiles of the H and O mole fractions, there is a long induction
period, lasting on the order of 100us, during which the fuel concentration gradually
decreases, prior to an abrupt, sharp temperature increase, at what usually is termed an
induction time or an autoignition time. From the temperature profile shown in Fig. 7.1 it
may be inferred that the time at which the inflection point occurs in the temperature
profile is one convenient precise definition of an autoignition time. Assessment of the
extent to which the fuel is the main radical sink therefore may be made by focusing
attention on the history up until this inflection point.

For the conditions of Fig. 7.1, Fig. 7.2 shows the calculated fraction of the

radical-depletion steps attributable directly to interactions with the parent fuel molecule,
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for the most reactive radicals, H, O and OH. This fraction, defined as the ratio of the
forward rate of the reaction with fuel to the total rate of consumption (excluding all
generation steps for the radical in question), was calculated as a function of time by post-
processing FlameMaster output. It is evident from Fig. 7.2 that, for the first 70% of the
induction period, most of the sink of the key H radical is attributable to the parent fuel.
Figure 7.2 shows that the fuel is also the major contributor to O-atom removal but that
this is not the case for OH, and it is even less true for HO,, for which fuel interactions
constitute only a minor component of its consumption. The radical OH, however, cycles
through H and O, for example in the hydrogen-oxygen shuffle reactions, notably
OH+H,—H,0+H, and therefore the H and O sinks indirectly generate an OH sink as
well. Although the parent fuel contribution to the H and O removal, of course, decreases
sharply towards the end of induction, as its concentration decreases and the
concentrations of secondary fuel species and radicals increase, during much of the
induction period, 60% or more of the consumption of what is usually the most important
radical, the H atom, is through its collision with the original fuel molecules. This,
moreover, is a lower limit in the sense that computations for higher hydrocarbons than
propane have shown even greater percentage contributions from fuel. The statement of
effective domination of chain-branching radical removal by the parent fuel therefore is
reasonably accurate.

Given this fact, it may be concluded that the rapid radical buildup and associated
heat release cannot occur until after the fuel concentration has decayed to a level
comparable with that of the H and O radical concentrations. This is evident in Fig. 7.1. In

a qualitative sense, it may thus be stated that autoignition cannot occur until after the fuel
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is gone. There are three reasons for this. One is that, while H, O and OH interactions with
oxygen have a net branching effect, their interactions with fuel species have a net
termination effect. A second is that the elementary rates of H and O reactions with the
parent fuel are comparable with or larger than the rates of reactions with most secondary
fuel species. The third is that, during most of the induction period, the concentration of
the parent fuel is the largest fuel-species concentration. There is a lot of it around, and it
has a voracious appetite for gobbling up the highest-quality radicals. In view of these
characteristics, a useful criterion for defining the autoignition time is the time required for
fuel depletion to occur. What is needed, then, is a simple enough description of the
chemistry of fuel depletion to produce a formula for the time that it takes the fuel to
disappear. That chemistry is presented in the following section, after which methods are
discussed and the ignition-time formula is derived. The formula is tested against

experimental results for various fuels in subsequent sections.

7.3 HIGH-TEMPERATURE REDUCED CHEMISTRY OF FUEL DEPLETION

In an earlier paper, Peters et al. [8] addressed n-heptane autoignition, identifying
chemistry operative in low-temperature, intermediate-temperature and high-temperature
ranges, including the negative temperature coefficient in the intermediate-temperature
range. The present work restricts attention to the high-temperature range and generalizes
their n-heptane results for that range to other fuels. Chain initiation by fuel decomposition
or by reactive fuel-oxidizer molecular collisions is slow and dominant only briefly at the
beginning of induction. Subsequently during induction, fuel is consumed mainly through

attacks by radicals such as H, O, OH and HO,, producing from CH, the radical C,H,.1,
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which is very reactive and decompose often unimolecularly. Here C,H,.; stands for all of
the isomers, and therefore the rate of fuel consumption is the sum of the rates of
production of isomers, which for HO, attack, for example, involves one to five
elementary steps in the mechanisms for different fuels for which calculations will be
made.

Table 7.1 presents a formal derivation of the reduced chemistry. It seems
appropriate to give a descriptive derivation here. Although the O atom contributes to fuel
consumption, its effect generally is small compared with the effects of H and OH, and
therefore it is not taken into account here, excluding extremely fuel-lean conditions. Over
a wide range of stoichiometry, then, the remaining dominant radicals that consume the
fuel are H, OH and HO,. The first two of these obey excellent steady-state
approximations during nearly all of the induction period, and a steady-state
approximation for HO, also seems reasonable. This is illustrated in Fig. 7.3 for the fuel
and conditions of Fig. 7.1. This figure shows the calculated ratio of the magnitude of the
difference between the production and consumption rates, to the production rate, as
functions of time for H, O, OH and HO.. It is seen from this figure that, during most of
the induction period, the error in the steady-state approximation is much less than 10%
for the main radicals and on the order of 10%, even for HO,. There is a period of net
consumption of OH, at the beginning and end of which the OH curves go to zero, and the
HO, curve also goes to zero shortly before autoignition, when it begins to be consumed
(see Fig. 7.1). Since computations for higher hydrocarbons than propane have shown

even better satisfaction of steady states for these radicals, these approximations are quite
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reasonable in seeking autoignition times with accuracies such that errors are on the order
of 10%.

As indicated above, the computations also have shown that the main sink of H is
its fuel-consumption step, H+C,,H,—C,,H,.; +H,, while its main source can be taken to
be OH+H,—H,0+H, so that the rates of these two elementary steps are equated.
Similarly, the main sink of OH is its fuel-consumption step, OH + C,H, — CH,1 +
H,O0, and especially at high temperatures it is produced mainly by the decomposition of
hydrogen peroxide, step 6 of Table 7.1, H,O,+(M)—20H+(M), for which falloff needs
to be included, as is done throughout the present study. The OH steady state then requires
that the rate of step 6 is half the sum of the rates of the steps OH+C,H,—CpH,.1+H,0
and OH+H,—H,O0+H, steps 2 and 5 of Table 7.1, which, from the H steady state, is half
the sum of the rates of H and OH attack on the fuel, steps 1 and 2 of Table 7.1. The total
rate of fuel consumption thus is twice the rate of step 6 plus the rate of
CnH,tHO,—C\Hy 1 +H20,, step 3 of Table 7.1.

To calculate this total rate, it is evident that the concentrations of H,O, and of
HO; must be determined in the analysis. An expression for the HO, concentration may be
obtained from its steady state by observing that, as each fuel radical C,H,.; goes through
its series of rapid decompositions, at one step along the way it produces a radical that
attacks oxygen to form HO,. A major assumption underlying the analysis is then that the
resulting effective decomposition step for CyHy is CpHy1+O2—HOs+smaller, more
stable products, step 4 of Table 7.1, which is the only overall (non-elementary) step in the

mechanism. An example of this is provided by the dominant chemistry for n-heptane [8]
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for which C,Hs and C;H; are the intermediate fuel radicals that attack oxygen to form
HO..

The principle radicals produced by H abstraction from C;H;¢ are 1-C;H;s and 2-
C7H;s, the 3-C7H;5 and 4-C;H;s radicals being of lesser importance and not addressed in
the chemistry [8]. The first of these radicals, 1-C;H;s, decomposes to CsH;;+C,Ha, and
the second, 2-CsH;s, decomposes to C4Ho+C3Hgs. The CsH;j, in turn, decomposes to
C,H4+CsH7, while C4Hy decomposes to C,H4+C,Hs, the CsH;; and C4Hy radicals both
being relatively unstable above 1000 K, like C;H;s. The steps C;H7+0,—C3sHs+HO; and
C,Hs+0,—C,H4+HO, are the dominant elementary steps by which another O, is
consumed and HO; is produced under the conditions addressed in the paper [8]. Since
propene and ethylene are more stable than the propyl and ethyl radicals, but, unlike CsHy;
and C4Hy the latter two are stable enough to primarily react with O, before decomposing,
the hydroperoxyl radical is produced from these two lower alkyl radicals without
appreciable influence of the alkenes. Sequences such as this, resulting in step 4, will be
different for different fuels and for different conditions.

If the assumption in step 4 is accepted, then the steady-state approximation for
CmHi-1, which is an excellent approximation during induction, implies that the total rate
of production of C,,H,.; minus the rate of step 3 equals the net positive rate of production
of HO; in the fuel-consumption chemistry. Besides being produced in this way, HO, is
consumed by the important elementary step 2HO,—H»0,+0,, step 7 of Table 7.1, so that
the steady-state approximation for HO, implies that the rate of step 7 is half the
difference between the total rate of production of C,,H,.; and the rate of step 3. Since the

total rate of production of Cy,H,.; equals the total rate of consumption of fuel, this
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observation results in the rate of step 7 being equal to the rate of step 6, so that the

concentration of the hydroperoxyl radical is given by

po.J- [ & Joalivo.) 0

7

where k; denotes the specific reaction-rate constant for step i of Table 7.1. The formal
derivation of these results is given in Table 7.1.

It is straightforward to write these results in terms of a two-step overall reduced
chemistry. Adding steps 3 and 4 to eliminate the steady-state species HO, shows that the

overall step
CpHy + 0y — H)O, +P (2)

occurs at the rate 3 of step 3 which, in view of Eq. 1, is

k7

k
o= £ ol ] ®
This formula demonstrates the general autocatalytic character of the overall step in Eq.
(2), which results in the fuel actually disappearing completely at a finite time under the

current set of approximations. Considering steps 2, 4, 6 and 7 to eliminate the steady-

state species OH and HO, produces the overall step
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2CyH, + O, — 2H,0 + 2P, 4)

which then occurs at the rate we, the only other finite rate that affects the species

evolution under these steady states.

7.4 SENSITIVITY AND REACTION-PATH ANALYSES

The present analysis is based on the observation that, through the systematic
reduction described above, the chemistry can be expressed by the seven steps in Table
7.1, with steady states leading to the conclusion that only the rate parameters of steps 3, 6
and 7 affect the fuel-depletion history and hence, by implication, the autoignition time.
Although the reasoning has not made use of any formal routines for sensitivity analysis or
for reaction-path diagrams, it is of interest to examine these methods within the context
of the reduction that has been obtained. By way of illustration, therefore, for propane-air
mixtures under the conditions of Fig. 7.1, a sensitivity analysis of the temperature-
inflection autoignition time was run using the San Diego mechanism in the FlameMaster
code. With forward and backward steps counted separately, there are 358 steps in this
detailed mechanism, the sensitivities to the rate constants for all of which are given by the
code. Under these conditions, the step with the highest sensitivity coefficient was the
initiation step, C;HstM—CH;3+C,Hs+M. The second highest sensitivity was for the
branching step H+O,—OH+0, which exhibits high sensitivity under all conditions. The
step with rate constant ke, H,O,+(M)—20OH+(M), was sixteenth on the list of sensitivity,

the highest of the two steps CsHgt+HO,—C3;H7+H,0,, namely that for 1-CsH7 in the rate
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constant ks, was 54th (the other 65th), and the step with rate constant ks,
2HO,—H,0,+0,, was 157th. Yet the ignition-time formula agrees with the ignition time
predicted by the detailed mechanism within 10%, as will be seen later.

It certainly is counterintuitive that such excellent agreement can be obtained by
using only rate constants of steps that are 16, 54, 65 and 157 in the list of 358. This
emphasizes the many adjustments that must occur in the steady-state balances during
autoignition. There are many cancellations of large terms that finally leave small terms in
control. Sensitivities to many of the steps vary strongly with conditions, indicating that
the cancellations correspondingly vary. This observation emphasizes that sensitivity
analysis is seldom a very useful tool in identifying reduced chemistry that will work well
over a wide range of conditions when multiple steady-state approximations are involved
in the reduction. This conclusion applies for two reasons; first, the radical pools are so
tightly bound together by the chain reactions that rates of steps with low sensitivities
finally control overall rates, and second, relative sensitivities of most steps vary so
strongly with conditions that specific reduced chemistries derived from sensitivities
generally apply only over limited ranges of conditions, much narrower than the range of
the present study.

Within the context of the present mechanism, it is relevant to ask how the
autoignition time can be so sensitive to the rate parameters of steps such as
H+0,—0OH+0, while yet the chemistry summarized in Table 7.1 does not involve these
rate parameters. The answer must lie in step 4 of Table 7.1, the ultimate one-to-one
production of hydroperoxyl from the H-abstracted fuel radical. The effective

stoichiometry of this step must depend on those rate parameters, leading to greater or
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lesser amounts of ultimate HO, production when the values of the parameters are
changed. From this viewpoint, it can be considered to be a remarkable coincidence that
the true rate parameters happen to conspire to make step 4 be such an excellent
approximation over so wide a range of conditions. Where the analysis does become
inaccurate, as will be seen to occur under high-dilution conditions, the failure can be
viewed as a consequence of inaccuracy of step 4.

It is common to believe that, if sensitivity analysis alone cannot identify a suitable
reduced mechanism, then sensitivity analysis in conjunction with reaction-path analysis
surely can. Just as there are a variety of different versions of sensitivity analyses, so there
also are many different types of reaction-path (or reaction-flux) analyses that have been
constructed for different purposes [13]. They have in common, however, the objective of
identifying the major pathways of the chemistry and the elementary steps having the
greatest contributions to these pathways. For the autoigntion processes addressed here,
irrespective of what type of path analysis is selected, it is found that the major
contributions to fuel consumption occur through steps 1 and 2 of Table 7.1, and the flux
through step 3 is secondary to these. Yet the rate parameters for steps 1 and 2 do not
appear in the reduced chemistry; the only relevant fuel-consumption rate parameter is that
of step 3. This again emphasizes the complex adjustments that occur through the steady
states. There is no combination of existing automated sensitivity and reaction-flux
analyses that can produce the preceding overall reduced chemistry. Although the problem
is one that could well be addressed by computational singular perturbations [14], to give
approximately the same results that have been obtained here, we find the insights

provided by the analytical presentation given here to be more revealing.
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7.5 DERIVATION OF THE IGNITION-TIME FORMULA
When Eq. 1 is used in the expression for the total rate of consumption of fuel, it is

found that, in a homogeneous system,

duit] -kg[cmHn]J(’;—jj plo -2 Mio).  ©

Since the rate of step 6 equals the rate of step 7, the corresponding expression for the

evolution of the concentration of hydrogen peroxide is simply

O e, il ©

dt :

as implied by Eq. 2. Under isothermal, isobaric conditions with [M] approximated as

constant, a nondimensional time can be defined as

r:t{zk,;iw]z el - )

where the subscript o identifies the concentration at time t=0. With the further definitions

mHn] [HZOZ] 4k6k7 [M] .
{k;[cmﬁn]o ’ ®
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Egs. 5 and 6 become

dx d
B o y—anfy, L=xy, ©)
dr dr

where
. {(k;[cmHnL))} | (10)

The pair of first-order ordinary differential equations given in Eq. 9 is to be solved

subject to the initial conditions that x=1 and y=0 at z=0.

It is convenient to introduce the variable z = \/; , so that Eq. 9 becomes

D g, EE (11)
dr dr 2
giving the second-order, nonlinear problem
2 2
d—i+az£+z—:0; B2 — (12)
dt dr 2 dr 2
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The parameter a generally is small, and to leading order in an expansion for small a, with

u= é, Eq. 12 then becomes
dr

2
du )=—22; w=Lat =0 | (13)
dz 2
the solution to which is
1 2z
U=,——— . 14
4 3 (14)

Since the induction period ends when the fuel has been consumed completely, that is,

when x=0, which corresponds to #=0, the nondimensional induction time is found to be

7= 0(3/4)1 udz =6 | 01 (i- V3)71/2dv —2.548, (15)

1

in which the substitution v =z/ (3/ 4)”3 has been employed, and the definite integral has

been evaluated by numerical integration. In view of this result, Eq. 7 provides, for the

dimensional induction time, the expression

1/3
k
t, =<8.27 ! . 16
’ { kékf[M]Z[CmHn]o} 1o
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7.6 TESTS OF IGNITION-TIME PREDICTIONS

The ignition-time predictions for the various fuels employ the reaction-rate
parameters listed in Table 7.2, which are obtained from the San Diego mechanism [12],
supplemented as described below separately for each fuel. Figure 7.4 compares the
prediction of Eq. 16 with experimental ignition-delay results for five normal alkanes. The
experimental conditions and associated references are identified in the figure captions,
where ¢ denotes equivalence ratio and P pressure. Since rate parameters for the HO;
attack on the fuel were available [12] only for propane, values of the parameters for n-
butane were obtained from Marinov et al. [15], for n-pentane from Curran et al. [16], for
n-heptane from Held et al. [17] and for n-decane from Zhao et al. [18]. Agreements are
well within experimental uncertainty for all fuels. The agreements are especially good for
the higher alkanes, and even for propane, the predictions are as good as those obtained
with a full detailed mechanism [11]. Very extensive data are available for propane over
wide ranges of conditions [11], and the agreement shown in Fig. 7.4 is representative of
that found under other conditions (above 1000 K) as well.

Argon is the diluent in the experiments shown in Fig. 7.4. There also are
experimental results for propane, heptane and decane with nitrogen as the diluent. These
experimental results are compared with the predictions of the formula in Fig. 7.5. Again
the agreements are seen to be very good, except at the lower temperatures, approaching
1000 K, as the chemistry for the intermediate-temperature range, not included in the
present mechanism, begins to become important and decreases the ignition time.

Since the fuel-specific aspects of the chemistry are H abstraction from the fuel by

H, OH and HO; and the subsequent production of HO, in the course of decay of the
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radical formed by the abstraction, the theory may be expected to work for all fuels for
which these abstractions are the main source of fuel consumption and lead to this HO;
production. Fuels with three or more carbon atoms that have C-C single bonds are all
good candidates for having these properties. With this in mind, tests were made for
various fuels other than normal alkanes. Figure 7.6 shows comparisons for iso-octane, for
which the rate parameters for HO; attack on fuel were obtained from Curran et al. [19],
and for JP-10, a pure hydrocarbon, CoH;, of three intertwined rings, all with single C-C
bonds. The agreements are seen to be quite good in Fig. 7.6, although for iso-octane the
data are seen to depart from the prediction at lower temperatures, likely because of the
system beginning to enter the intermediate-temperature regime, as in Fig. 7.5.

To investigate further the range of applicability of the theory, calculations were
made for other aliphatics. Figure 7.7 shows comparisons for propene and ethylene. The
agreement for propene is good, as might be expected from the fact that, in addition to the
double bond, it has a single C-C bond, but the agreement for ethylene, which only has the
double bond, is poor, exhibiting differences in excess of an order of magnitude. Tests
also were made for some aromatics, and while the disagreement for benzene is
comparable with (and in the same direction as) that for ethylene, the agreement for
toluene is better, suggesting that, for aromatics with enough aliphatic components having
a sufficient number of C-C single bonds, Eq. (16) no longer will overpredict ignition
times. Just for curiosity comparisons also were made for methane, ethane, methanol,
ethanol, formaldehyde and acetaldehyde. Even though the chemistry does not apply to
these fuels, the slopes were found to be in reasonable agreement with experiment, and

even the values fortuitously agreed for methanol and formaldehyde. These last
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observations emphasize that autoignition-time agreements do not necessarily imply that
the chemistry is correct.

A restriction imposed in deriving Eq. 16 was that the parameter a of Eq. 10 must
be small. This was checked for the fuels and conditions of Fig. 7.4-7.7, and it was found
that typically the values of a were of the order of 10, never reaching 10~ and therefore
always entirely negligible. The value is especially small for the low-pressure, high-
dilution conditions typical of shock-tube experiments, where a is less than 10, but even
at high pressure with no dilution, corrections would be small, as implied by Fig. 7.8,
which indicates that the largest a may ever become (for example at 100 bar with no
dilution at an equivalence ratio of 2) is still less than 0.1. Since these evaluations indicate
that the largest ignition-time corrections associated with a # 0 will always be expected to
be less than 1%, there is no motivation for carrying the analysis to higher order. The
smallness of a is associated with the rate of fuel consumption by HO, being slow

compared with that by H and OH.

7.7 RANGE OF VALIDITY OF THE THEORY

It should be clear intuitively that, even above 1000 K, the quantitative conversion
described by step 4 of Table 7.1 cannot be accurate over the complete ranges of pressure,
dilution and equivalence ratio for any given fuel. It therefore is worthwhile to investigate
the range of validity of the theory by comparing its predictions with other available
information. Since experiments necessarily cover only a restricted range of conditions,
most of these comparisons must be with results of computations that employ detailed

chemical mechanisms.
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One question concerns the pressure dependence of the ignition time. The lower
curves in Fig. 7.9 contrast the predicted pressure dependence of the ignition time for
stoichiometric propane-air mixtures at 1500 K with results derived from a recent detailed
mechanism [11, 12], employing temperature inflection under adiabatic, isochoric
conditions as the ignition criterion. While the agreement is seen to be good everywhere, it
is better at low pressure than at high pressure, but differences are always less than a
factor of two. Similar good agreement has been shown earlier for heptane [8], where a
56-step mechanism was employed for the comparison. The upper curves in Fig. 7.9
explore the effect of dilution on agreements, again for stoichiometric systems with
propane [11, 12] at 1500 K, now at 1 atm only. The trends again agree well, there being a
tendency for the theory to underpredict ignition times at high dilution, but differences still
remaining within a factor of two. At high dilution, the ignition time can become more
sensitive to the ignition criterion, and the temperature-inflection criterion employed in the
detailed-chemistry calculation gives ignition times that can differ from those based on
other criteria by as much as a factor of two.

Finally, Fig. 7.10 contrasts dependences of ignition times on equivalence ratio for
heptane. Results are shown for the present theory (the solid curves), for two sets of
detailed-chemistry data (the 56-step mechanism [8] and the San Diego mechanism [12])
and for two different sets of experimental measurements. The experimental data points
shown involve very small interpolations (for the top curves) or extrapolations (for the
bottom curves) of reported results [5, 25] to the temperature selected for the figure (1100
K for the top curves and 1500 K for the bottom curves). For the top curves in the figure

the equivalence ratio was varied by varying the fuel-air ratio in purely fuel-air systems,
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which corresponds mainly to varying the fuel concentration, since the oxygen mole
fraction is practically constant, always between 20% and 21%. For the bottom curves, on
the other hand, the equivalence ratio was varied mainly by varying the oxygen
concentration, the fuel concentrations being held fixed; in the highly diluted system of the
bottom curves, which have argon as the diluent, the diluent mole fraction varies from
about 90% to more than 97% as the oxygen concentration is decreased.

For the top curves in Fig. 7.10, which correspond to moderate-pressure, low-
dilution conditions with nearly constant oxygen concentrations, the agreements between
theory, experiment and computation are seen to be excellent, but for the bottom curves,
which correspond to low-pressure, high-dilution conditions with varying oxygen
concentrations, the detailed chemistry and experiment both exhibit an increase in ignition
time with increasing equivalence ratio, while the theory predicts no change in ignition
time. Although the experimental ignition criterion in this last set of data was the
maximum CH emission [5], this maximum, which typically occurs somewhat later than
the temperature inflection employed in the detailed-chemistry calculations,
computationally exhibits approximately the same oxygen-concentration dependence as
the temperature inflection. There thus clearly exists a qualitative influence of the oxygen
concentration which the theory fails to capture.

From these comparisons it appears that the theory is most accurate for low
dilution, moderate pressure and near stoichiometry, conditions that typically are of
greatest practical interest. The theory tends to underpredict ignition times at high-
pressure, high-dilution and fuel-rich conditions and to overpredict ignition times at fuel-

lean conditions. The last tendency was observed in calculations performed under other
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conditions as well, notably with propane as the fuel, and the discrepancies were observed
in that case to be negligible at 1000 K but to increase with temperature. Although
predictions could be improved in these respects by allowing some variability of the
stoichiometry of step 4 in Table 7.1 with experimental conditions, the simplicity of the
theory in its present form, along with its acceptable predictions in most cases of practical

interest, argues against this extension.

7.8 CONCLUSIONS

For hydrocarbon fuels that contain at least three carbon atoms and at least one
carbon-carbon single bond, the high affinity of the fuel for active radicals enables fuel
depletion to be employed as a criterion for defining the delay time in autoignition. The
simple analytical expression for the autoignition time, derived here from this criterion by
introducing steady-state approximation for H, OH, HO, and the alkyl or alkyl-like
radical, correctly predicts high-temperature ignition times for these fuels at conditions of
practical interest, namely moderate pressures, near stoichiometry and without excessive
dilution. The predictions seldom differ from experimental results or from results of
computations with detailed chemistry by as much as a factor of two. These agreements
point to the importance of H,O; in the autoignition chemistry and emphasize the role of
the steady-state balances in removing branching reaction rates of the most active radicals
from the ignition-time formula. The results provide a new perspective on high-
temperature autoignition chemistry and a general means of easily estimating ignition

times of the large number of fuels addressed.
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Table 7.1 Formal Derivation of Reduced Chemistry
Elementary steps (except #4)

CmHn+H_)CmHn—l +H2
CuH,tOH—C,H,.1+H,O
CmHn+H02_>CmHn—l +H202
CuHy 1 tO,—HO, + P
OH+H,—H,O+H
H,0,-+H(M)—OH+OH+(M)
HO,+HO,—H,0,+0,

NNk —

Introduce H, OH, HO, and C,,H,,.; steady states.
With o; denoting the rate of step 1, moles
per unit volume per unit time,
0, =0, 0, +0; =20,,0, + 20, =0,
0, + ®, +0,= o,. Therefore,
0, +0, =20,,0, =0,
k,;[HO, ]2 =ks[M][H,0,].

Fuel consumption rate:
Oc g, =70 —0, —03 = —20, — 05

Rate of production of H,O,:
Oyo, =03 0, — 0O = 0
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Table 7.2 Reaction-Rate Parameters Employed
Reaction A? n’ E* Ref.

HO,+ HO; —» H,0, + O, (k7) 3.02x10” 0.0 58  [12]
*H,0, + (M) > OH+OH+ (M) (k¢) ko 8.15x 10 -1.92 207.6 [12]

k 260x10°  -14 2147

o0

C;Hs+ HO, — 1-C3H; + H,0, 9.64x10° 26 582  [12]
C;Hg + HO, — 2-C3H; + H,0, 4.76x10* 255 69.0 [12]
C4H,o+ HO, — 1-C4Hy + H,0, 1.70x10° 0.0 855  [I5]
C4H;o+ HO, — 2-C4Hy + H,0, 1.12x10% 00 740  [15]
CsHy, + HO, — 1-CsH,, + H,0, 1.68x10° 0.0 854  [16]
CsH,+ HO, — 2-CsH,, + H,0, 1.12x10° 0.0 739  [16]
CsH,,+ HO, — 3-CsH;; + H,0, 5.60x10% 0.0 739  [l16]
C;H;6+ HO, — 1-C7H;5 + H,0, 4.76x10* 255 689  [17T
C;H 6+ HO, — 2-C7H,5 + H,0, 1.93x 10" 26 581  [17]
C;H,6+ HO, — 3-C;H;s5 + H,0, 2.00x10* 26 581  [17]
C;H,+ HO, — 4-C7H,5 + H,0, 9.64x 10 26 581  [17]
CioHzy + HO, —» 1-CoHyy + H2On 4.76 x 104 2.55 69.0 [18]
C1oHa + HO; — 2-CoHy; + H20, 1.93x10* 26 581  [18]
CioHzy + HO, —» 3-CoHa; + H2On 1.93 x 104 2.6 58.1 [18]
C1oHa + HO; — 4-CoHy, + H20, 1.93x10* 26 581  [18]
CioHzy + HO, —» 5-CoHa; + H2On 1.93 x 104 2.6 58.1 [18]
CioHis+ HO, —» C3H5 + CH, + CsHg + HyO, 1.93 x 104 2.6 58.1 [12]c
CioH16+ HO; — C3Hs+ CoHy+ CsHs + Hy0, 4.76x10* 255 69.0  [12]
CgH;s+ HO, — 1-CsH,7 + H,0, 2.52x10° 0.0 854  [19]
CgH,s+ HO, — 2-CsH,7 + H,0, 5.60x10” 0.0 739  [19]
CsHs+ HO, — 3-CsHy7 + H,0, 2.80x10% 0.0 669  [19]
CgH s+ HO, — 4-CsH,7 + H,0, 1.68x10° 0.0 854  [19]
C;Hg + HO, — C3Hs + H,0, 9.60x 10 26 581  [20]
C,H, + HO, - C,H; + H,0, 1.13x10° 0.0 127.0 [12]
*Specific reaction-rate constant k = AT ne=E/ RT - units mol/cm’, s, K, kJ/mol.

bChaperon efficiencies are 2.0 for Hy, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 0.4 for Ar
and He and 1.0 for all other species; Troe falloff with F. = 0.265 exp (-7/94 K) + 0.735
exp (-771756 K) + exp (-5182 K/T).
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“The steps shown include the lumping employed in the reference, but the rate is that of
the hydrogen abstraction.
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Figure 7.1 Computed histories of temperature and mole fractions for isochoric, adiabatic,
stoichiometric propane-air mixtures at 1 atm and initially at 1500 K.
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Figure 7.2 Computed ratio of the rate of reaction of the radical with the parent fuel to the
total rate of consumption of the radical, for H, O and OH, as functions of time, for the
fuel and conditions of Fig. 1.
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Figure 7.3 Computed magnitude of the difference between the production rate and the
consumption rate, divided by the production rate, for four radicals, as functions of time,
for the fuel and conditions of Fig. 1.
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Figure 7.4 Comparison of theoretical and experimental ignition times for normal alkanes
with argon as the inert (a) propane [21], 9=1.0; 0.2% CsHg, 1% O,, 98.8% Ar; P=1.5 atm;
T=1431-1680 K; (b) n-butane [22], ¢p=1.0; 2.5% C4H,0, 16.25% O,, 81.25% Ar; P=9.19-
10.58 atm; T=1233-1372 K; (c) n-pentane [22], ¢=1.0; 2.04% CsH,, 16.32% O,, 81.64%
Ar; P=8.27-9.46 atm; T=1166-1390 K; (d) n-heptane [23], ¢=1.0; 2.5% C7;H¢, 27.5% O,
70% Ar; P=1-4 atm; T=1272-1559 K; (e) n-decane [5], 9=1.0; 0.2% C;oHz,, 3.1% O2,
96.78% Ar; P=1.2 atm; T=1396-1518 K.
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Figure 7.5 Comparison of theoretical and experimental ignition times for normal alkanes
with nitrogen as the inert (a) propane [24], ¢=1.0; 4.17% CsHg, 20.83% O,, 75.0% Noy;
P=3.4-5.0 atm; T=1238-1510 K; (b) n-heptane [25], ¢=1.0; 1.87% C;Hi¢, 20.61% O,
77.51% Nj; P=13.3 atm; T=949-1297 K; (c) n-decane [26], ¢=1.0; 1.34% C;oHaz,
20.73% Oy, 77.94% N; P=12.83 atm; T=1015-1300 K.
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Figure 7.6 Comparison of theoretical and experimental ignition times for (a) iso-octane
[27], 9=1.0; 1.65% 1CsH;s, 20.7% O,, 77.7% Ny; P=13.3 atm; T=970-1301 K; (b) JP 10
[28], ¢=1.0; 0.4% CioHis, 5.6% O, 94% Ar; P=2.5 atm; T=1259-1472 K.
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Figure 7.7 Comparison of theoretical and experimental ignition times for (a) propene
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[30], 9=1.0; 1% C,H4, 3% O,, 96% Ar; P=1 bar; T=1440-1745 K.
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Figure 7.8 Variation of the parameter a with temperature for n-heptane at 100 atm and
different dilutions and equivalence ratios.
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Figure 7.9 Comparison of theoretical and numerical predictions of (a) the effect of
pressure on ignition delay time for stoichiometric propane-air mixtures at 1500 K (lower
curves) and of (b) the effect of nitrogen dilution on ignition delay time for stoichiometric
propane-air mixtures at 1 atm and 1500 K (upper curves).
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CHAPTER 8
SUMMARY AND FUTURE WORK

In the following sections, the major conclusions from this research are
summarized and the possibilities of future research as an extension to this work are
highlighted. The discussion is presented separately for ethanol-flame studies and

autoignition theory for higher alkane fuels.

8.1 ETHANOL-FLAME STUDIES

The extent to which the possible benefits of ethanol as an alternative fuel are
realizable can only be assessed by understanding its combustion at a fundamental level.
The first part of the thesis attempts to elucidate ethanol combustion at a fundamental
level and reduce existing uncertainties in ethanol combustion chemistry. It has both
numerical and experimental components. In the numerical studies, a small detailed
chemical-kinetic mechanism, the San Diego Mech, for ethanol combustion is developed
in a hierarchical way. During the mechanism development for ethanol, the sub-
mechanisms for the simpler fuels were developed and thoroughly tested against as many
relevant experimental data as possible.

The testing of the San Diego Mech for hydrogen and carbon monoxide led to a
few revisions of rate parameters for elementary steps in the mechanism for hydrogen and
to deletion of a hydrogen initiation step and addition of an initiation step for carbon
monoxide. Small increases in three-body recombination rates for certain steps and some
changes in chaperon efficiencies were identified. With these alterations, reasonable

agreement is obtained with available measured burning velocities, diffusion-flame
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extinction conditions and autoignition times. There is, however, need for further studies
in assessing the validity of the mechanism for burning velocities and ignition delay times
at intermediate and higher pressures for carbon monoxide hydrogen mixtures. There is a
need to review the effect of reactions CO+HO,—CO,+OH and CO+O+M—CO,+M,
which do not play any role at low-pressure conditions, but are expected to play a
significant role at intermediate and high-pressure conditions. There is a lack of
information available in the literature concerning the pressure falloff for the step
CO+O+M—CO,+M. Hence more studies are required for this step in determining the
behavior of the rate constant at higher pressures and also the chaperon efficiencies for
different species.

The hydrogen and carbon monoxide submechanism, thus developed, provided a
building block upon which the C; and C, submechanisms for the San Diego mechanism
were developed. A thorough testing of the submechanisms of formaldehyde, methane,
methanol, ethane, ethylene, and acetylene fuels in the San Diego Mech has been
conducted. The mechanism was tested for autoignition, premixed-flame burning
velocities, and structures and extinction of nonpremixed flames and of partially premixed
flames of many of these fuels. Tests were also made for propane and acetaldehyde fuels
with the updated San Diego Mech. The updates in the rate constant of a few key
reactions, and the newly included reactions are reported along with the significance for
these changes. The mechanism is developed for the autoigntion of formaldehyde,
methanol, and ethane for the first time in this study. Various tests have been repeated for
the abovementioned fuels for selected experimental conditions, as mentioned in the

articles where the mechanism for a particular fuel was first developed. The comparisons
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of predictions with the experimental data are found to be as good as those in the original
publications or even better in some cases. Hence, the San Diego Mech is considered
ready to be used for fuels such as formaldehyde, methane, methanol, ethane, ethylene,
acetylene, acetaldehyde, and propane.

Although reactions related with formyl radical consumptions play a key role in
the combustion of alkane and alcohol fuels, it was observed during the studies that more
research is needed in reducing the uncertainies in these reactions, especially, H, OH, O,
and O; attack on HCO. Large uncertainties were observed in the pressure dependence of
rate constants of recombination steps HCO+H+M—CH,0+M and CH3;+H+M—CH4+M.
The first of which, in backward direction, is a significant route that leads a fuel to HCO
and then to CO and CO,. The second step is a crucial one in determining the formation of
methane and soot precursors in a reaction mechanism. Hence, both theoretical and
experimental studies are needed for these two steps to reduce the uncertainties in their
rates and pressure fall offs. During the study, generic third-body efficiencies with respect
to nitrogen are assigned for all the pressure-dependent reactions. Yet, validation of these
generic efficiencies, included in pressure-dependent elementary steps, would reduce the
uncertainties in their rate implementation. Also, the need remains for the inclusion of
pressure falloff for some of the key steps such as CH;0+M—CH,O+H+M and others.

The reaction mechanism for C; and C, fuels, thus developed, consists of 137
reactions among 30 species, and provided a robust building block upon which the ethanol
mechanism was developed. The San Diego Mech is extended for ethanol combustion by
adding 55 new reactions and 6 new species based on the extensive literature survey.

Specifically, 33 reactions are added that involve C,HsOH or one of the three isomers
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produced by abstraction of an H atom from it, CH;CHOH, CH,CH,OH and CH3;CH,O,
and 22 reactions are added that involve acetaldehyde or one of the two isomers produced
by abstraction of H from it, CH,CHO and CH;CO.

Ethanol combustion was investigated on the basis of a new reaction mechanism,
thus developed, consisting of 192 elementary steps among 36 species, augmented by 53
additional steps and 14 additional species to address the formation of oxides of nitrogen
and 43 steps and 7 species to address formation of compounds involving three carbon
atoms. The mechanism was tested against shock-tube autoignition-delay data, laminar
burning velocities, counterflow diffusion-flame extinction, and measurements of
structures of counterflow partially premixed and nonpremixed flames. Going along with
our approach, these experiments were selected because they address all the features of
high-temperature combustion in practical engines. The flame structures of ethanol in
practically relevant partially premixed and nonpremixed systems are measured in
counterflow setup for the first time in this study.

The ethanol-air flames were measured in a counterflow setup at a strain rate of
100 s, employing prevaporized ethanol with a mole fraction of 0.3 in a nitrogen carrier
stream, for the pure diffusion flame and for a partially premixed flame with a fuel-side
equivalence ratio of 2.3. The temperatures were measured using the appropriate
thermocouples, and the concentration profiles of C;HsOH, CO, CO,, H,, H,0, O3, N»,
CH4, C;Hg and C,H,+C,H4 were determined by gas chromatographic analysis of samples
withdrawn through fine quartz probes. The best practices developed in our laboratory in
such measurements were followed to prevent the condensation of vapors of fuel and

water.
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There are serious concerns over the aldehydes and ketene emission in the use of
ethanol as a fuel. During the study, species such as formaldehyde, acetaldehyde, and
ketene could not be measured because of the difficulties associated with probe
measurement of these species at such low concentrations. However, future experiments
are required to quantitatively determine the concentrations of aldehydes and ketene in
order to achieve better understanding of their production and consumption, providing a
more stringent test to the ethanol mechanism, and hence controlling emissions of these
harmful species. In the current study, the production of oxides of nitrogen was studied at
atmospheric pressures. The next step would be to extend the NOy mechanism for high-
pressure description by including pressure falloff especially to the reactions related with
N>O chemistry. It would be of interest to perform additional experiments and make
comparisons at higher pressures, since many of the applications of interest are at elevated
pressures.

The comparison of the predictions of the ethanol mechanism with a wide range of
experimental conditions provides confidence in the elementary steps and their reaction
rate constants used in the mechanism. The agreements seen in predictions and data for
soot precursors indicate that the reduction in the uncertainties in the description of the C,
chemistry related with ethanol has been achieved. In general, the computational results
with the present mechanism are in reasonable agreement with experiments and perform
as well as or better than predictions of other, generally much larger, mechanisms
available in the literature. Further research is, however, warranted for providing
additional and more stringent tests of the mechanism and its predictions, especially for

condition at higher pressures. The current study is a step forward in the effort to minimize
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the uncertainties in the predictions of ethanol combustion and to identify the associated
chemical-kinetic channels. Similar to methanol, ethanol is expected to reduce NOy
emissions, but it may not be comparably effective in soot reduction and may exacerbate
concerns about aldehydes. These observations suggest that pollutant-emission concerns
will be different for ethanol than they are for methanol or for hydrocarbons. This study
may contribute towards enhancement of understanding of ethanol combustion and
assessment of its utility as a fuel.

While detailed chemistry can be employed to describe combustion in
homogeneous time-dependent and steady-flow one-dimensional systems, for practical
applications, such as turbulent combustion in engines, computer limitations require
simpler chemistry. In a further extension to this work, systematically reduced
mechanisms for combustion predictions for ethanol can be developed. Through proper
use of steady-state and partial-equilibrium approximations, the ethanol detailed reaction
mechanism can be reduced to systems having much smaller numbers of overall steps. The
reduced mechanisms are much more useful than the detailed mechanisms for
computations of combustion processes because very often the detailed mechanisms are so
large that they cannot be used computationally. This reduced chemistry for ethanol can
also be used in theoretical studies such as rate-ratio asymptotics to obtain expressions for
autoignition times, burning velocities, diffusion-flame structures and extinction
conditions. Similar studies have been carried out for methane and methanol in the past.
These studies provide analytical expressions for a particular combustion process that it is

derived for, and can be used in complex engine analysis.
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8.2 AUTOIGNITION THEORY FOR HIGHER ALKANES

Autoignition delay times of hydrocarbon fuels play a major role in the
performance characteristics of new engine concepts such as HCCI (Homogeneous
Charged Compression Ignition). There is a need for reduced-chemistry models and
simple formula for the autoignition of practical hydrocarbon fuels for flex-fuel complex
engine analysis, which are computationally less expensive compared to detailed chemical
mechanisms. The second part of the thesis consists of analytical study of autoignition of
higher alkane fuels. It has been observed that autoignition times of most fuels, especially
higher hydrocarbons, seem to be remarkably similar in both value and temperature
dependence in the temperature range between about 1000 K and 2500 K. A simplified
chemistry, common to fuels such as propane and higher hydrocarbons, which controls the
induction period, is identified by systematic reduction. Computationally, for propane and
higher hydrocarbons, temperature runaway in autoignition occurs only after fuel is
depleted to concentration levels compared with those of radicals. Based on this
observation fuel depletion was employed as an ignition-time criterion in the development
of a formula for autoignition delay times. As a result of this study, it is found that above
about 1000 K, ignition delay times for propane and all higher alkanes, as well as for a
number of other fuels, can be calculated well by employing rate parameters of only three
types of elementary steps, namely C,H,+HO,—C,H, ;+H,0,, H,O,+*M—20H+M and
2HO,—H,0,1+0,, only the first of which is fuel-specific, the other two clearly being
common to all fuels. The prediction of this remarkably simple result relies on a steady-
state approximation for HO,, as well as steady states for more active radicals (H, OH, and

the alkyl or alkyl-like radicals) during induction. The resulting approximation to the
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chemistry exhibits a slow, finite-rate buildup of H>O, and removal of fuel during the
induction period.

The numerical predictions from this formula are tested against the experimental
data for higher alkane fuels such as propane, butane, pentane, heptane, decane, and
isooctane. The formula is also shown to accurately predict the autoignition delay times
for propene, JP-10, and toluene. The last three agreements indicate that this description of
autoignition is valid for the fuels which contain at least three carbon atoms and one
carbon-carbon single bond. One of the major assumptions that went into the development
of the theory is one-to-one net production of HO, in fuel-radical decomposition-
chemistry process. The predictions from the theory tend to deviate from the experimental
data when this assumption breaks down in the conditions such as high dilution. Also, the
formula does not predict the correct oxygen dependence of the ignition time. However, it
is found to work best in the conditions of practical interests such as moderate pressures,
near stoichiometry and without excessive dilution. The analytical approximation thus
produces reasonable results for a wide range of fuels. These results provide a new
perspective on high-temperature autoignition chemistry and a general means of easily
estimating ignition times of the large number of fuels of practical importance.

As a further extension to this work, a similar reduced-chemistry determination for
ethanol autoignition can be investigated. In order to obtain the correct oxygen
dependence of ignition times, the assumption of one-to-one net production of HO, in
fuel-radical decomposition-chemistry process has to be relaxed. However, this will lead

to a formula not as simple as the one obtained in this study.



APPENDIX 1

THE SAN DIEGO MECH

All the elementary reactions in the San Diego Mech that were used in calculations

for ethanol combustion are reported in the Table Al.1 along with their reaction-rate

parameters. The references for the reaction-rate constants are provided. The
modifications made to the reaction mechanism based on this study are marked as [TS].
Further extensions to the San Diego Mech are reported for propane [11], propene [11],
propyne [11], and allene [11], n-heptane [13], JP-10 [14], and NOy [15, 16]. In the

calculations the reactions related with fuels with three carbon atoms were taken from [11]

and the reactions related with nitrogen chemistry were taken from [15, 16].

Table A1.1 Chemical-Kinetic Mechanism for Ethanol

Reaction A? n* E? Reference
Hydrogen-Oxygen Chain
.H+0,>OH+O0 3.52x10"  -0.70 714 [1]
2.H,+0 > OH+H 5.06x10™ 270 263 [2]
3.H,+OH » H,0+H 1.17x10” 130 152 [3]
4.H,0+ 0 - OH + OH 7.60x10° 380 534 [2]
Direct Recombination
5 H+H+M > H, + M 1.30x10"  -1.00 0.0 [TS]®
6. H+ OH + M - H,0 + M 4.00x10%  -2.00 0.0 [TS]
7.0+0+M - 0, +M 6.17x10"°  -0.50 0.0  [TS]
8 H+O+M > OH+M 471x10"™  -1.00 0.0 [TS]
9. O+ OH +M - HO, + M 8.00x10”  0.00 0.0 [TS]
Hydroperoxyl Reactions
102 H+ O, + M - HO, + M ko  5.75x10"  -1.40 0.0 [TS]
k,  4.65x10" 040 0.0

11. HO,+ H - OH + OH 7.08x10° 000 12  [4]
12.HO,+H > H, + O, 1.66x10°  0.00 34 [4]
13. HO,+ H - H,0+ O 3.10x10%  0.00 72  [5]
14. HO,+ O — OH + O, 2.00x10”  0.00 0.0 [6]
15. HO,+ OH - H,0 + O, 2.89x10%  0.00 -2.1 [5]

199
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Reaction A? n* E? Reference
Hydrogen Peroxide Reactions
16". OH+ OH+ M - H,0, + M ko  230x 10"®  -090 -7.1 [TS]
k, 7.40x10" -0.40 0.0
17. HO, + HO; - H,0, + O, 3.02x10” 000 58 [2]
18. H,0,+ H - HO, + H, 479x10"°  0.00 333 [2]
19. H,0,+ H - H,0 + OH 1.00x10"°  0.00 150 [2]
20. H,0,+ OH — H,0 + HO, 7.08x10”  0.00 6.0 [2]
21. H,0,+ 0 - HO, + OH 9.63x10° 200 16.7 [2]
Conversion of CO to CO,
22.CO+0OH - CO,+H 4.40x10° 150 -3.1 [7]
23.CO+HO, - CO, + OH 6.00x10"°  0.00 96.0 [7]
24.CO+ 0, CO,+ 0 1.00x10"”  0.00 199.4 [TS]
‘ Formyl (HCO) Reactions
25 HCO+M - CO+H+M 1.86x10"7  -1.00 71.1 [8]
26. HCO+H - CO + H, 5.00x10"°  0.00 0.0 [TS]
27.HCO+ O - CO + OH 3.00x10°  0.00 0.0 [7]
28. HCO+0 - CO, +H 3.00x10°  0.00 0.0 [7]
29. HCO+ OH - CO + H,0 3.00x10%  0.00 0.0 [9]
30. HCO+ O, - CO + HO, 7.58x10”  0.00 1.7  [10]
31. HCO+ CH; - CO + CH,4 5.00x10"°  0.00 0.0 [TS]
Formaldehyde (CH,0) Reactions
32 H+HCO +M - CH,0 + M ko 1.35x10* 2,60 1.8 [TS]
k, 1.09x107 048 -1.1
33. CH,O+ H - HCO + H, 5.74x10”7 190 11.5 [TS]
34. CH,O+ O - HCO + OH 3.50x10°  0.00 147 [7]
35. CH,O+ OH — HCO + H,0 3.90x10" 089 1.7 [7]
36. CH,0+ 0, » HCO + HO, 6.00x10"  0.00 1702 [TS]
37. CH,0 + HO, — HCO + H,0, 411x10% 250 427 [TS]
Methane (CH4) Consumption
38. CH4; + H - H, + CH; 1.30x10™  3.00 33.6 [I1]
39. CH,; + OH — H,0 + CH; 1.60x10°”  1.83 11.6 [I1]
40. CH4 + O — OH + CH; 1.90x10” 144 363 [11]
41. CH4 + O, —» HO, + CH; 3.98x10"” 144 238.0 [l1]
42. CH4 + O, —> H,0, + CH; 9.03x10"  0.00 103.1 [11]
Methyl (CH3) Reactions
43.CH; +H — T-CH,+ H, 1.80x10"™  0.00 632 [11]
44.CH; + H - S-CH, + H, 1.55x10'*  0.00 56.4 [I1]
45. CH; + OH — S-CH, + H,0 4.00x10"°  0.00 10.5 [TS]
46. CH; + O — CH,0+ H 8.43x10”  0.00 00 [I1]
47.CH; + T-CH, —» C,H, + H 422x10%  0.00 0.0 [I1]
48. CH; + HO, — CH;0+ OH 5.00x10”  0.00 0.0 [11]
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Table Al.1 Continued

Reaction A? n* E? Reference
49. CH; + O, — CH,0+ OH 330x10"  0.00 374 [l1]
50. CH; + O, - CH;0+ O 1.10x10"  0.00 1164 [TS]
51. CH; + CH; - C,Hs+ H, 1.00x10'"*  0.00 133.9 [I1]
52.CH; + CH; > C,Hg+ H 3.16x10"°  0.00 61.5 [l1]
53 H+ CH; + M —» CH; + M ko  247x10*  -476 102 [TS]
k, 127x10" 063 16
54™ CH; + CH; + M — CoHg+ M ko 1.27x10"  -7.00 11.6 [11]

k 1.81x10”  0.00 0.0
Singlet Methylene (S-CH,) Reactions

55.S-CH, + OH — CH,0+ H 3.00x10°  0.00 0.0 [l1]
56.S-CH, + O, > CO+ OH + H 3.13x10%  0.00 0.0 [I1]
57.S-CH, + CO, - CO+ CH,0O 3.00x10"”  0.00 0.0 [11]
58, S-CH, + M - T-CH,+M 6.00x10”  0.00 0.0 [l1]
Triplet Methylene (T-CH,) Reactions
59. T-CH, + H » CH+ H, 6.02x10”  0.00 -7.5 [l1]
60. T-CH, + OH » CH,O+H 2.50x10°  0.00 0.0 [I1]
61. T-CH, + OH —» CH+ H,0 1.13x10”7  2.00 12.6 [11]
62. T-CH, + O - CO+H+H 8.00x10"”  0.00 0.0 [I1]
63. T-CH, + O - CO+ H, 4.00x10°  0.00 0.0 [I1]
64. T-CH, + O, - CO,+H, 2.63x10”  0.00 62 [I1]
65. T-CH, + 0, > CO+OH +H 6.58x10"%  0.00 62 [I1]
66. T-CH, + T-CH, » C;H,+H+H 1.00x10"*  0.00 0.0 [11]
Methyne (CH) Reactions
67.CH+0 —» CO+H 4.00x10"°  0.00 0.0 [I1]
68. CH+ 0, > HCO+O 1.77x10""  0.76 -2.0 [I1]
69. CH+ H,0 »> CH,O+H 1.17x10"°  -0.75 0.0  [I1]
70. CH + CO, - HCO+ CO 480x10°" 322 -13.5 [I11]
Methoxy (CH30) Reactions
71. CH;0 + H - CH,0O + H, 2.00x10%  0.00 0.0 [I1]
72. CH;0 + H —» S-CH,+ H,0 1.60x10"”  0.00 0.0 [I1]
73. CH;0 + OH — CH,0 + H,0 50010  0.00 0.0 [I1]
74. CH;0 + O — CH,0+ OH 1.00x10"”  0.00 0.0 [11]
75. CH30 + O, — CH,0 + HO, 428x10"%  7.60 -14.8 [I1]
76. CH;0 +M - CH, O+ H + M 7.78x10°  0.00 56.5 [TS]
Ethane (C,Hg) Reaction
77. C,He + H > C,Hs + H, 5.40x10% 350 21.8 [11]
78. C,Hg + O — C,Hs+ OH 1.40x10%° 430 11.6 [I11]
79. C,Hg + OH — C,Hs + H,0 220x10° 190 47  [11]
80. C,H, + CH; — C,Hs+ CH,4 550x10°"  4.00 347 [11]

81", C,Hs + M — CoHs + H+ M ko 490%x10%  -6.43 4484 [I1]
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k, 885x10*  -1.23 4277
82. C,Hg + HO, — CoHs + Hy0, 1.32x10%  0.00 856 [TS]
Ethyl (C,Hs) Reactions
83. C,Hs + H > C,H;+ H, 3.00x10"°  0.00 0.0 [l1]
84. C,Hs + O — C,H,+ OH 3.06x10°  0.00 0.0 [l1]
85. C,Hs + O — CH;3+ CH,0 424x10%  0.00 0.0 [11]
86. C,Hs + O, » C,H4+ H,0 2.00x10”  0.00 209 [I1]
87°. C,Hs + M — CHy+ H+ M ko  3.99x10°  -499 167.4 [11]
k, L11x10"°  1.04 53.8
Ethene (C,H4) Reactions
88. C,H, + H - C,H; + H, 449%x10”7  2.12 559 [I1]
89. C,H; + OH — C,H3+ H,0 553x10° 231 124 [l11]
90. C,H, + O — CH3 + HCO 225x10% 2,08 0.0 [I1]
91. C,Hs + O > CH,CHO + H 1.21x10°  2.08 0.0 [I1]
92. C,H, + C,Hy — CoHj + CoHs 5.01x10"  0.00 270.7 [11]
93. C,H; + 0, »> C,H; + HO, 422x10%  0.00 241.1 [I11]
94. C,H, + HO, » C,H40 + OH 223x10%  0.00 719 [I11]
95. C,H40 + HO, — CH3 + CO + H,0, 4.00x10"”  0.00 712 [11]
96%. C,Hs + M — CoHs + H+ M 2.60x10"7  0.00 404.0 [11]
97%. C;Hy + M — CoH, + Hy + M 3.50x10'°  0.00 299.3 [l1]
Vinyl (C;H3) Reactions
98. C,H; + H > C,H, + H, 4.00%x10%  0.00 00 [TS]
99°. C,H; + M —» C;H, + H+ M ko 1.51x10"  0.10 136.7 [11]
k, 638x10”  1.00 1574 [11]
100. C,H; + O, - CH,O + HCO 1.70x10%¥  -531 272 [11]
101. C,H; + O, - CH,CHO + O 7.00x10"  -0.61 22.0 [l1]
102. C,H; + O, > C,H, + HO, 5.19x10”  -126 139 [11]
Acetylene (C,H;) Reactions
103. C,H, + O - HCCO +H 4.00x10"™  0.00 446 [11]
104. C,H, + O > T-CH, + CO 1.60x10'"*  0.00 41.4 [I11]
105. C,H, + 0, - CH,0 + CO 4.60x10"°  -0.54 188.0 [I11]
106. C,H, + OH - CH,CO +H 1.90x10”  1.70 42  [11]
107. C,H, + OH —» C,H + H,0 337x10”  2.00 58.6 [l1]
CH,CO Reactions
108. CH,CO + H —» CH; + CO 1.50x10% 143 113 [I11]
109. CH,CO + O — T-CH, + CO, 2.00x10"%  0.00 9.6 [11]
110. CH,CO + O —» HCCO + OH 1.00x10%  0.00 84 [I1]
111. CH,CO + CH; —» C,Hs+ CO 9.00x10"  0.00 0.0 [l1]

HCCO Reactions
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112. HCCO + H —» S-CH, + CO 1.50x10"  0.00 0.0 [I1]
113. HCCO + OH — HCO + CO +H 2.00x10"”  0.00 0.0 [11]
114. HCCO+0 > CO+CO+H 9.64x10”  0.00 0.0 [11]
115. HCCO + 0, - CO +CO + OH 2.88x10” 170 42  [I11]
116. HCCO + 0, - CO,+CO +H 1.40x10” 170 42  [11]
C,H Reactions
117. C,H+ OH —» HCCO +H 2.00x10°  0.00 0.0 [I1]
118.C,H+ 0 — CO+CH 1.02x10"%  0.00 0.0 [I1]
119. C,H+ 0, > HCCO + O 6.02x10"  0.00 0.0 [11]
120. C,H+ O, - CH + CO, 450%x10”  0.00 105.0 [I1]
121. C,H + 0, - HCO + CO 241x10%  0.00 0.0 [I1]
Hydroxymethyl (CH,OH) Reactions
122. CH,OH + H > CH,O + H, 3.00x10”%  0.00 0.0 [11]
123. CH,OH + H —» CH;+ OH 2.50x10"7  -0.93 21.5 [TS]
124. CH,OH + OH — CH,0 + H,0 240x10°  0.00 0.0 [I1]
125. CH,OH + O, —» CH,O0 + HO, 5.00x10”  0.00 0.0 [l1]
126". CH,OH+M - CH,0 +H+M 5.00x10"  0.00 105.1 [11]
1275, CH;0 + M — CH,OH +M 1.00x10"™  0.00 80.0 [I1]
128. CH,CO + OH — CH,0H + CO 1.02x10"°  0.00 0.0 [I1]
Methanol (CH3OH) Reactions
129. CH;0H + OH — CH,OH + H,0 1.44x10%°  2.00 -3.5 [I1]
130. CH;0H + OH — CH;0 + H,0 4.40x10 2,00 63 [TS]
131. CH;O0H + H —» CH,OH + H, 1.35x10% 320 14.6 [TS]
132. CH;OH + H — CH;0 + H, 6.83x10" 340 303 [TS]
133. CH;0H + O - CH,OH + OH 1.00x10"”  0.00 19.6 [I11]
134. CH;0H + HO, - CH,OH + H,0, 6.20x10"%  0.00 81.1 [I1]
135. CH;0H + O, - CH,OH + HO, 2.00x10"  0.00 188.0 [11]
136". CH;OH + M — CH3+ OH + M ko 2.95x10  -7.35 3994 [TS]
k, 1.90x10" 000 383.8
CH,CHO Reactions
137. CH,CHO — CH,CO + H 1.05x10°7  -7.19 185.5 [I1]
138. CH,CHO + H — CH3 + HCO 5.00x10%  0.00 0.0 [12]
139. CH,CHO + H — CH,O + H, 2.00x10"%  0.00 0.0 [12]
140. CH,CHO + O — CH,0 + HCO 1.00x10"™  0.00 0.0 [12]
141. CH,CHO + OH - CH,CO + H,0 3.00x10”  0.00 0.0 [I2]
142. CH,CHO + O, - CH,0 + CO + OH 3.00x10"°  0.00 0.0 [12]
143. CH,CHO + CH; — C,Hs + CO + H 490x10"  -0.50 0.0 [12]
144. CH,CHO + HO, — CH,O + HCO + OH 7.00x10”  0.00 0.0 [12]
145. CH,CHO + HO, - CH;CHO + O, 3.00x10"%  0.00 0.0 [I2]
146. CH,CHO — CH; + CO 1.17x10"%  -9.80 183.3 [12]
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Acetaldehyde (CH3CHO) Reactions
147. CH;CHO — CH; + HCO 7.00x10"”  0.00 341.8 [12]
148%. CH;CO + M — CH; + CO +M ko 120x10"”  0.00 523 [12]
k, 3.00x10”  0.00 69.9
149. CH;CHO + OH — CH;CO + H,0 337x10% 000 -2.6 [12]
150. CH3;CHO + OH — CH,CHO + H,0 337x10"  0.00 -2.6 [l12]
151. CH;CHO + O — CH;CO + OH 1.77x10"®  -1.90 12.5 [12]
152. CH3;CHO + O — CH,CHO + OH 3.72x10° 020 149 [12]
153. CH;CHO + H — CH;CO + H, 4.66x10°  -030 12.5 [12]
154. CH;CHO + H - CH,CHO + H, 1.85x10" 040 224 [12]
155. CH3;CHO + CH; - CH3CO + CH,4 3.90x107 580 9.2  [I2]
156. CH;CHO + CH3 — CH,CHO + CH,4 245x10°"  3.10 24.0 [12]
157. CH;CHO + HO, — CH3CO + H,0, 3.60x10°  -220 586 [12]
158. CH3;CHO + HO, — CH,CHO + H,0, 232x10" 040 623 [12]
159. CH;CHO + O, — CH;CO + HO, 1.00x10"  0.00 176.6 [12]
Ethanol (C,HsOH) Reactions
160". C,HsOH + M — CH;+ CH,OH +M kg 3.0x10' 0.00 2424 [TS]
k, 500x10” 000 342.8
161". C,HsOH+M — C,H;+ H,O+M ko 1.0x10" 0.00 2257 [TS]
k, 800x10” 000 2717
162. C,HsOH + OH - CH,CH,OH + H,0 1.81x10" 040 3.0 [12]
163. C,HsOH + OH — CH;CHOH + H,0 3.09x10"° 050 -1.6 [12]
164. C,HsOH + OH — CH;3;CH,0 + H,0 1.05x10"°  0.80 3.0 [I12]
165. C,HsOH + H — CH,CH,OH + H, 1.90x10  1.80 21.3 [12]
166. C,HsOH + H — CH;CHOH + H, 2.60x10”7 160 11.8 [I12]
167. C,HsOH + H — CH;CH,O + H, 1.50x107  1.60 12.7 [12]
168. C,HsOH + O —» CH,CH,OH + OH 9.41x10” 170 22.8 [12]
169. C,HsOH + O —» CH3CHOH + OH 1.88x107 190 7.6 [12]
170. C,HsOH + O — CH;CH,O + OH 1.58x10”  2.00 18.6 [I12]
171. C,HsOH + CH; — CH,CH,OH + CH,4 2.19x10% 320 403 [12]
172. C,HsOH + CH; — CH;CHOH + CH, 7.28x10%  3.00 333 [I2]
173. C,HsOH + CH3 — CH3CH,0 + CH,4 1.45%x10%  3.00 32.0 [12]
174. C,HsOH + HO, — CH,CH,OH + H,0, 8.20x10” 250 452 [12]
175. C,HsOH + HO, — CH;CHOH + H,0, 243x10% 250 66.1 [12]
176. C,HsOH + HO, —» CH;CH,0 + H,0, 3.80x10”  0.00 1004 [12]
C,H;50 Reactions
177. C,H, + OH - CH,CH,OH 241x10"  0.00 -9.9 [I12]
178. C,Hs + HO, — CH3CH,O + OH 4.00x10"°  0.00 0.0 [12]
179%. CH;CH,O + M — CH;CHO + H + M 5.60x10*  -5.90 1059 [12]
180*. CH;CH,0 + M - CH; + CH,O + M 535x107  -7.00 99.6 [12]
181. CH;CH,O + O, - CH;CHO + HO, 4.00%x10"°  0.00 4.6 [12]
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Reaction A? n* E? Reference
182. CH3;CH,O + CO — C,Hs + CO, 4.68x10% 320 225 [12]
183. CH;CH,O + H - CH; + CH,OH 3.00x10”%  0.00 0.0 [12]
184. CH;CH,O + H — C,H,4 + H,O 3.00x10° 000 0.0 [12]
185. CH3;CH,O + OH — CH;CHO + H,O 1.00x10%  0.00 0.0 [I12]
186. CH;CHOH + O, — CH;CHO + HO, 4.82x10°  0.00 21.0 [12]
187. CH;CHOH + O - CH3CHO + OH 1.00x10'"*  0.00 0.0 [I12]
188. CH;CHOH + H — C,H, + H,0 3.00x10° 000 0.0 [12]
189. CH;CHOH + H - CH; + CH,OH 3.00x10”%  0.00 0.0 [12]
190. CH;CHOH + HO, > CH;CHO + OH + OH  4.00x10"  0.00 0.0  [12]
191. CH;CHOH + OH —s CH;CHO + H,0 5.00x10” 000 0.0 [12]
192%. CH;CHOH + M — CH;CHO + H + M 1.00x10™  0.00 104.6 [12]
*Specific reaction-rate constant k = AT ne=k ROT; units mol/cm3, s'l, K, kJ/mol.

®[TS] stands for This study

‘Chaperon efficiencies are 2.5 for Hy, 12.0 for H,0, 1.9 for CO, 3.8 for CO,, 0.5 for Ar
and He and 1.0 for all other species.

dChaperon efficiencies are 2.5 for H,, 12.0 for H,O, 1.9 for CO, 3.8 for CO,, 0.4 for Ar
and He and 1.0 for all other species.

“Chaperon efficiencies are 2.5 for Hy, 12.0 for H,0, 1.9 for CO, 3.8 for CO,, 0.2 for Ar
and He and 1.0 for all other species.

fChaperon efficiencies are 2.5 for Hy, 12.0 for H,0, 1.9 for CO, 3.8 for CO,, 0.7 for Ar
and He and 1.0 for all other species.

£Chaperon efficiencies are 2.5 for H,, 16.0 for H,O, 1.2 for CO, 2.4 for CO,, 0.7 for Ar
and He and 1.0 for all other species; Troe falloff with F. = 0.5.

hChaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 0.4 for Ar
and He and 1.0 for all other species; Troe falloff with F,. = 0.265 exp (-7/94 K) + 0.735
exp (-7/1756 K) + exp (-5182 K/T).

'Chaperon efficiencies are 1.9 for H,, 12.0 for H,O, 2.5 for CO, 2.5 for CO, and 1.0 for
all other species.

JChaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 3.0 for CHy,
3.0 for C;Hg, 0.7 for Ar and 1.0 for all other species; Troe falloff with F. =0.2176 exp (-
7/271.0 K) + 0.7824 exp (-7/2755.0 K) + exp (-6570.0 K/T).

kChaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
0.7 for Ar and 1.0 for all other species

"Troe falloff with F, = 0.217 exp (-7774.0 K) + 0.783 exp (-772941.0 K) + exp (-6964.0
K/T).

"Chaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
3.0 C,Hg, 0.7 for Ar and 1.0 for all other species; Troe falloff with F. = 0.38 exp (-7/73.0
K) +0.62 exp (-7/1180.0 K).

"Chaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
3.0 CyHg, 0.7 for Ar and 1.0 for all other species; Troe falloff with . = 0.16 exp (-
7/125.0 K) + 0.84 exp (-7/2219.0 K) + exp (-6882.0 K/T).
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°Chaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
0.7 for Ar and 1.0 for all other species; Troe falloff with F. = 0.832 exp (-77/1203.0 K) +
0.168 exp (-7/0.0 K).

PChaperon efficiencies are 2.0 for Hy, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
0.7 for Ar and 1.0 for all other species; Troe falloff with . = 0.586 exp (-77279.0 K) +
0.414 exp (-7/5459.0 K).

IChaperon efficiencies are 2.0 for H,, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
0.7 for Ar and 1.0 for all other species; Troe falloff with F. = 1.0.

‘Chaperon efficiencies are 2.0 for Hy, 6.0 for H,O, 1.5 for CO, 2.0 for CO,, 2.0 for CHy,
0.7 for Ar and 1.0 for all other species; Troe falloff with F. = 0.5.
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APPENDIX 2
VAPORIZER TEMPERATURE

During our experiments, a vaporizer was used to vaporize ethanol fuel. The
vaporizer was elevated to a temperature based on the molefraction of the fuel required in
the fuel stream. These temperatures can be obtained using Classius-Clapeyron equation
or Antoine equation. These equations basically relate the partial pressure of the fuel in

fuel-nitrogen mixture with the temperature.

A2.1 NONPREMIXED FLAME

In the nonpremixed case, the molefraction of ethanol in the fuel stream was equal to

0.3.

Classius Clapeyron equation

Pl hufl 1
5w v

where, boiling point of ethanol at atmospheric pressure, T = 78.3 °C = 351.3 K; latent

heat of vaporization, hy, = 840 kJ/kg; Gas constant, R = R°/MW = 0.181 kJ/kg K. The
data was obtained from [1].

Since, in nonpremixed case, P»/P; = 0.3, hence, vaporizer temperature, T, = 322.0

208



209

Antoine formula

B
1 P)=A— 2
Oglo( v) (+C (2)

where, vapor pressure in mm of Hg, P, = 0.3*760 = 228 mm; t is in degree celcius. Using

constants, A 8.04494, B = 1554.3, (C=222.65, for ethanol from [2], vaporizer

temperature, t = 50.7 °C = 323.9 K

A2.2 PARTIALLY PREMIXED FLAME

In partially premixed case, fuel stream consists of Xc,uson = 0.1385, Xy, =

0.6803, Xo,=0.1812.

Classius Clapeyron equation

Since in the vaporizer, only nitrogen flow through the vaporizing fuel, P»/P, =

0.1692; using equation 1, vaporizer temperature, T, = 309.7 K

Antoine formula

The vapor pressure in mm of Hg in the vaporizer, P, = 0.1692*760 = 128.6 mm.
Using equation 2, vaporizer temperature, t = 39.2 °C = 312.3 K.
For both the nonpremixed and partially premixed systems the values of the

vaporizer temperature calculated with Antoine equation were used in the experiments.
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APPENDIX 3
HYDROGEN AUTOIGNITION RESULTS

The hydrogen submechanism of the San Diego Mech was tested for autoignition
delay times [1] against the selected experimental data under various conditions of
pressure and composition. This mechanism has been tested for laminar burning velocities
and diffusion-flame extinction in Chapter 4 of this study. The updates to this mechanism
based on these tests are discussed. The autoignition calculations for the selected
experiments in [1] are repeated here for isochoric, homogeneous, and adiabatic system
with updated hydrogen mechanism. The ignition time in calculations is the time when
maximum temperature inflection occurs. Figure A3.1 shows the comparison of
experimental data (symbols) with the predictions (solid line) of the San Diego Mech. The
agreements between predictions and the data are as good as those in [1]. The discrepancy
in the data [2] and predicted values at high temperatures can be attributed to the different
ignition criteria used in experiments and calculations. Experimental ignition delay time

was based on the onset of light emission.
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Figure A3.1 Measured and predicted autoignition delay times for hydrogen-oxygen-inert
mixtures; solid diamonds [2] ¢=1.0 (29.6% H,, 14.8% O,, and 55.6% N, by volume) at
pressure 0.43 bar, solid squares [2] ¢=0.1 (4.0% H,, 20.2% O,, and 75.8% N, by volume)
at pressure 0.45 bar; solid triangles [3] ¢=1.0 (29.6% H,, 14.8% O,, and 55.6% N, by
volume) at pressure 2.5 bar; open circles [4] ¢=1.0 (2.0% Hy, 1.0% O,, and 97.0% Ar by
volume) at pressure 33 bar; open triangles [5] ¢=0.42 (15.0% H,, 17.85% O,, and
67.15% N3 by volume) at pressure 4.0 bar; solid circle [5] ¢=0.42 (9.0% Haz, 10.71% O,
40.0% H,0, and 40.29.0% N, by volume) at pressure 4.5 bar; solid line represents
prediction of the San Diego Mech.
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