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ABSTRACT
Experiment and Simulation of Autoignition in Jet
Flames and its Relevance to Flame Stabilization
and Structure
Saeed Mohammed Al-Noman

Autoignition characteristics of pre-vaporized iso-octane, primary reference fuels,
gasolines, and dimethyl ether (DME) have been investigated experimentally in a coflow
with elevated temperature of air. With the coflow air at relatively low initial temperatures
below autoignition temperature Tauto, an external ignition source was required to stabilize
the flame. Non-autoignited lifted flames had tribrachial edge structures and their liftoff
heights correlated well with the jet velocity scaled by the stoichiometric laminar burning
velocity, indicating the importance of the edge propagation speed on flame stabilization
balanced with local flow velocity. At high initial temperatures over Tauto, the autoignited
flames were stabilized without requiring an external ignition source. The autoignited
lifted flames exhibited either tribrachial edge structures or Mild combustion behaviors
depending on the level of fuel dilution.
For the iso-octane and n-heptane fuels, two distinct transition behaviors were
observed in the autoignition regime from a nozzle-attached flame to a lifted tribrachialedge flame and then a sudden transition to lifted Mild combustion as the jet velocity
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increased at a certain fuel dilution level. The liftoff data of the autoignited flames with
tribrachial edges were analyzed based on calculated ignition delay times for the prevaporized fuels. Analysis of the experimental data suggested that ignition delay time may
be much less sensitive to initial temperature under atmospheric pressure conditions as
compared with predictions. For the gasoline fuels for advanced combustion engines
(FACEs), and primary reference fuels (PRFs), autoignited liftoff data were correlated
with Research Octane Number and Cetane Number.
For the DME fuel, planar laser-induced fluorescence (PLIF) of formaldehyde
(CH2O) and CH* chemiluminescence were visualized qualitatively. In the autoignition
regime for both tribrachial structure and mild combustion, formaldehyde were found
mainly between the fuel nozzle and the lifted flame edge. On the other hand, they were
formed just prior to the flame edge for the non-autoignited lifted flames. The effect of
fuel pyrolysis and partial oxidation were found to be important in explaining autoignited
liftoff heights, especially in the Mild combustion regime.
Flame structures of autoignited flames were investigated numerically for syngas
(CO/H2) and methane fuels. The simulations of syngas fuel accounting for the differential
diffusion have been performed by adopting several kinetic mechanisms to test the models
ability in predicting the flame behaviors observed previously. The results agreed well
with the observed nozzle-attached flame characteristics in case of non-autoignited flames.
For autoignited lifted flames in high temperature regime, a unique autoignition behavior
can be predicted having HO2 and H2O2 radicals in a broad region between the nozzle and
stabilized lifted flame edge.
Autoignition characteristics of laminar nonpremixed methane jet flames in highii

temperature coflow air were studied numerically. Several flame configurations were
investigated by varying the initial temperature and fuel mole fraction. Characteristics of
chemical kinetics structures for autoignited lifted flames were discussed based on the
kinetic structures of homogeneous autoignition and flame propagation of premixed
mixtures. Results showed that for autoignited lifted flame with tribrachial structure, a
transition from autoignition to flame propagation modes occurs for reasonably
stoichiometric mixtures. Characteristics of Mild combustion can be treated as an
autoignited lean premixed lifted flame. Transition behavior from Mild combustion to a
nozzle-attached flame was also investigated by increasing the fuel mole fraction.

Keywords: Autoignition, Flame stabilization, Liftoff height, Ignition delay time, Coflow,
Jet flame, Tribrachial flame, Mild combustion, Syngas, Methane, Dimethyl ether, nheptane,

iso-octane,

Ethanol,

Gasoline

Formaldehyde

iii

FACEs,

Laser-induced

fluorescence,

ACKNOWLEDGEMENTS
I would like to thank my advisor Professor Suk Ho Chung for the continuous support and
valuable advices. He has helped me a lot in practicing broad scientific research
experience and acquiring extensive knowledge during my PhD study. I really appreciate
his great efforts.
I would like also to thank my committee chair, Professor William Roberts, and my
committee members, Professor Mani Sarathy, and Professor Jeong Park, for their
valuable guidance and support.
My appreciation also goes to my friends and colleagues and the CCRC faculty and staff
for making my time at King Abdullah University of Science and Technology a great
experience. I would like to thank Professor Min Suk Cha for his great advice and
support. Also, I really appreciate the support and guidance from Dr. Sang Kyu Choi and
Dr. Byung Chul Choi. They helped me a lot to proceed with both experimental and
numerical procedures and analysis. I would also like to thank Mr. Issam Khesho for the
valuable technical support in conducting experiments. Special thanks go to my intimate
friends Mohammed Ismail, Ossama Mannaa, and Ahmed Abdelgadir. They always help,
advise, and support me throughout my PhD study.
Finally, my heartfelt gratitude is extended to my mother for her continuous
encouragement and to my wife for her patience and support.

iv

TABLE OF CONTENTS
Page

ABSTRACT.................................................................................................... I
ACKNOWLEDGEMENTS ....................................................................... IV
TABLE OF CONTENTS ............................................................................. V
LIST OF ILLUSTRATIONS.................................................................. VIII
LIST OF TABLES ................................................................................... XIII
1. INTRODUCTION .....................................................................................1
1.1 OVERVIEW.................................................................................................................. 1
1.2 FUTURE FUELS AND ADVANCED COMBUSTION ENGINES.............................................. 3
1.3 AUTOIGNITION PHENOMENON .................................................................................... 6
1.4 STABILIZATION OF LIFTED FLAMES IN MIXING LAYERS ............................................... 9
1.5 COMBUSTION MODELING AND KINETIC MECHANISMS ............................................... 15
1.6 OVERVIEW OF PRESENT STUDY ................................................................................. 18

2. AUTOIGNITION CHARACTERISTICS OF LAMINAR LIFTED
JET FLAMES OF PRE-VAPORIZED ISO-OCTANE IN HEATED
COFLOW AIR .............................................................................................21
2.1 INTRODUCTION ......................................................................................................... 21
2.2 EXPERIMENT ............................................................................................................ 23
2.3 RESULTS AND DISCUSSION ....................................................................................... 25
2.3.1 Non-autoignited lifted flames ........................................................................... 26
2.3.2 Autoignited lifted flames ................................................................................... 31
2.3.3 Transition from non-autoignited to autoignited regimes ................................. 41
2.4 CONCLUDING REMARKS ........................................................................................... 44

3. AUTOIGNITED LIFTED FLAMES OF PRE-VAPORIZED
GASOLINE SURROGATE FUELS IN HEATED COFLOW AIR.......46
3.1 INTRODUCTION ......................................................................................................... 46
3.2 EXPERIMENT ............................................................................................................ 48
3.3 RESULTS AND DISCUSSION ....................................................................................... 49
3.3.1 Autoignited lifted flames with tribrachial edge ................................................ 50
3.3.2 Liftoff heights and ignition delay times ............................................................ 55
v

3.3.3 Further analysis for PRFs autoignition............................................................ 60
3.4 CONCLUDING REMARKS ........................................................................................... 65

4. SIMULATION OF NON-AUTOIGNITED AND AUTOIGNITED
LAMINAR NONPREMIXED JET FLAMES OF SYNGAS IN
HEATED COFLOW AIR ...........................................................................67
4.1 INTRODUCTION ......................................................................................................... 67
4.2 NUMERICAL SIMULATION ......................................................................................... 69
4.3 RESULTS AND DISCUSSION ....................................................................................... 70
4.3.1 Non-autoignited nozzle-attached flame ............................................................ 70
4.3.2 Autoignited lifted flame .................................................................................... 73
4.3.3 Ignition sequence of autoignited lifted flame ................................................... 79
4.3.4 Liftoff height correlation .................................................................................. 81
4.3.5 Comparison with experiment and kinetic mechanisms..................................... 83
4.4 CONCLUDING REMARKS ........................................................................................... 87

5. NUMERICAL STUDY OF LAMINAR NONPREMIXED
METHANE FLAMES IN COFLOW JETS: AUTOIGNITED LIFTED
FLAMES WITH TRIBRACHIAL EDGES AND MILD
COMBUSTION AT ELEVATED TEMPERATURES ...........................88
5.1 INTRODUCTION ......................................................................................................... 88
5.2 NUMERICAL SIMULATION ......................................................................................... 91
5.3 RESULTS AND DISCUSSION ....................................................................................... 92
5.3.1 Non-autoignited nozzle-attached flame ............................................................ 93
5.3.2 Autoignited lifted flame with tribrachial edges ................................................ 96
5.3.3 Autoignited lifted flame with mild combustion ............................................... 105
5.3.4 Transition from mild combustion to nozzle-attached flame regimes .............. 113
5.4 CONCLUDING REMARKS ......................................................................................... 118

6. AUTOIGNITED LIFTED FLAMES FOR DIMETHYL ETHER
(DME) IN HEATED COFLOW AIR ......................................................120
6.1 INTRODUCTION ....................................................................................................... 120
6.2 EXPERIMENT .......................................................................................................... 122
6.3 RESULTS AND DISCUSSION ..................................................................................... 125
6.3.1 Visualization and Structure of DME Lifted Flames ....................................... 126
6.3.2 Liftoff Heights of Autoignited Flames with Tribrachial Structure ................. 131
6.3.3 Liftoff Heights of Autoignited Flames with Mild Combustion ........................ 138
6.3.4 DME as Autoignition Improver for Methane Lifted Flames .......................... 140
6.4 CONCLUDING REMARKS ......................................................................................... 142

vi

7. CONCLUSIONS AND FUTURE WORK ..........................................144
7.1 CONCLUDING REMARKS ......................................................................................... 144
7.1.1 Experiments of autoignited lifted flames for pre-vaporized liquid fuels ........ 144
7.1.2 Simulations of syngas and methane autoignited lifted flames ........................ 145
7.1.3 Experiments of dimethyl ether (DME) lifted flames ....................................... 147
7.2 FUTURE WORK AND RECOMMENDATIONS .............................................................. 148

REFERENCES ..........................................................................................150
APPENDICES ............................................................................................158

vii

LIST OF ILLUSTRATIONS
Page
Figure 1.1 Configurations of various engines [4] ............................................................... 5
Figure 1.2 Schematic of diesel fuel spray jet [15] ............................................................ 10
Figure 1.3 Direct photograph and schematic of tribracial lifted flame. ............................ 11
Figure 1.4 Roadmap of combustion kinetics modeling development [52] ....................... 18
Figure 2.1 Experimental schematic [69] ........................................................................... 24
Figure 2.2 Photographs of non-autoignited iso-octane flames at T0 = 800 K and XF,0 =
0.030; nozzle-attached flames for (a) U0 = 1.0 m/s, (b) 1.2 m/s and lifted flames with
tribrachial edges for (c) 1.6 m/s, (d) 3.8 m/s. .................................................................... 27
Figure 2.3 Liftoff height for non-autoignited lifted flames in relation to fuel jet velocity
for iso-octane and n-heptane fuels. ................................................................................... 27
Figure 2.4 Liftoff height for non-autoignited iso-octane flames in relation to fuel jet
velocity scaled with stoichiometric laminar burning velocity. ......................................... 30
Figure 2.5 Autoignited flames of iso-octane: nozzle-attached flame (a), lifted flames with
tribrachial edges (b-d) and lifted flames with mild combustion (e-f). .............................. 33
Figure 2.6. Autoignited liftoff height in relation to jet velocity exhibiting two distinct
transition behaviors. .......................................................................................................... 34
Figure 2.7. Liftoff height in relation to jet velocity for autoignited lifted flames with
tribrachial edges at several initial temperatures and fuel mole fractions. ......................... 35
Figure 2.8 The calculated adiabatic ignition delay time as a function of inverse
temperature for iso-octane and n-heptane. ........................................................................ 36
Figure 2.9 Correlations of liftoff height with calculated adiabatic ignition delay times for
autoignited flames with tribrachial edges. ........................................................................ 38
Figure 2.10 Modified correlations of liftoff height with experimentally determined bestfit activation temperatures for autoignited lifted flames with tribrachial edges. .............. 40
Figure 2.11 Autoignited liftoff height in relation to jet velocity in the mild combustion
regime for iso-octane and n-heptane. ................................................................................ 41

viii

Figure 2.12 Liftoff height behavior in transition regime with air and oxygen-enriched
conditions. ......................................................................................................................... 43
Figure 3.1 Measured lift-off height with fuel jet velocity for various fuels at (a) 960 and
(b) 980 K. .......................................................................................................................... 52
Figure 3.2 Direct photos of autoignited lifted flames with tribrachial edge for various
fuels (T0 = 960 K, XF,0 = 0.030, U0 = 4.4 m/s). ................................................................. 53
Figure 3.3 Direct photos of autoignited ethanol flames with increasing (upper row) and
decreasing (lower row) jet velocity showing hysteresis behavior (T0 = 980 K, XF,0 =
0.070) ................................................................................................................................ 54
Figure 3.4 Flame liftoff heights of autoignited ethanol flames. ....................................... 55
Figure 3.5 Calculated adiabatic ignition delay time as a function of inverse of initial
temperature for various fuels. ........................................................................................... 56
Figure 3.6 Correlations of flame liftoff heights with calculated ignition delay time ....... 59
Figure 3.7 Correlations of flame liftoff heights with experimentally-determined activation
temperature. ...................................................................................................................... 60
Figure 3.8 Autoignited liftoff height relations with (a) RON and (b) CN at several
temperatures. [Open symbols represent gasoline FACEs data] ........................................ 61
Figure 3.9 Activation energy relations with RON and CN. .............................................. 62
Figure 3.10 Calculated ignition delay time with equivalence ratio at several initial
temperatures. ..................................................................................................................... 64
Figure 3.11 Calculated ignition delay time vs. inverse of initial temperature at several
equivalence ratios.............................................................................................................. 65
Figure 4.1 Various simulation results for attached flame at (T0, U0) = (600K, 2.0 m/s)
with (XF,0, RH) = (0.40, 0.30). Temperature in T [K], Heat release rate in [erg/cm3-s],
Species in mole fraction. ................................................................................................... 72
Figure 4.2 Various simulation results for autoignited lifted flame for (T0, U0) = (940 K,
18.0 m/s) with (XF,0, RH) = (0.20, 0.10) including reaction rate plots for H2 and H2O2.
Temperature in T [K], Heat release rate in [erg/cm3-s], Species in mole fraction, Reaction
rate in [mole/cm3-s]........................................................................................................... 74
Figure 4.3 Reaction rate contour of H2 together with OH mole fraction for autoignited
lifted flame for (T0, U0) = (940 K, 18.0 m/s) with (XF,0, RH) = (0.20, 0.10). .................... 75
ix

Figure 4.4 Comparison of homogeneous and jet autoignition cases with temperature
increase along stoichiometric contour for (T0, U0) = (940K, 18.0 m/s) with (XF,0, RH) =
(0.20, 0.10). ....................................................................................................................... 77
Figure 4.5 Radial profiles of concentrations and production rates of H, O, OH, HO2 and
H2O2 at y = 0.5, 1.0, 2.0, and 2.5 cm. ............................................................................... 78
Figure 4.6 Maximum heat release rate with physical time for (T0, U0) = (940 K, 18.0 m/s)
with (XF,0, RH) = (0.20, 0.10)............................................................................................. 80
Figure 4.7 Variation of profiles of heat release rate with physical time for (T0, U0) = (940
K, 18.0 m/s) with (XF,0, RH) = (0.20, 0.10) (contours for t  7.5 ms are rescaled to 100
times)................................................................................................................................. 81
Figure 4.8 Liftoff height correlation with U0tig,ad2 for XF,0 = 0.20. ................................... 82
Figure 4.9 Liftoff height with jet velocity at various RH and T0 [43]. .............................. 83
Figure 4.10 Comparison of ignition delay times with hydrogen ratio by various reaction
mechanisms for T0 = 860 K and 940 K at XF,0 = 0.20. ...................................................... 85
Figure 5.1 Various profiles of non-autoignited nozzle-attached methane flame at T0 = 800
K, U0 = 1.0 m/s, and XF,0 = 0.160 (units are T [K], HRR [erg/cm3-s], and species are
presented as mole fractions).............................................................................................. 94
Figure 5.2 Various profiles of autoignited lifted methane flame at T0 = 1120 K, U0 = 20.0
m/s, and XF,0 = 0.20 (units are T [K], HRR [erg/cm3-s], RR [mole/cm3-s], and species are
presented as mole fractions).............................................................................................. 97
Figure 5.3 Comparison of homogeneous (0-D,1-D) and jet autoignition (2-D) cases with
temperature increase along the stoichiometric contour for autoignited methane lifted
flame with tribracial edge at T0 = 1120 K, U0 = 20.0 m/s, and XF,0 = 0.20....................... 99
Figure 5.4. Species mole fractions of autoignited lifted methane flame with tribrachial
edge at T0 = 1120 K, U0 = 20.0 m/s, and XF,0 = 0.20 (Vertical red line: Maximum-T,
black: Stoichiometry). ..................................................................................................... 102
Figure 5.5 Temporal evolution of HRR representing autoignition process and flame
stabilization for autoignited lifted flame with tribrachial edge. ...................................... 104
Figure 5.6 Various profiles of autoignited methane lifted flame with mild combustion at
T0 = 1100 K, U0 = 5.0 m/s, and XF,0 = 0.045 (units are T [K], HRR [erg/cm3-s], and
species are presented as mole fractions) ......................................................................... 106
x

Figure 5.7 Autoignited lifted flame with mild combustion at T0 = 1100 K, U0 = 5.0 m/s,
and XF,0 = 0.045 (a) Mixture fraction (line contours) and field temperature T (K) (flood
contours) and (b) Local equilibrium temperature Teq (K) and field temperature T (K). . 108
Figure 5.8 Comparison of homogeneous (0-D,1-D) and jet autoignition (2-D) cases with
temperature increase along lean-Z contour for autoignited methane lifted flame with mild
combustion at T0 = 1100 K, U0 = 5.0 m/s, and XF,0 = 0.045. .......................................... 110
Figure 5.9 Species mole fractions for autoignited lifted methane flame with mild
combustion at T0 = 1100 K, U0 = 5.0 m/s, and XF,0 = 0.045. (Vertical red line: MaximumT, black: Z = 0.166). ....................................................................................................... 111
Figure 5.10 Temporal evolution of HRR representing autoignition process and flame
stabilization for autoignited lifted flame with Mild combustion. ................................... 112
Figure 5.11 (a) Temperature field contours of autoignited methane flame (b) Flame liftoff height and temperature difference transition behavior at T0 = 1100 K, U0 = 5.0 m/s for
various dilution levels. .................................................................................................... 115
Figure 5.12 Various profiles of autoignited lifted methane flame at T0 = 1100 K, U0 = 5.0
m/s, and XF,0 = 0.15 (units are T [K], HRR [erg/cm3-s], and species are presented as mole
fractions) ......................................................................................................................... 116
......................................................................................................................................... 117
Figure 5.13 Comparison of homogeneous (0-D,1-D) and jet autoignition (2-D) cases with
temperature increase along the lean-Z contour for autoignited methane lifted flame at T0
= 1100 K, U0 = 5.0 m/s, and XF,0 = 0.15. ........................................................................ 117
Figure 6.1 Experimental setup ........................................................................................ 123
Figure 6.2 Direct photographs of non-autoignited (a) and autoignited lifted flames (b)
with tribrachial edge and (c) with mild combustion ....................................................... 126
Figure 6.3 CH2O PLIF and CH* chemiluminescence for non-autoignited lifted flames at
T0 = 294 K and U0 = 0.9 m/s for DME (a) and propane (b) ........................................... 127
Figure 6.4 CH2O PLIF and CH* chemiluminescence for autoignited lifted flames with
tribrachial edge at T0 = 900 K and XF,0 = 0.055 for U0 = 10.2 (a) and 11.8 m/s (b) ....... 128
Figure 6.5 Unsteady homogeneous autoignition at stoichiometry (T0 = 900 K, XF,0 =
0.055) .............................................................................................................................. 129

xi

Figure 6.6 CH2O PLIF and CH* chemiluminescence for autoignited propane lifted flames
(a) with tribrachial edge and (b) with mild combustion at T0 = 900 K ........................... 130
Figure 6.7 CH2O PLIF for autoignited lifted flames with mild combustion at T0 = 900 K
......................................................................................................................................... 131
Figure 6.8 Autoignition regimes of DME at different initial temperatures and fuel mole
fractions........................................................................................................................... 132
Figure 6.9 Liftoff height in relation to jet velocity for autoignited lifted flames with
tribrachial edges at several initial temperatures and fuel mole fractions ........................ 133
Figure 6.10 Correlations of convective flow time with calculated adiabatic ignition delay
times for critical autoignition cases of autoignited flames with tribrachial edges .......... 135
Figure 6.11 Correlations of liftoff height with calculated adiabatic ignition delay times
for autoignited flames with tribrachial edges.................................................................. 136
Figure 6.12 Unsteady pyrolysis analysis (T0 = 900 K, XF,0 = 0.16) for autoignited lifted
flame with tribrachial edge ............................................................................................. 137
Figure 6.13 Liftoff height in relation to jet velocity for autoignited lifted flames with mild
combustion at several initial temperatures and fuel mole fractions ................................ 139
Figure 6.14 Effect of DME addition to methane autoignited lifted flames on flame liftoff
height............................................................................................................................... 141

xii

LIST OF TABLES
Page
Table 3.1 Components of Gasoline FACEs ..................................................................... 57
Table 3.2 Correlation parameters for HL ......................................................................... 60
Table 3.3 Fitting correlations of HL with RON and CN ................................................... 61

xiii

CHAPTER 1
Introduction
1.1 Overview
The development of transport fuels for internal combustion engines and gas turbines
is important considering the issues on energy security and environment which are two
important aspects related to the sustainability. Internal combustion engines can be
classified into two main types: spark ignition (SI) and compression ignition (CI) engines.
SI engines require spark plugs to ignite the fuel while CI engines can be operated by an
autoignition process. Appreciable developments in both the engines and fuels have been
progressed to improve the efficiency and to reduce the emissions. Engine knocking, as a
form of autoignition in SI engines, is an efficiency limiting factor since it limits the
compression ratio, which is directly related to the efficiency of SI engines. Autoignition
phenomenon in CI engines is an operation limiting factor. Therefore, autoignition
phenomenon of fuel/oxidizer mixtures is one of the important research topics. In addition,
both SI and CI engines produce undesirable emissions such as NOx, CO2, soot, and
unburned hydrocarbons.
Recently, there is an effort in developing new concept engines to achieve both high
fuel efficiency and low emission, which include homogeneous charge compression
ignition (HCCI), premixed charged compression ignition (PCCI), gasoline compression
ignition (GCI), partially-premixed charge (PPC) and low temperature combustion (LTC)
engines. In these engines, autoignition is also a crucial factor for engine operation.
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Flame stabilization in spray and jet flames is an important aspect in combustion
processes in diesel engines. When fuel spray is injected into a combustion chamber,
autoignited lifted flames are stabilized. Then, air is entrained to the fuel core between the
region of fuel nozzle and lifted flame, making the subsequent combustion to be partiallypremixed. Thus, lift-off lengths, controlled by autoignited flame stabilization, influence
soot formation characteristics.
Autoignition behavior has been extensively investigated as a homogeneous adiabatic
thermal explosion phenomenon to determine the ignition delay time that represents a
fuel’s reactivity, typically by using shock tubes and rapid compression machines (RCMs).
Mixtures in these experiments are considered to be homogeneous. While typical
autoignition in practical combustion systems such as in diesel engines and advanced LTC
engines occurs under inhomogeneous conditions. Therefore, a relation between ignition
delay times measured under homogeneous conditions and autoignition phenomena under
inhomogeneous conditions are needed to be explored.
Although, engine combustion is complex phenomena, to develop high fidelity
simulation tools, it requires experimental data under simplified geometry for the
validation. One simplified inhomogeneous flame configuration is non-premixed jet
flames. When fuel is injected into oxidizer environment, a mixing layer between fuel and
oxidizer is formed. When a lifted flame is stabilized downstream, the stabilization
mechanism depends on various factors such as ambient temperature, flow characteristics,
and fuel composition. Especially, when the ambient air temperature exceeds an
autoignition temperature, a flame can be initiated without requiring an external ignition
source. Consequently, an autoignition nature under inhomogeneous mixing layer
2

configuration can be realized in laminar lifted jet flames for a systematic study.

1.2 Future fuels and advanced combustion engines
Conventional fuels which are used frequently in transport sectors are usually
extracted from petroleum and natural gas. Gasoline, diesel, kerosene, and liquefied
petroleum gas (LPG) are common examples of conventional fuels. Biofuels draw
attention recently since they are considered as renewable energy source. Typical example
is gasohol, which is the mixture of gasoline and ethanol.
Gasoline fuels are suitable fuels for SI engines because of their low tendency to
autoignite. In practice, gasoline fuels consist of various hydrocarbons components such
as paraffins, olefins, aromatics, and naphthenes. A critical issue which is related to
gasoline engines is the knocking behavior which might lead to severe engine damage. It
can be defined as an irregular combustion phenomenon which results from an
autoignition of unburned premixture prior to flame propagation initiated by a spark [1].
This knocking phenomenon can be characterized by the temperature and pressure history
of the end-gas. To measure the antiknock quality and its relevance to autoignition
behavior for a specific fuel, Research Octane Number (RON) and Motor Octane Number
(MON) have been proposed [1]. Single-component n-heptane and iso-octane fuels have
been selected as primary reference fuels (PRFs) to scale an antiknock quality of gasoline
fuels. N-heptane is highly autoignitive fuel and hence it represents the lower limit in the
RON scale with zero value. While iso-octane is difficult to autoignite and it is assigned
the upper limit of the RON value which is 100. Many gasoline fuels can be fitted within
this scale [1].
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For CI engines, diesel fuel is used as it features excellent autoignition capability,
where the Cetane Number (CN) has been adopted as a practical metric to determine the
autoignition quality of fuels. Two methods have been developed to measure CN for diesel
fuels which are Cooperative Fuel Research (CFR) engine [2] and Ignition Quality Tester
(IQT) [3]. N-cetane and heptamethyl nonane are two primary reference fuels which are
used for CN scaling. Typical values of practical diesel fuels range between 40 and 60 [1].
In fact, high CN is desirable as it leads to lower engine noise at cold conditions and lower
NOx, CO, and unburned hydrocarbons. However, unfavorable soot production might
increase with higher CN [1].
Improving combustion processes in engines can be achieved by improving engine
design and re-formulating fuels. Various advanced combustion techniques have been
proposed recently to combine the advantages of both gasoline and diesel engines and to
have synergy in terms of performance boosting and emissions reduction. A homogeneous
charge compression ignition (HCCI) engine is basically a combination of diesel and
gasoline engines such that the fuel and air are fully premixed and ignition is achieved by
compression [1]. Schematics of SI, CI, and HCCI engines are shown in Figure 1.1 [4].
For HCCI engines, NOx and soot reductions can be achieved with relatively high engine
efficiency. Also, HCCI engines can be operated at wide ranges of compression ratio,
temperature, pressure, and exhaust gas recirculation (EGR) level. However, autoignition
mechanism should be carefully controlled as it has dominant contribution in engine
stability and performance. Another technique which is similar to the HCCI engine is the
partially premixed compression ignition (PPCI) engine. This technique is associated with
non-fully premixing by late fuel injection [1].
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Figure 1.1 Configurations of various engines [4]
Low temperature combustion (LTC) is of great importance as it could improve the
fuel economy and reduce the undesirable emissions. LTC can be achieved by the
autoignition of stratified fuel premixture at relatively low temperatures instead of hightemperature flame propagation in typical combustion process for conventional engines. A
dilution is usually employed to reduce the temperature of gas products. In fact, energy
losses by autoignition-driven combustion for LTC is lower than the energy losses by
typical in-cylinder flames [5]. As a result, LTC could maximize the attained work from
expansion stroke in the engine and this would lead to better engine efficiency and fuel
economy. Nevertheless, two effects would limit the operation range of LTC engines: high
load and high pressure. While introducing more fuel will lead to higher and better load
which in turns results on higher pressure, high pressure rate should be avoided which can
be achieved by increasing the dilution level using EGR and this could decrease both the
load and pressure [5]. Consequently, formulating new fuels is strongly required to expand
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this operation range and to accomplish the advantages of the LTC.

1.3 Autoignition phenomenon
Developing advanced engines requires rigorous investigations of autoignition
behavior. When the temperature of fuel/air mixture is sufficiently high, chain reactions
eventually lead to further exponential increase in temperature which in turns results in
rapid heat release from chemical energy [1]. In this regard, the thermal explosion theory
[6-8] can describe the fundamental aspects of autoignition behavior. Autoignition process
depends appreciably on temperature T through the exponential relation of Arrhenius form
which can be expressed as A exp ( E/RT) [6], where, A is the preexponetial factor, E is
the activation energy, and R is the gas constant. Two thermal explosion models were
reported by Semenov and Frank-Kamenetskii [8]. Both models were based on the balance
mechanism between heat generation and heat loss of a self-heating substance under
isothermal conditions. The Semenov equation can be expressed as follows
𝑆𝑒 =

1
∆𝐻 . 𝐴0 𝐸 𝑉
𝐸
=
exp(−
)
𝑒
𝑈 𝑆 𝑅 𝑇𝑐2
𝑅 𝑇𝑐

(1)

where Se is the Semenov number, e is the base of natural logarithm (e ~ 2.718), ∆H is the
molar heat of reaction, A0 is a frequency factor in the rate constant, V is the volume, U is
the mean overall coefficient of heat transfer from a fluid, S is the whole fluid surface, and
Tc is the critical autoignition temperature. The Semenov equation also shows similar form
to the Arrhenius expression.
The Frank-Kamenetskii relation can be written as
∆𝐻 . 𝐴0 𝐸 𝑟 2
𝐸
𝛿=
exp(−
)
2
𝜆 𝑅 𝑇𝑎
𝑅 𝑇𝑎
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(2)

where δ is the Frank-Kamenetskii number, r is radius, 𝛌 is the thermal conductivity, and
Ta is the ambient temperature. Interestingly, the expression of Frank-Kamenetskii relation
shares similar characteristics with the Semenov equation except for the term expressions
US/V and 𝛌 /r2 which represent the heat transfer rate per unit volume per unit time per K
in Semenov and Frank equations, respectively. Hence, if we divide both relations (1) and
(2), the resulting parameter will be the Biot number
𝐵𝑖 =

𝛿
𝑈𝑆/𝑉
=
𝑆𝑒
𝜆 /𝑟 2

(3)

To quantify the autoignition behavior of fuels at various conditions such as
temperature T, pressure P, and fuel composition, a global parameter has been identified
which is the ignition delay time tig. It can be defined as the period between creation of
combustible mixture (i.e. injection of fuel in oxidative environment) and rapid reaction
phase in which temperature and pressure rise rapidly. Ignition delay time is typically
utilized in homogeneous conditions. In engine studies, when the reciprocal of the ignition
delay time is integrated over specific time t1, autoignition would occur if the integral
parameter becomes unity. This concept was first proposed by Livengood and Wu [9], and
its mathematical expression can be written as follows [1]
𝐼= ∫

𝑡1

0

𝑑𝑡
=1
𝑡𝑖𝑔 (𝑃, 𝑇)

(4)

This means that this integral indicates the fraction of the reactions which are required to
complete the autoignition process within the specified time. In addition, ignition delay
time of specific fuel depends mainly on temperature and pressure as well as the fuel
composition. Hence, it can be generally expressed as follows [1]
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𝑡𝑖𝑔
𝑃 −𝑛
= ( ) 𝑓(𝑇)
𝑡𝑖𝑔,0
𝑃0

(5)

Several experimental techniques have been developed to measure the ignition delay
time. The first technique is the shock tube experiment which can be described briefly as
follows [10]. It is a uniform-section tube which consists of two compartments separated
initially by a diaphragm. One compartment is the driver section which contains
pressurized gas with low molecular weight, and the other compartment is the driven
section which is filled with the tested gas at lower pressure than the driver. After the
diaphragm is removed, shock wave travels towards the tested gas and consequently the
gas begins to be heated. As the shock is reflected from the end wall, the pressure and
temperature of the tested gas would further increase. The ignition delay time can be
measured starting from the shock reflection till the sharp increase of the traced pressure.
A typical expression of the ignition delay time as a function of temperature and
combustible composition can be written as follows
𝐸
𝑡𝑖𝑔 = 𝑘 exp ( ) [𝐹𝑢𝑒𝑙]𝑎 [𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟]𝑏
𝑅𝑇

(6)

Another experimental technique is the rapid compression machine (RCM). It is
based on the rapid compression process of the fuel/air premixture by using a piston, and
this process can be considered reasonably adiabatic [11]. The ignition delay time can be
measured in a similar manner to the shock tube experiment by tracing the pressure rise in
the combustion chamber. Both shock tubes and RCMs can be operated within limited
time range (i.e. milliseconds), and this depends on the experiment design and the tested
fuels. In addition, the tested fuels should be either gaseous or pre-vaporized liquid.
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Related to diesel fuels, an alternative standardized technique has been proposed to
measure the ignition delay time of liquid fuel sprays. by utilizing an ignition quality tester
(IQT), through which the derived cetane number (DCN) can be determined [3]. The setup
consists of a fuel injector to atomize liquid fuel and a constant volume combustion
chamber [12]. The chamber is first heated and charged with compressed air. After that,
the liquid fuel is injected into the heated chamber, and then pressure profile is traced to
measure the ignition delay time.
One interesting aspect which is related to autoignition phenomenon is the moderate
or intense low-oxygen dilution (MILD) combustion [13]. It can be defined as the
autoignitive combustion process which is associated with high temperature environment
with excessive fuel dilution, and it sometimes refers to flameless or cool flame
combustion. This phenomenon could be important especially in LTC engine applications
as it could reduce undesirable exhaust emissions by recirculating exhaust gases to dilute
and preheat the combustible fuel. Two criteria should be satisfied to classify these flames
as MILD combustion [14]. The first criterion is that the initial temperature T0 should
exceed an autoignition temperature Tig, and this is the typical condition for autoignited
flames. The second criterion which distinguishes the MILD combustion phenomenon
from typical propagating flames can be stated as (Tmax – T0) < Tig, where Tmax is the
maximum flame temperature, which can be interpreted as the sensible enthalpy increase
by chemical reaction to be smaller than the initial sensible enthalpy.

1.4 Stabilization of lifted flames in mixing layers
In diesel engines, typical flames are lifted off from the injector nozzle tip. Figure 1.2
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demonstrates a schematic of diesel spray flames [15]. Extensive studies have been
conducted to study various factors affecting flame liftoff lengths in diesel engines [1619]. These factors include the injection velocity Vinj, chamber gas temperature Tc,
chamber gas density ρc, nozzle orifice diameter d0, and injector pressure drop ∆Pinj. The
liftoff length has been related to these factors through a power law fit as [19]
𝐿𝑓 ∝ (∆𝑃𝑖𝑛𝑗 )

0.5 −3.74 −0.85 0.34
𝑇𝑐
𝜌𝑐
𝑑0

(7)

This relation shows that the flame lift-off length is proportional to the orifice diameter
and the injector pressure drop while it is inversely proportional to the chamber gas
temperature and density. In other words, when the injector diameter or the pressure drop
increase and the chamber gas temperature or density decrease, the lift-off length
increases. The increase in liftoff length will result in reduced soot formation which is
favorable in diesel engines [19]. This can be attributed to the increase of the entrained air
in the oxidizer into fuel core in the region between the injector and the lifted flame edge.

Figure 1.2 Schematic of diesel fuel spray jet [15]
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Jet flames can be considered a fundamental field of combustion research. Especially,
lifted flames in jets have been investigated extensively in relation with the flame
stabilization mechanism. Also, laminar jet flames have been extensively investigated to
enhance physical understanding of lifted flame behavior. The stabilization mechanism of
non-premixed lifted jet flame has been explained based on the observation of tribrachial
(or triple) flame structure [20-25]. This flame features three distinct branches which are a
lean and a rich premixed flame wings as along with a trailing diffusion flame [24]. A
direct photo and a schematic of tribrachial flame structure is shown in Fig. 1.3.

Figure 1.3 Direct photograph and schematic of tribracial lifted flame.
Tribrachial lifted flames have been investigated intensively theoretically,
experimentally, and numerically. The triple flame was first observed by Philips in a
stagnant mixing layer [20] and successive studies were proceeded to build more
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fundamental aspects about its stabilization mechanism in jets [21, 22, 25]. The role of
tribrachial lifted flame structure on flame stabilization mechanism has been investigated
by Chung and Lee [23], demonstrated that the flame is stabilized by the balance of the
propagation speed of tribrachial edge flame and local flow velocity. The existence of a
stable lifted flame depends on the Schmidt number of fuel, which is defined by the ratio
of kinematic viscosity and mass diffusivity of fuel. If the Schmidt number is less than one
for such fuels as methane and ethane, a stable lifted flame does not exist and the flame
blows off directly from the nozzle at an excessive jet velocity. On the other hand, a lifted
flame is stable if the Schmidt number is greater than unity for such fuels as propane and
n-butane [23]. An analytic relation of lift-off height as functions of the fuel flow rate Q
and the nozzle diameter d was derived as
𝐻𝐿 ∝ 𝑄 (2𝑆𝑐−1)/(𝑆𝑐−1) 𝑑 −2𝑆𝑐/(2𝑆𝑐−1)

(8)

The effect of fuel dilution with nitrogen by considering differential diffusion effect
was investigated in addition to the transition behavior from laminar to turbulent regimes
[26]. A jet confinement effect was also studied [27]. The cold jet theory was adopted and
the stability of lifted flames was analyzed, confirming that lifted flames for fuels with the
Schmidt number less than unity are unstable [28]. The effect of partial premixing of fuel
with air on tribrachial lifted jet flames was also studied experimentally [29, 30]. Later,
the propagation speed of tribrachial edge flame was first measured and the flame stretch
concept was applied to investigate the propagation speed behavior [31].
By focusing on coflow experiments, various flame behaviors and structures have
been studied [32]. At a relatively low fuel jet velocity, a nozzle-attached flame is formed.
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As the jet velocity increases, the flame is lifted from the nozzle and the liftoff height
increases with the jet velocity. The lifted flame blows out when the jet velocity reaches a
critical value. As the jet velocity of the stabilized lifted flame decreases, the liftoff height
decreases and the flame reattaches to the nozzle. A hysteresis regime is observed between
liftoff and nozzle-reattachment in terms of jet velocity, and accordingly oscillating lifted
flames were observed [32]. The effect of buoyancy on lifted flame stabilization has been
emphasized for the oscillation behavior. Further investigations were performed
accordingly [32-34]. Both numerical analysis and experimental visualization were
employed, and the transition behavior between stationary and oscillating flames was
observed [33]. Three distinct contributions from the buoyancy, convection, and burning
rate were analyzed. Normal and micro gravity experiments were performed and they
successfully proved the apparent effect of buoyancy on flame propagation and stability
[34].
Further experiments have been conducted including the effects of variable coflow
velocity [35]. The stabilization of lifted flames with fuels having Sc < 1 (e.g. methane)
was studied experimentally and numerically, and it was concluded that stable lifted
flames existed only in the near-field region [36]. In addition, an interesting method of
determining the Schmidt number of fuel mixtures was proposed by using the liftoff
height data of tribrachial flame experiments [37]. Later, visualization techniques were
utilized to explore the velocity gradient influence on tribrachial lifted flame propagation
speed [38].
Recently, the behavior of tribrachial lifted flames at elevated temperatures is
investigated for gaseous fuels [39-43]. At initial temperatures smaller than an autoignition
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temperature, lifted flames with tribrachial edges within the developed region can be
initiated by an external ignition source if the Schmidt number is greater than unity [3941]. The tribrachial lifted flame is stabilized along the stoichiometric contour, and the
region between the fuel nozzle and the edge of lifted flame is considered non-reactive
cold jet. When the temperature of the combustible is higher than the autoignition
temperature, self-ignition occurs and stable lifted flame with tribrachial edge exists
regardless of the Schmidt number of injected fuels [40, 41]. In such a case, the
stabilization of autoignited lifted flame is controlled by the ignition delay time behavior
of fuel.
A repetitive extinction and re-ignition phenomenon which is named as critical
autoignition has been observed near blowout conditions [40, 41]. In such a case, the
autoignition location can be determined from the experiment. This autoignition height HL
in terms of the characteristic flow time (HL/U0) was successfully correlated with the
calculated adiabatic ignition delay time tig,ad. Accordingly, ignition delay time was found
to be an important parameter for the stabilization mechanism of autoignited lifted flames
whereas the balance between the local flow velocity and the propagation speed of
tribrachial edge flame was considered the controlling mechanism for non-autoignited
lifted flames. As a result, successful correlations of flame liftoff height can be
summarized as follows [40, 41]
𝑈0
)
𝐿 |𝑠𝑡

𝐻𝐿 ∝ (𝑆

, for non-autoignited lifted flames

2
𝐻𝐿 ∝ 𝑈0 𝑡𝑖𝑔,𝑎𝑑
, for autoignited lifted flames

(9)

(10)

where 𝑆𝐿 |𝑠𝑡 is the stoichiometric laminar burning velocity, which critically influences the
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propagation speed of edge flame. When the temperature is above the autoignition
temperature and the fuel is excessively diluted with nitrogen, autoignited lifted flame
with mild combustion has been observed [40, 41]. This flame configuration differs from
the tribrachial lifted flame as it features faint blue luminosity appearance indicating lean
premixed flame nature while the tribrachial flame structure is stabilized at stoichiometric
condition.

1.5 Combustion modeling and kinetic mechanisms
For the simulation of various flame behaviors in jets, computational fluid dynamics
(CFD) and chemical kinetics mechanisms should be combined. Chemical kinetics
mechanisms have been developed to represent the chemical behavior of combustion
processes. Detailed kinetics mechanisms are extensive catalogs of possible reactions,
which require kinetic rate constants along with thermodynamic properties pathways. A
typical software library which has been utilized is the CHEMKIN library [44].
Various kinetics mechanisms have been established by several research groups such
as Gas Research Institute (GRI) [45], Lawrence Livermore National Laboratory (LLNL)
[46], Chemical Reaction Engineering and Chemical Kinetics (CRECK) [47], and
University of Southern California (USC) [48]. One typical chemical mechanism structure
can be found in Appendix A. A detailed chemical mechanism consists of multiple
elementary reactions, and each elementary reaction should be associated with rate
constants which may be derived from the molecular structure of the reacting species [49].
Reacting species can be either major species which are chemically stable (e.g. fuel
(CH4), oxidizer (O2), and stable products (CO2, H2O)) or minor species which are not
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chemically stable (i.e. free radicals). The minor species are sometimes called intermediate
species to denote that they are formed within the intermediate chemical reactions and
then consumed to form the final stable products. In general, intermediate chemical
reactions can be classified into four classes [49]. The first type of reactions is the
initiation reaction which is the reaction that creates the radicals from either the fuel or
oxidizer. Second, the termination reaction is the reaction which consumes the radicals.
Then, the propagation reaction is the reaction which transforms a radical into another
one. Finally, when a reaction creates new radicals from a radical or an unstable product,
the reaction is called branching reaction. Some important radicals or intermediate species
which are significantly considered in autoignition processes include CH2O, HO2, and
H2O2. These species will be discussed in the thesis in more details.
To validate the accuracy of chemical kinetics mechanism, fundamental combustion
models have been proposed in addition to equivalent experimental measurement
techniques. First, shock tubes and rapid compression machines (RCMs) which are
described in the previous section have been utilized to measure the ignition delay time. In
addition, jet stirred reactors (JSRs) have also been used to trace the gas phase oxidation
and thermal decomposition of fuels. 0-D combustion models have been adopted to
calculate numerical ignition delay times of autoignitive combustible mixtures and to
determine numerically the profiles of different reacting species in unsteady combustion
processes. 1-D combustion models (e.g. freely propagating flame, quasi 1-D opposedflow) which are associated with transport processes have also been utilized to determine
various characteristics of flame propagation mechanism which include diffusion,
convection, and chemical processes. Consequently, 1-D experimental measurements such
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as counter-flow [50] and McKenna [51] burners have been configured and their results
can be compared with the equivalent computational models to validate the chemical
mechanisms.
One important aspect on chemical kinetics mechanisms is a mechanism reduction.
Numerical simulations of practical combustors are typically unsteady 3-D. Therefore,
numerical analyses require long computation time even with powerful computers when
detailed mechanisms are utilized. Consequently, unnecessary species and their associated
reactions can be removed from the detailed mechanism to reduce its size, and the
resulting mechanism is called a skeletal mechanism. Then, further size reduction can be
performed by adopting some approximation methods, and the structure of this reduced
mechanism differs from the typical structure of both detailed and skeletal mechanisms. In
other words, it encloses the equations of the relations between several reaction rates of
different species which can be compiled directly in the numerical model. Figure 1.4
summarizes the roadmap of the chemical kinetics utilization [52]. First, reaction rates and
thermodynamics properties are compiled to build the detailed mechanism. Then,
fundamental combustion experimental techniques can be adopted to validate the detailed
mechanism. After that, the mechanism is carefully reduced while maintaining reasonable
accuracy. Finally, the reduced mechanism can be used in practical applications.
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Figure 1.4 Roadmap of combustion kinetics modeling development [52]

1.6 Overview of present study
Autoignition characteristics in inhomogeneous systems are analyzed by adopting
laminar jet configuration for better understanding of various aspects of autoignition
phenomenon in practical combustors and engines. As discussed previously, some
autoignited lifted flames share common features with non-autoignited lifted flames such
as the typical tribrachial edge flame structure. Nevertheless, the stabilization of
autoignited lifted flames is controlled by ignition delay time instead of burning velocity.
The relation of 0-D homogeneous reaction information of ignition delay time and
autoignition in inhomogeneous jet mixing layer is the focus of the present study.
The study requires further experimental investigations to elucidate various lifted
flame characteristics. In addition, combustion visualization by utilizing several
diagnostics can be considered a viable technique to draw clear picture of the autoignition
behavior of lifted flames. Furthermore, 2-D flame simulation could support the
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experimental findings in the coflow jet configuration for better understanding of flame
structure and flame stabilization.
The objective of the thesis is to elucidate the relation between autoignition process
and flame stabilization for axisymmetric heated coflow jets experimentally and
numerically. In Chapter 2, pre-vaporized iso-octane fuel is studied experimentally and
compared with n-heptane fuel considering the importance of primary reference fuels.
Both autoignited and non-autoignited lifted flames are studied. In the autoignition
regime, lifted flames with tribrachial edges and with mild combustion are explored and
analyzed.
Chapter 3 extends the experimental study in the autoignition regime for more prevaporized liquid fuels including two binary mixtures of PRFs, two gasoline FACEs,
ethanol, and toluene. The findings will be compared with the results of pure n-heptane
and iso-octane fuels. Several correlations will be derived for different parameters such as
ignition delay time, RON, and CN.
In Chapter 4, numerical analysis of axisymmetric coflow configuration at elevated
temperatures are conducted for binary mixture fuel of CO and H2. The difference
between autoignited and non-autoignited flames are addressed. The relation between
flame lift-off height and ignition delay time are considered and the results are compared
with existing experimental data.
In Chapter 5, methane fuel is also studied numerically. Various flame structures at
different conditions are compared including non-autoignited nozzle-attached flame,
autoignited tribrachial lifted flame and autoignited lifted flame with mild combustion. In
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addition, the transition behavior of autoignited lifted flame between mild combustion and
nozzle-attachment is explored.
Chapter 6 will consider the autoignition features of dimethyl ether (DME) fuel in
heated coflow air experimentally. Various experimental diagnostics will be utilized to
image the pathway of several species for lifted flames at different conditions. Then,
relations between flame liftoff height and ignition delay time will be tested. The effects of
fuel pyrolysis will be explained based on chemical kinetics analysis.
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CHAPTER 2
Autoignition Characteristics of Laminar Lifted
Jet Flames of Pre-vaporized Iso-Octane in Heated
Coflow Air
2.1 Introduction
The autoignition phenomenon is important in practical combustion systems, such as
gasoline engines, in which knocking is a limiting factor in improving efficiency through
the increase in compression ratio, and diesel engines and advanced concept engines,
including low-temperature combustion (LTC), homogeneous charge compression ignition
(HCCI), and premixed charge compression ignition (PCCI) engines, in which
autoignition control is a key issue for operation. In gasoline engines, n-heptane and isooctane are the primary reference fuels (PRFs) for octane rating. Various experiments
have been conducted to investigate the autoignition characteristics of these liquid fuels
[46, 53-57].
Autoignition behavior has been extensively investigated as a homogeneous adiabatic
thermal explosion phenomenon to determine the ignition delay time that represents a
fuel’s reactivity [6], typically by using shock tubes and rapid compression machines
(RCM) [53-55]. Experimental conditions are frequently at high pressure and high
temperature due to time limitations in experiments.
Two-stage ignition and negative temperature coefficient (NTC) behaviors have been
observed in liquid fuels such as n-heptane at relatively low temperatures [58, 59].
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Computational studies have also been conducted on such flow configurations as
counterflow and droplet flames [59-62]. In addition, autoignition under HCCI engine-like
conditions was investigated numerically by adopting chemical explosive mode analysis
[63, 64].
Typical autoignition in practical combustion systems such as diesel engines occurs
under inhomogeneous conditions. However, studies on the relation between ignition
delay times measured under homogeneous conditions and autoignition phenomena under
inhomogeneous conditions are limited.
Laminar lifted flames in non-premixed jets have been studied to understand flame
stabilization. The edges of laminar lifted flames have tribrachial structures, consisting of
lean and rich premixed flame wings and a trailing diffusion flame, all extending from a
tribrachial point [20, 22, 23]. Extensive studies have been conducted on the effects of jet
confinement [27], fuel dilution [26], coflow air velocity [35], oxygen addition to coflow
air [65], partial premixing [29], buoyancy [32-34], and initial temperature variation [39].
The tribrachial point is located along a stoichiometric contour [24] and the stabilization
of the lifted flame is controlled by a balance mechanism between the propagation speed
of the tribrachial edge and local flow velocity along a stoichiometric contour [39]. In
addition, the coupling effect of preheating and fuel dilution can play important role in
turbulent flame stabilization by their impacts on laminar burning velocity [66].
Recently, flame stabilization of laminar fuel jets in elevated temperature coflow air has
been investigated in an autoignition regime with various gaseous fuels [40-42, 67, 68] to
investigate the role of the adiabatic ignition delay time determined from a homogeneous
system to the autoignition in the inhomogeneous jet mixing layer. The autoignited
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laminar lifted flames were classified into two categories: autoignited flames with
tribrachial edge structures and autoignited flames with mild combustion [13, 40, 41]
depending on the fuel dilution level. In the autoignition regime, the ignition delay time is
found to be a key factor that controls the lifted flame behavior, as compared with the
laminar burning velocity in non-autoignited lifted flames at relatively low initial
temperatures [40, 41].
Autoignition characteristics in laminar jets of pre-vaporized n-heptane fuel were
investigated at elevated temperatures in coflow air [69]. In this study, given the
importance of PRFs in octane rating, iso-octane fuel was studied.

2.2 Experiment
The apparatus consisted of a coflow burner and flow controllers, a heating system, and
a measurement setup. The schematic of the setup is shown in Fig. 2.1. The coflow burner
had a central fuel nozzle made of stainless steel with an inner diameter of 3.76 mm, a
thickness of 0.5 mm, and a length of 50 cm such that the flow inside could be fully
developed. Coflow air was supplied through metal fibers, ceramic beads, and a
honeycomb for the velocity and temperature to be uniform. The tip of the fuel nozzle had
a flush end protruding 10 mm over the exit of the coflow. A quartz tube with an inner
diameter of 85 mm, an outer diameter of 90 mm, and 50 cm in length was placed on the
honeycomb to confine the heated coflow air to minimize outside disturbances. A
cylindrical ceramic insulator surrounded the quartz tube to minimize heat loss.
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Figure 2.1 Experimental schematic [69]
The fuel was iso-octane (99.5%) and n-heptane (99.5%) was also tested in certain
cases. The fuels were pre-vaporized and diluted with nitrogen. Compressed air was used
for the coflow. The flow rate of the liquid fuel was controlled by a syringe pump. Gas
flow rates were metered by mass flow controllers calibrated by a volumetric flow
calibrator. The fuel supply line was heated with electrical rope heaters to maintain the
temperature at the junction of the fuel supply line as well as of the preheated dilution
nitrogen at 200 °C. The boiling temperatures of iso-octane and n-heptane are 99.0 and
98.4 °C, respectively. The vaporized mixture passed through a 280 ml reservoir to
minimize fluctuations in the flow rate and mixture concentration. This reservoir was also
heated to 200 °C. The coflow air was heated by two heaters. The air supply first passed
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through an inline heater (8 kW) and then was heated again by a coil heater (1.2 kW).
Ceramic beads installed inside the burner served as a thermal reservoir to minimize
temperature fluctuations. The velocity of the coflow air was fixed at 0.4 m/s in the lowtemperature non-autoignited regime and at 1.0 m/s in the high-temperature autoignited
regime considering axial temperature variation. The experiments were performed in the
laminar regime with the Reynolds numbers for the fuel jet and coflow air below 400 and
900, respectively. Liftoff heights were measured by a cathetometer with a resolution of
0.01 mm.
The temperature of the heated air was measured at the exit of the coaxial nozzle with
sheathed K-type thermocouples with outer diameters of 3 mm. The radiation correction
[70] was estimated to be within 10 K at 900 K. A comparative measurement was
performed by using bare thermocouples with 0.25 mm outer diameters. The difference in
temperature between the two measurements was within 2 K. The temperatures are given
as the uncorrected temperatures from the sheathed thermocouples.
Preliminary tests showed that the radial temperature profile was uniform up to the
radial distance of 2 cm with a variation of ±2 K. The axial temperature distribution was
also relatively uniform up to the edge of the lifted flame with a maximum deviation of 20
K. In addition, the limitation of heating power restricted the maximum temperature to
1000 K. The maximum temperature difference between the air and fuel was at most 10 K,
such that the fuel temperature could be regarded as the same as the coflow air
temperature.

2.3 Results and Discussion
At low initial temperatures, an external ignition source was required to establish a
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flame with the pre-vaporized iso-octane fuel. When the initial temperature, T0, was
elevated to a high temperature (T0 ≥ 940 K), autoignition occurred without requiring an
external ignition source. These two types of non-autoignited and autoignited flames are
discussed below with special attention given to the characteristics of lifted flames.

2.3.1 Non-autoignited lifted flames
When the initial temperature was below about 940 K, nozzle-attached flames and lifted
flames were observed, similar to the cases with gaseous and pre-vaporized n-heptane
fuels [40-42, 67-69]. Photographs of non-autoignited iso-octane flames are shown in Fig.
2.2 with T0 = 800 K and the initial fuel mole fraction of XF,0 = 0.030. As the jet velocity,
U0, increased, the nozzle-attached flame (a,b) became a lifted flame (c,d). Further
increase in U0 results in a blowout of the lifted flame. As compared with the n-heptane
case [69], the nozzle-attached flame of iso-octane exhibits a stronger yellow luminous
region near the tip, an indication of a higher sooting propensity. The lifted flame has a
tribrachial edge structure, consisting of lean and rich premixed flame wings and a trailing
diffusion flame, which can be clearly identified with the naked eye [23].
Figure 2.3 shows the liftoff height, HL, as a function of U0 at XF,0 = 0.030 for two initial
temperatures of T0 = 700 and 800 K for iso-octane and n-heptane. The conditions for
liftoff and blowout are marked. The liftoff height increases nonlinearly with the jet
velocity.
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Figure 2.2 Photographs of non-autoignited iso-octane flames at T0 = 800 K and XF,0
= 0.030; nozzle-attached flames for (a) U0 = 1.0 m/s, (b) 1.2 m/s and lifted flames
with tribrachial edges for (c) 1.6 m/s, (d) 3.8 m/s.

Figure 2.3 Liftoff height for non-autoignited lifted flames in relation to fuel jet
velocity for iso-octane and n-heptane fuels.
27

A comparison of the two fuels indicates that the liftoff height of the iso-octane flame is
higher than that of the n-heptane. This can be attributed to the role played by the laminar
burning velocity in flame stabilization. As mentioned above, non-autoignited laminar
lifted flames are stabilized by a balance mechanism between the propagation speed of the
tribrachial edge flame and local flow velocity [24], where the laminar burning velocity
plays a crucial role in the propagation speed of the tribrachial edge. In this regard, the
stoichiometric laminar burning velocities were calculated using CHEMKIN-Pro [71] by
adopting a detailed reaction mechanism for gasoline surrogate fuels [46]. Note that for
the non-autoignited lifted flames (say, T0 ≤ 800 K in the present experiment), pyrolysis
effect is negligible in the upstream of the flame zone, due to temperature sensitivity on
chemical reaction. The validity of adopting laminar burning velocity has been checked as
follows. The ignition delay time is calculated and its value is about 4.0 s at 800 K. The
residence time up to the edge of lifted flame is typically O(0.1 s), based on the liftoff
height of O(10 cm) and the jet velocity of 2.0 m/s (or based on the calculated laminar
burning velocity of 92.2 cm/s at 800K and XF,0 = 0.030). We have tested the combustible
mixture to undergo homogeneous adiabatic autoignition process with the initial
temperature and using the concentrations and temperature after O(0.1 s) in calculating the
laminar burning velocity. The minor species concentrations such as HO2 were O(106)
and the heat accumulation effect on the temperature was 800.043 K. Thus, there is
practically no difference in the laminar burning velocity as compared with that for the
fresh mixture. Our recent numerical study on non-autoignited lifted flames of n-heptane
[72] in the temperature range of T0 = 500 - 700 K also showed that no identifiable
intermediate species exist between the nozzle and the upstream of the preheat zone of the
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lifted flame edge.
The laminar burning velocities, 𝑆𝐿𝑜 |𝑠𝑡 , for n-heptane and iso-octane at T0 = 700 K and
XF,O = 0.030 are 71.9 and 61.7 cm/s, respectively, which explains the higher liftoff height
for iso-octane from the smaller 𝑆𝐿𝑜 |𝑠𝑡 as compared with that for n-heptane.
Further experiments were conducted at several initial temperatures and fuel mole
fractions. The lift-off height data are plotted in Fig. 2.4 with the jet velocity scaled with
the laminar burning velocity in a log-log scale at various initial temperatures and fuel
dilutions of iso-octane. When the jet velocity is low, the lifted flame edge is located in the
developing region near the fuel nozzle [32, 39], whereas when the jet velocity is high, the
flame edge is located in the developed region corresponding to the far field region of the
jet. The criterion between these two regions has been estimated based on the cold jet
theory [26] as 𝑈𝐶𝐿 = 𝑈02 𝑑 2 /(8𝜈𝑥) < 2𝑈0, where UCL is the centerline velocity, 𝜈 is the
kinematic viscosity of the fuel, 𝑑 is the fuel nozzle diameter, and 𝑥 is the axial distance.
The liftoff height data in the developing region have been excluded from Fig. 2.4.
A satisfactory correlation can be drawn between HL and 𝑈0 /𝑆𝐿𝑜 |𝑠𝑡 , emphasizing the
role of the propagation speed of tribrachial edge flames through the laminar burning
velocity. As the fuel mole fraction increases, the liftoff height decreases at a specified
initial temperature. Similarly, at a specified fuel dilution, the liftoff height decreases as
the initial temperature increases. These behaviors can be understood based on the
influences of initial temperature and fuel mole fraction on the stoichiometric laminar
burning velocity.

29

Figure 2.4 Liftoff height for non-autoignited iso-octane flames in relation to fuel jet
velocity scaled with stoichiometric laminar burning velocity.
It has been analytically derived for free jets that the relation 𝐻𝐿 ∝ 𝑈0𝑛 [26] holds for
non-autoignited lifted flames with the exponent 𝑛 related to the Schmidt number, Sc, of
fuel as n = (2Sc1)/(Sc1) based on the balance mechanism between the propagation
speed of the tribachial edge and the local flow velocity and the tribrachial edge located
along a stoichiometric contour in a jet. In this regard, the liftoff height data for iso-octane
have been fitted as follows:
𝐻𝐿 [𝑚] = 0.00833 × (𝑈0 /𝑆𝐿𝑜 |𝑠𝑡 )1.976 (R2 = 0.960),

(11)

which can be compared with that for n-heptane [69]:
𝐻𝐿 [𝑚] = 0.00505 × (𝑈0 /𝑆𝐿𝑜 |𝑠𝑡 )2.147 (R2 = 0.954).

(12)

The exponent n = (2Sc-1)/(Sc-1) in 𝐻𝐿 ~ 𝑈0𝑛 for free jets approaches 2 for large

30

Schmidt number for high carbon number fuels [73]. In our previous study for gaseous
fuels in free jets [23], the Schmidt numbers for propane and n-butane determined from n
was in the range of 1.36-1.43 and 1.61-1.74, which are comparable to the calculated
values of 1.376 and 1.524, respectively. The Schmidt numbers calculated from
TRANSPORT package [74] at XF,0 = 0.035 and T0 = 600 K were 1.93 and 2.05 for nheptane and iso-octane, respectively. These values are insensitive with temperature, e.g.,
the Schmidt number is 2.02 at 700 K for n-heptane. The trend of decreasing n with
increasing Sc can be elucidated from the successful correlations where n = 2.147 for nheptane is greater than n = 1.976 for iso-octane. Note that the present experiment is a
coflow configuration, where the trend is still decreasing n with increasing Sc for the jet
with coflow [35]. Considering the difference between free jets and coflow confined jets
and the large Sc of pre-vaporized fuels, the experimentally determined velocity exponent,
n, is reasonable.

2.3.2 Autoignited lifted flames
When the initial temperature increases over an autoignition temperature above 940 K
for iso-octane, the autoignited nozzle-attached and lifted flames are stabilized without
requiring any external ignition source. These are the conditions for autoignited lifted
flames, when extinguished by external disturbance (such as fuel turnoff/on), to be
reignited and restabilized. Two distinct modes have previously been observed for
autoignited lifted flames: lifted flames with tribrachial edges and lifted flames with mild
combustion [40, 41, 69]. Here, the mild combustion corresponds to the cases satisfying
the conditions of the initial temperature above the autoignition temperature and (Tf
T0)/T0 < 1 [14], where Tf is the flame temperature. Thus, mild combustion behavior can
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be observed with highly diluted fuels that have relatively small heat release.
Photographs of autoignited flames of iso-octane are shown in Fig. 2.5. The results
show a nozzle-attached flame at low velocity (a), lifted flames with tribrachial edges (bd), and lifted flames with mild combustion (e,f). As demonstrated previously [24], the
lifted flame with tribrachial edge structure can be identified by its three branches of a
lean and a rich premixed flame wings and a trailing diffusion flame, all branching out
from a tribrachial point. Due to the coexistence of these flames, the tribrachial point will
be located along a stoichiometric contour. However, the flame edges of the mild
combustion cases do not exhibit tribrachial edge structures. Instead, the flame has faintblue color and its stabilization in the further downstream region implies that it could have
a feature of a lean premixed flame structure. Also, the overall flame shape of the mild
combustion structure can be either concave or convex toward the upstream. When the
fuel jet velocity is relatively small, the flame shows convex shape toward the upstream.
While the concave shape can be observed at relatively large velocity. The reason for these
two types of flames are not clear and it requires a future simulation work.
In the previous studies [40, 41, 69], autoignited lifted flames with tribrachial edges and
mild combustion were observed under different (T0, XF,0) conditions. One interesting
feature in the present experiment is that both types of autoignited flames are observed
under the same (T0, XF,0) condition. As demonstrated in Figs. 2.5d and e for (T0, XF,0) =
(980 K, 0.020), with the increase in U0 from 4.0 to 4.4 m/s, there is an appreciable
increase in the liftoff height from HL = 6.69 to 22.8 cm. This is the first observation of the
transition from an autoignited lifted flame with a tribrachial edge to an autoignited lifted
flame with mild combustion by simply varying the jet velocity. It would be interesting to
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simulate the detailed stabilization mechanisms between these two modes. Such
simulation is left for future work.

Figure 2.5 Autoignited flames of iso-octane: nozzle-attached flame (a), lifted flames
with tribrachial edges (b-d) and lifted flames with mild combustion (e-f).
The transition behavior is further illustrated in Fig. 2.6, where the liftoff height is
plotted in relation to jet velocity at T0 = 980 K and XF,0 = 0.020 for both iso-octane and nheptane. Two transition behaviors, one from nozzle-attached to lifted flames and the other
from lifted flames with tribrachial edges to mild combustion, can be clearly identified,
both having abrupt increases in the liftoff height as the jet velocity increases.
As mentioned, the tribrachial edge structure implies that the edge is located along the
stoichiometric contour, while it has a finite length in the streamwise direction [23, 26].
The appreciable change in the liftoff height implies that once an autoignited flame cannot
be stabilized along a stoichiometric contour with the increase in jet velocity, the flame
can be re-stabilized further downstream as a lean flame at the edge instead of as a
stoichiometric edge flame.
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Figure 2.6. Autoignited liftoff height in relation to jet velocity exhibiting two distinct
transition behaviors.
The lift-off height for iso-octane is higher than that for n-heptane at a specified U0.
This behavior is similar to the case in the non-autoignited regime, which was explained
based on the smaller laminar burning velocity of iso-octane than of n-heptane. However,
in the autoignited regime, this difference can be attributed to the longer ignition delay
time for iso-octane than for n-heptane, which will be elaborated below.
Further experiments were conducted by varying the initial temperatures and fuel mole
fractions to result in autoignited lifted flames with tribrachial edges. The relationship
between HL and U0 depicted in Fig. 2.7 shows that the liftoff height decreases when
either the initial temperature or the fuel concentration is increased, which can be
explained based on the dependence on the ignition delay time. In the log-log plot, a linear
relationship is observed, while the slopes depend on the initial temperature and fuel mole
fraction.
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Figure 2.7. Liftoff height in relation to jet velocity for autoignited lifted flames with
tribrachial edges at several initial temperatures and fuel mole fractions.
The autoignited liftoff height is well correlated with calculated adiabatic ignition delay
times, tig,ad, in single-component gaseous fuels [40, 41], while it is not correlated with
calculated laminar burning velocities. In this regard, tig,ad was computed using
CHEMKIN-Pro [71] by adopting a detailed reaction mechanism for gasoline surrogate
fuels [46] and the result is shown in Fig. 2.8. Regarding the effect of pyrolysis for
autoignited lifted flames, we have tested the transient behavior of iso-octane pyrolysis
process numerically using CHEMKIN Pro [71]. The result shows that considering the
residence time for heating of fuel for pyrolysis in our experiment, the pyrolysis effect is
small. For example, the effect of pyrolysis on the ignition delay time is less than 1% as
compared with the non-pyrolized case.
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Figure 2.8 The calculated adiabatic ignition delay time as a function of inverse
temperature for iso-octane and n-heptane.
The ignition delay time for iso-octane is longer than that for n-heptane at the same XF,0,
which can explain the higher liftoff height for iso-octane than for n-heptane in Fig. 2.6. In
the simulation at the atmospheric pressure condition, negative temperature coefficient
(NTC) regimes [58, 59] can be observed in the ranges of T0 = 600-800 K and T0 < 650 K
for n-heptane and iso-octane, respectively. This implies that the present experimental
range (i.e., T0 = 940-1000 K, shaded region) may be well outside of the predicted NTC
region.
In the autoignited lifted flames of gaseous fuels [40, 41], repetitive extinction and
reignition phenomena were observed near blowout conditions. This behavior has been
attributed to a buoyancy effect such that when an autoignited flame develops, increased
buoyancy blows out the flame and an autoignition re-appears. However, for the present
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iso-octane autoignited flames, such blowout phenomenon was not observed, since such
location could be outside of the outer tube.
Note that for the current inhomogeneous jet mixing layer configuration, the heat
generation during autoignition, say along a stoichiometric contour, accompanies heat loss
by diffusion transport to neighboring region. Concentration inhomogeneity during
autoignition could also affect the autoignition process in jet mixing layer. However, based
on the Arrehnius kinetics, ignition delay time is expected to be much more sensitive to
the effect of temperature since it is in the exponential factor. The combined effects should
be studied numerically in the future. With the analogy of the thermal explosion theory
with heat conduction loss [6, 75, 76] and by adopting the Frank-Kamenetskii parameter,
2
the effect of conduction loss resulting in the relation of (𝐻𝐿 /𝑈0 ) ∝ 𝑡𝑖𝑔,𝑎𝑑
has been

derived previously [40].
For the cases of repetitive blowout and reignition, the autoignition heights can be
2
determined and the experimental data correlated well with (𝐻𝐿 /𝑈0 ) ∝ 𝑡𝑖𝑔,𝑎𝑑
. This has

been explained phenomenologically [40, 41] based on the balance of the heat generation
time scale for an autoignition of tig,ad and the heat loss (diffusion) time scale, which is the
square root of the streamwise convection time scale of (𝐻𝐿 /𝑈0 ) in a jet mixing layer,
2
resulting in (𝐻𝐿 /𝑈0 ) ∝ 𝑡𝑖𝑔,𝑎𝑑
. This relation can be understood analogously as in the

boundary layer theory.
For stationary autoignited lifted flames away from the near blow out conditions, it is
not possible to identify the autoignition point in the present steady-flow experiments,
since an autoignited flame could propagate upstream and stabilized as a stationary
autoignited lifted flame. However, the analysis of the experimental data [40, 41] showed
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that the autoignited liftoff height can be successfully correlated empirically as 𝐻𝐿 ∝
2
(𝑈0 𝑡𝑖𝑔,𝑎𝑑
)𝑚 , where m is a constant depending on the fuel. Recent numerical study [68] on

syngas autoignition also predicted this behavior. Currently, a clear physical explanation
on this correlation is unclear.
Similar correlations have been tested and the results for iso-octane are shown in Fig.
2
2.9 in terms of 𝐻𝐿 with (𝑈0 𝑡𝑖𝑔,𝑎𝑑
) in the log-log scale. Unlike the cases with gaseous

fuels [40, 41], where uniform correlations were obtained for a specified fuel, the data for
iso-octane are spread out depending especially on the initial temperature. This behavior is
similar to pre-vaporized n-heptane studied previously [69].

Figure 2.9 Correlations of liftoff height with calculated adiabatic ignition delay
times for autoignited flames with tribrachial edges.
Such unsuccessful correlations for n-heptane [69] have been attributed to unique
characteristics of this fuel as compared with gaseous fuels tested previously [40, 41]. One
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such characteristic may be associated with the negative temperature coefficient (NTC)
behavior as shown in Fig. 2.8. Another is that experimental data on the ignition delay
time for n-heptane (and also iso-octane) are typically limited to high pressure conditions
[53-56] with an ignition delay time on the order of 1-10 ms due to limited available time
in shock tube experiments. Typical kinetics models rely on these high-pressure ignition
delay data for mechanism validations. These imply that the unsuccessful correlation may
be attributed to a potential inaccurate prediction of ignition delay time and its sensitivity
to temperature at the atmospheric condition.
Instead of using calculated ignition delay times, an alternative approach was adopted
previously [69] to experimentally derive an activation temperature for the best
correlation, based on the ignition delay time relation of 𝑡𝑖𝑔,𝑎𝑑 ∼ exp(𝑇𝑎 /𝑇) , where Ta is
2
the activation temperature. Combined with the relation of 𝐻𝐿 ∝ (𝑈0 𝑡𝑖𝑔,𝑎𝑑
)𝑚 , the

autoignited liftoff height data for iso-octane are correlated as 𝐻𝐿 = 𝑎 × [𝑈0 exp(2𝑇𝑎,𝑒 /
𝑇0 )]𝑏 , where Ta,e is the experimentally determined activation temperature. Similar to the
case of n-heptane [69], curve-fitting was conducted at each XF,0 and the best correlation
was determined with a fixed Ta,e of 1700 K. The results are shown in Fig. 2.10 with the
fitting parameters of a and b. The calculated activation temperature, Ta,c, in the present
experimental range of T0 = 940-1000 K and XF,O = 0.020-0.030 from the calculated
adiabatic ignition delay time in Fig. 2.8 is 14,485 K. In the previous n-heptane
experiment, it was derived that Ta,e = 1400 K [69] and Ta,c = 15,071 K, which is
comparable to the semi-empirical correlation for relatively high pressure and temperature
conditions [77]. The exponent b for both the iso-octane and n-heptane cases is
comparable with values in the range of 2.4-2.5.
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Figure 2.10 Modified correlations of liftoff height with experimentally determined
best-fit activation temperatures for autoignited lifted flames with tribrachial edges.
The implication of small Ta,e as compared with Ta,c is that the ignition delay time might
be much less sensitive than those predicted with existing kinetic mechanisms [46] under
atmospheric pressure conditions. Future studies are required to test the validity of this
observed weak temperature sensitivity through accurate determination of the ignition
delay time under atmospheric pressure conditions.
Autoignited lifted flames with mild combustion are observed when the initial
temperature is high and the fuel is excessively diluted [40, 41, 69]. In the present
experiment, when the fuel concentration became very low (i.e. XF,0 < 0.020), the edge of
the lifted flame did not exhibit the tribrachial structure and the color of the autoignited
lifted flame was faint blue as shown in Figs. 2.5e and f.
The liftoff height of an autoignited lifted flame with mild combustion as a function of
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jet velocity is shown in Fig. 2.11. The trend follows a linear relationship in the log-log
scale and the slope varies depending on the experimental conditions. Again, HL for isooctane is larger than for n-heptane. Previous studies on gaseous fuels [40, 41] showed
2
successful correlations of the lift-off height, 𝐻𝐿 , with (𝑈0 𝑡𝑖𝑔,𝑎𝑑
𝑌𝐹,0 ), where YF,0 is the

initial mass fraction of the fuel. A similar relation was tested but it was unsuccessful,
again likely due to the temperature sensitivities in the ignition delay time.

Figure 2.11 Autoignited liftoff height in relation to jet velocity in the mild
combustion regime for iso-octane and n-heptane.
2.3.3 Transition from non-autoignited to autoignited regimes
The temperature range for the observation of autoignited lifted flames is rather narrow
in terms of the initial temperature. In this regard, we have conducted experiments under
oxygen enriched air up to 40%. A flame could be autoignited at lower temperature than
940 K, e.g., 920 K with XF,0 = 0.050 and 900 K with XF,0 = 0.150, while only nozzle
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attached flames were observed and blowout occurred at high velocities such that
stationary autoignited lifted flames were not observed. Similar behavior was observed at
920 K with air for XF,0 = 0.130, where autoignited nozzle-attached flame was observed
but blowout occurred with increased jet velocity. This direct blowout from nozzleattached flame may be attributed to the fact that the stable autoignited liftoff height is too
large, potentially longer than the outer tube length, since the jet velocity is large. Then as
explained previously, the heat loss to ambient has appreciable effect. At lower XF,0
conditions, lifted flames existed only with external ignition source.

Again, an

autoignition height at low XF,0 conditions can be very long to observe autoignition or
reignition.
We are reporting here the data for lifted flames in the temperature range of 830  T0 
920 K in Fig. 2.12 to provide experimental database for future numerical modeling.
These lifted flames are regarded in the transition regime between the non-autoignited and
autoignited regimes. With the coflow air, the liftoff height increases with decreasing
temperature for XF,0 = 0.030. With increased XF,0 = 0.070 at 920 K, the liftoff height
decreases appreciably at specified U0. Oxygen addition also decreases the liftoff height,
and in general, shifts U0 range of lifted flame to larger jet velocity, resulting in
fluctuations in the liftoff heights as marked with the error bars. Note that for XF,0 = 0.030
with the coflow air, the errors are typically less than 1 mm.
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Figure 2.12 Liftoff height behavior in transition regime with air and oxygenenriched conditions.
Although the data in Fig. 2.12 represent the flame lift-off heights, which cannot
confirm autoignition to occur as in the higher temperature cases, various scaling methods
have been tested. First, the lift-off heights have been correlated with fuel jet velocity
scaled with stoichiometric laminar burning velocity. The data for XF,0 = 0.030 with T0 =
830 and 870 K for the coflow air case match well the uniform correlation presented in
Fig. 2.4, which is independent of initial fuel mole fraction and temperature. However, for
T0 = 900 and 920 K, HL becomes higher and the slope in the log-log plot of HL vs
U0/SL0|st becomes larger. The data for T0 = 940 and 960 K, which are the autoignited
cases, exhibited even higher slope. Also regarding the case with XF,0 = 0.030 and 20%
oxygen enrichment at T0 = 900 and 920 K, the slope becomes further increased. This
result shows that the cases of XF,0 = 0.030 with coflow air at T0 = 830 and 870 K are in
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the non-autoignited regime. Second, the correlation with the calculated ignition delay
time was also unsuccessful similar to Fig. 2.9. While the data analysis using the
experimentally-determined activation temperature Ta,e = 1700 K for XF,0 = 0.030 and T0 =
900 and 920 K exhibits the same trend as in Fig. 2.10 in HL vs U0exp(2Ta,e/T0) plot.
However, as the initial temperature decreases to T0 = 870 and 830 K, the deviation from
the correlation becomes pronounced. For the oxygen enriched case with 20% O2 at 900
and 920 K, a successful correlation with R2 = 0.984 can be obtained as
𝐻𝐿 [𝑚] = (0.690 × 10−8 ) × [𝑈0 exp (2𝑇𝑎,𝑒 /𝑇0 )]2.941

(13)

This result implies that the liftoff height behavior for XF,0 = 0.030 with coflow air and
with 20% oxygen addition at T0 = 900 and 920 K are in the autoignited regime although
autoignition and reignition (through fuel turn off/on) cannot be confirmed in the present
experimental setup.
Through this analysis, the transition temperature from non-autoignited to autoignited
regime lies between 870 to 900 K for the coflow air case, and autoignited flame behavior
can be observed for the temperature higher than 900 K.

2.4 Concluding remarks
Laminar jet flames in coflow air at elevated temperatures with pre-vaporized isooctane fuel have been investigated experimentally. At relatively low initial temperatures
(T0 < 940 K), an external ignition source was required to stabilize the flame in the nonautoignited regime. The liftoff heights for iso-octane were higher than those for nheptane, which can be attributed to the differences in the laminar burning velocity.
Successful correlations were obtained for the liftoff height with jet velocity scaled by the

44

stoichiometric laminar burning velocity.
When the initial temperature was higher than 940 K, two types of autoignited lifted
flames were stabilized without requiring any external ignition source: lifted flames with
tribrachial edges and lifted flames with mild combustion. The liftoff heights for isooctane were higher than those for n-heptane, which was attributed to the longer ignition
delay time. The transition behavior from the autoignited lifted flame with tribrachial
edges to mild combustion was observed as the jet velocity increased, which could be an
interesting simulation topic in the future to elucidate stabilization mechanism in these two
different autoignited lifted flames.
The correlations of liftoff height in the autoignited regime with the computed adiabatic
ignition delay time were not successful, unlike for the cases of gaseous fuels. This
suggests the necessity of accurately determining ignition delay times experimentally
under atmospheric pressure conditions. Liftoff data are also provided in the transition
regime for the temperature range of 830  T0  920 K. The data analysis shows the
transition temperature from non-autoignited to autoignited regimes lies between 870 and
900 K.
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CHAPTER 3
Autoignited Lifted Flames of Pre-vaporized
Gasoline Surrogate Fuels in Heated Coflow Air
3.1 Introduction
Physical and chemical characteristics of transport fuels have drawn attention recently
specifically on autoignition phenomenon, since autoignition is pertinent in various
transport applications such as knocking in spark ignition (SI) engines and self-ignition in
compression ignition (CI) and low temperature combustion (LTC) engines. Various
methods have been introduced to study the autoignition features of practical fuels. The
Cooperative Fuel Research (CFR) engine [2] has been utilized to measure knocking
behavior of gasoline-related fuels based on the knock propensity of the primary reference
fuels (PRFs), binary mixtures of n-heptane and iso-octane, to evaluate the autoignition
ability of various hydrocarbon fuels. Accordingly, Research Octane Number (RON) and
Motor Octane Number (MON) are standardized to represent the PRFs equivalent scales
[1] which will be elaborated later. In addition, ignition quality tester (IQT) [3] and
constant volume combustion chamber (CVCC) [78] have been used to determine the fuel
Cetane Number (CN) to characterize autoignition in diesel engine applications. The
higher the CN or the lower the RON, the propensity of the fuel to autoignite becomes
higher.
Autoignition behavior has been extensively investigated as a homogeneous adiabatic
thermal explosion phenomenon to determine the ignition delay time that represents a
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fuel’s reactivity [6], typically by using shock tubes and rapid compression machines
(RCMs) [53, 55, 79, 80]. Experimental conditions are frequently at high pressure and
high temperature due to time limitations in experiments. Typical autoignition in practical
combustion systems such as diesel engines occurs under inhomogeneous conditions.
However, studies on the relation between ignition delay times measured under
homogeneous conditions and autoignition phenomena under inhomogeneous conditions
are limited.
The utilization of computational tools have become more reliable and less expensive
owing to the advancements in fundamental combustion theories, numerical methods, and
experimental techniques which facilitate data validation of reactive flow modeling and
kinetics mechanisms. However, chemical kinetics models still require careful and
continuous improvements [68], especially for autoignition applications under low-tointermediate temperature conditions where Negative Temperature Coefficient (NTC) [58]
behavior typically exists. Various kinetics models have been developed for practical
liquid fuels and surrogates [46, 81-83]. Several computational studies have been
conducted to study the autoignition characteristics of PRFs, gasoline, diesel in addition to
their surrogates, including the modeling of non-premixed counter-flow flames [81], nonpremixed turbulent flames in HCCI conditions [83], spray jets [84], and droplets in air
[85].
To investigate the effect of fuel stratification, autoignition characteristics in laminar
jet flames for pre-vaporized n-heptane and iso-octane were investigated at elevated
temperatures in coflow air with regard to gasoline primary reference fuels [69, 86]. It was
observed that the stabilization of non-autoignited lifted flames is by the existence of
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tribrachial edge flame structure for initial temperatures lower than 940 K. For autoignited
lifted flames, either tribrachial edge or mild combustion behaviors were observed for the
initial temperatures over 920 K [69, 86]. It was found that the flame liftoff height had a
weak dependence on the calculated ignition delay time while successful correlations of
liftoff height with calculated ignition delay time were obtained for gaseous fuels [40, 41].
In the present study, binary mixtures of the PRFs and corresponding FACE fuels are
studied along with ethanol and toluene, and the results are compared to single-component
n-heptane and iso-octane fuels to investigate the fuel effect on autoignition phenomena
and on flame stabilization.

3.2 Experiment
The experimental apparatus consists of a coflow burner and flow controllers, a
heating system, and a measurement setup. Schematic and details have been reported
previously [69, 86] and are shown in Fig. 2.1. The coflow burner has a central fuel nozzle
made of stainless steel with 3.76 mm i.d. and 50 cm length to allow for the flow inside to
be fully developed. The coflow air is supplied through metal fibers, ceramic beads, and a
honeycomb ceramic for the velocity and temperature to be uniform. The tip of the fuel
nozzle protrudes 10 mm over the exit of coflow. A quartz tube with 85 mm i.d. and 50 cm
in length is placed on the honeycomb, which confines the heated coflow air to minimize
outside disturbances. A cylindrical ceramic insulator surrounds the quartz tube to
minimize heat loss.
The tested fuels include gasoline fuels for advanced combustion engines (FACEs),
ethanol, and binary mixtures of n-heptane and iso-octane. Compressed air is used for the
coflow. The flow rate of liquid fuel is controlled by a syringe pump and the fuels are pre48

vaporized and diluted with nitrogen. Gas flow rates are metered by mass flow controllers
calibrated by a volumetric flow calibrator.
To vaporize the liquid fuels, the fuel supply line was heated with electrical rope
heaters to keep the temperature at the junction of fuel supply line and preheated nitrogen
at 200 °C. Note that the boiling temperatures of the tested fuels do not exceed 120 °C.
The vaporized mixture passes through a reservoir of 280 ml to minimize fluctuations in
flow rate and mixture concentration, which is also heated at 200 °C. The coflow air is
heated by two heaters. Supplied air first passes through an inline heater (8 kW) and then
is heated again by a coil heater (1.2 kW). The velocity of the coflow air is fixed at 1.0 m/s
to minimize the axial temperature variation. Ceramic beads installed inside the burner
served as a thermal reservoir to minimize temperature fluctuations. The temperature of
heated air is measured at the exit of the coaxial nozzle with sheathed K-type
thermocouples with o.d. 3 mm. The liftoff height was measured by a cathetometer and the
flames were visualized by direct photography.

3.3 Results and Discussion
Previous studies investigated the autoignition characteristics of primary reference
fuels (PRFs) of n-heptane (n-C7H16) and iso-octane (iso-C8H18) [69, 86], including such
behaviors of nozzle-attached flame, liftoff, and liftoff height behaviors. In the present
study, binary mixtures of PRFs are tested, particularly the fuel blends which are
equivalent to the gasoline surrogates with RONs of 70 and 85. Note that RON is based on
the percentage of iso-octane in a binary mixture of n-heptane and iso-octane. In addition,
two gasoline FACEs with RONs of 70 and 85 are also performed, which are designated
as FACE I and FACE A, respectively. Typical RON values for fuels operated in SI engine
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are greater than 90 to avoid knocking issue. These RON values of 70 and 85 are selected
considering the application to gasoline compression ignition (GCI) engines to achieve
autoignition-controlled combustion process.
For various gaseous and pre-vaporized liquid fuels [40, 41, 69, 86], when the initial
temperature was below an autoignition temperature, an external source was required to
ignite the combustible. The stabilization of such lifted flames depends mainly on the
Schmidt number of the fuel. If the Sc of specific fuel is greater than unity, stable lifted
flames exist. Some examples include propane, n-butane, n-heptane, and iso-octane. On
the other hand, lifted flames of fuels with Sc < 1 such as methane, ethane, and ethylene
are not stable and only blow off from nozzle-attached flame is observed as jet velocity
increases. It was also elucidated that the stabilization mechanism of the non-autoignited
stable lifted flames was based on the balance between the local flow velocity and the
laminar burning velocity [40, 41, 69, 86]. Here, we will focus on autoignited lifted
flames.

3.3.1 Autoignited lifted flames with tribrachial edge
For autoignition to occur, the initial temperature of air should be elevated to a high
temperature (T0 > 940 K). When the fuel diluted with nitrogen was injected to the coflow
air in vapor phase, it mixed with the heated air. Consequently, a mixing layer was formed.
Self-ignition occurred due to high temperature environment and lifted flame with
tribrachial-edge was observed. This tribrachial-edge flame consists of three branches of a
lean premixed flame, a rich premixed flame and a trailing diffusion flame, thus the
tribrachial point will be located along a stoichiometric contour [23, 24].
Flame liftoff length for fuel sprays has been considered an important parameter in
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Diesel engines. This can be elucidated from the fact that emission processes can be
controlled by considering the effect of fuel/air premixing prior to the combustion regime
within the fuel spray [18]. In addition, liftoff length depends mainly on several
parameters which include injection velocity, chamber temperature, chamber density, and
orifice diameter [19]. When these parameters increase, the liftoff length increases, except
for the chamber temperature and density which showed opposite trend of decreasing. It
was also concluded that the residence time from the fuel orifice to the liftoff length for
diesel spray showed similar behavior to the ignition delay time as it featured Arrheniustype expression [16].
In this regard, Figure 3.1 shows the results of the measured flame liftoff height HL as
a function of the jet velocity U0 for two initial temperatures of T0 = 960 and 980 at the
fuel mole fraction of XF,0 = 0.030 balanced with nitrogen. At a relatively low jet velocity,
the flame was attached to the nozzle tip. At a specific velocity, the flame lifted off and a
stabilized lifted flame with tribrachial edge was observed. As the jet velocity increases,
the flame liftoff height increases nonlinearly. As the ambient air temperature increases
from 960 to 980 K, the flame liftoff height decreases. This is because as the temperature
increases, the fuel’s reactivity enhances and consequently results in bringing the flame
edge upstream, which means decreasing the liftoff height.
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Figure 3.1 Measured lift-off height with fuel jet velocity for various fuels at (a) 960
and (b) 980 K.
Comparing various fuels, the flame liftoff heights for the binary mixtures of the PRF
70 and 85 are bounded by the liftoff heights of single-component n-heptane and isooctane. However, the liftoff heights of both gasoline FACE A (RON = 85) and FACE I
(RON = 70) are higher than that for the iso-octane. This can be partly attributed to the
multi-component nature of the fuels. The direct photos of the lifted flames for all tested
fuels are shown in Figure 3.2 at fixed conditions (U0 = 4.4 m/s, T0 = 960 K, XF,0 = 0.030).
Two other fuels have been tested for toluene and ethanol. Toluene (C6H5CH3) is an
aromatic hydrocarbon fuel which is considered in the toluene reference fuels (TRFs)
which can be utilized instead of PRFs, because of the issues on pressure sensitivity on
ignition delay time and sensitivity (RON-MON) for PRFs as compared with real fuels.
Ethanol (C2H5OH) can be produced from biomass and regarded as a renewable energy.
Both toluene and ethanol can be used as gasoline additives for octane boosting in
gasoline engines because of their high research octane numbers which are 121 and 108.6,
respectively. In Fig. 3.1b, even though the fuel mole fractions of both toluene and ethanol
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were increased to 0.05 compared to other fuels, the flame liftoff heights were still higher
than the PRFs and gasoline FACES. This is consistent because the RONs of toluene and
ethanol are larger than other fuels (0 for n-heptane, 70 and 85 for gasoline FACEs and
binary mixtures of PRFs, and 100 for iso-octane).

Figure 3.2 Direct photos of autoignited lifted flames with tribrachial edge for
various fuels (T0 = 960 K, XF,0 = 0.030, U0 = 4.4 m/s).
Another observation is the flame structure for ethanol fuel as shown in Fig. 3.3
(upper row). Typical behavior is that nozzle-attached flame lifts off and then stabilizes as
lifted flame with tribrachial edge structure, however, after the liftoff, a distinct tribrachial
structure was not observed for ethanol. The observed flame is near planar at the upstream
region, similar to the lifted flame near blow out conditions [69, 86]. There is a hysteresis
behavior as decreasing the jet velocity. The tribrachial lifted flame is observed as the jet
velocity decreases and becomes a nozzle-attached flame as shown in Fig. 3.3 (lower
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row). Note that the existence of oxygen atom in ethanol fuel resulted in reducing soot
formation in nozzle-attached flames for the present non-premixed flame configuration
which can be elucidated from the absence of yellow luminosity.

Figure 3.3 Direct photos of autoignited ethanol flames with increasing (upper row)
and decreasing (lower row) jet velocity showing hysteresis behavior (T0 = 980 K, XF,0
= 0.070)
Figure 3.4 shows that the liftoff heights of ethanol flames increase nearly linearly
with the fuel jet velocity. This linear trend is different from other PRFs and gasoline
FACES as was shown in Fig. 3.1. Increasing fuel mole fraction results in decreasing
flame liftoff height for the same velocity (U0 = 5.6 m/s) at fixed temperature T0 = 980 K.
This linear trend is similar to the behavior of the autoignited lifted flame with mild
combustion, which was observed previously for gaseous and pre-vaporized liquid fuels
when the fuel is highly diluted with nitrogen [40, 41, 69, 86]. This can be understood
54

based on the large liftoff heights for ethanol such that the flame region could experience
an effectively very lean initial fuel mole fraction as compared to other fuels. Based on the
flame characteristics and liftoff height in Fig. 3.3, the ethanol lifted flames could be
regarded in the transition regime between autoignited lifted flame with tribrachial edge
and mild combustion [86].
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Liftoff Height HL [m]
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0.15
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XF,0 = 0.080
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Figure 3.4 Flame liftoff heights of autoignited ethanol flames.
3.3.2 Liftoff heights and ignition delay times
For gaseous fuels, the liftoff heights of autoignited flames correlated well with the
ignition delay times of stoichiometric fuel/oxidizer mixtures. In this regard, adiabatic
ignition delay time tig,ad was computed using CHEMKIN-Pro Software [71] by adopting a
detailed reaction mechanism for gasoline surrogate fuels [46]. As shown in Fig. 3.5, the
iso-octane ignition delay time is higher than that for n-heptane. Also, the trends of the
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ignition delay times for the PRF 85 and PRF 70 fuels are between the trends of n-heptane
and iso-octane. These behaviors support the experimental results for the flame liftoff
height discussed above. As discussed earlier, the reactivity of iso-octane is lower than nheptane. The higher the octane number, the lower the fuel reactivity. Therefore, the fuel
requires longer time to be ignited and consequently the flame liftoff height becomes
higher.

Figure 3.5 Calculated adiabatic ignition delay time as a function of inverse of initial
temperature for various fuels.
Additionally, both gasoline FACEs are studied. First, the detailed lists of the
components of both gasoline FACEs A and I are shown in Table 3.1. To calculate the
ignition delay time, few components do not exist in the utilized chemical mechanism
[46], but they represent only less than 2%. Hence, they are ignored in the following
calculations. The results show that the ignition delay times of gasoline FACES are longer
than the the equivalent PRFs (i.e. same RON), which support the experimental results
demonstrated in Fig. 3.1. However, the ethanol result is lower than n-heptane which
contradicts the experimental results where ethanol flame liftoff heights were higher due
to its lower reactivity and higher octane number. This suggests that further investigation
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of the chemical kinetics is required.
Table 3.1 Components of Gasoline FACEs
Species name
n-butane
iso butane
1-butene
n-pentane
iso pentane
1-pentene
cyclopentane
n-hexane
2-methylpentane
1-hexene
cyclohexane
n-heptane
2-methylhexane
1-heptene
methylcyclohexane
toluene
2-methylheptane
Ethyl cyclohexane
p xylene
2-methyloctane
1-nonene
propylcyclohexane
propyl-benzene
2-methylnonane
butyl cyclohexane
butyl benzene

Face A
7.21
0.50
0.00
0.14
15.12
0.00
0.07
0.00
4.84
0.05
0.44
6.41
21.54
0.14
1.41
0.70
40.01
0.03
0.02
0.91
0.00
0.09
0.01
0.22
0.04
0.08

Face I
0.97
6.13
0.03
0.07
4.00
0.03
0.30
0.02
10.55
6.70
0.00
12.99
32.42
0.40
3.26
1.30
19.34
0.09
0.06
0.87
0.08
0.04
0.16
0.15
0.03
0.02

In previous studies of gaseous fuels [40, 41], the flame liftoff heights HL of
autoignited lifted flames with tribrachial edge have been successfully correlated with
2
calculated adiabatic ignition delay time (i.e. 𝐻𝐿 ~ 𝑈0 𝑡𝑖𝑔,𝑎𝑑
). This correlation was based

on the balance between the characteristic heat generation time scale of 𝑡𝑖𝑔,𝑎𝑑 and the
characteristic heat loss time scale during autoignition represented by the diffusion time
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scale, which is the square-root of the characteristic flow time (𝐻𝐿 /𝑈0 ) in a jet. For liquid
fuels such as n-heptane and iso-octane [69, 86], such correlations were not successful,
which was potentially attributed to the limitations in kinetic mechanisms due to the lack
in accurate ignition delay data especially at the atmospheric pressure condition.
The correlations were tested here for gasoline FACE A and FACE I as well as their
equivalent binary mixtures of PRFs 85 and 70, respectively. The result is shown in Fig.
3.6. These correlations are not successful when using calculated ignition delay times,
meaning that different temperature conditions do not collapse into a single successful
correlation for a specified fuel. In fact, experimental data on the ignition delay time for nheptane (and also iso-octane) are typically limited to high pressure conditions [53, 55, 79,
80] with an ignition delay time on the order of 1-10 ms due to limited available time in
shock tube experiments. Typical kinetics models rely on these high-pressure ignition
delay data for mechanism validations. While the predicted ignition delay time for the
atmospheric pressure conditions studied here is O(100 ms) as shown in Fig. 3.5 for which
accurate experimental data are not available at present. Thus, there is a possibility that the
predicted ignition delay time may not be accurate at the atmospheric condition, which
might lead to the unsuccessful correlations.
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Figure 3.6 Correlations of flame liftoff heights with calculated ignition delay time
An alternative approach has been adopted previously [69] to correlate the flame
liftoff heights with experimentally-determined ignition delay time. Considering the
theoretical results of 𝑡𝑖𝑔,𝑎𝑑 ∼ exp(𝑇𝑎 /𝑇), where Ta is the activation temperature, the
2
correlation 𝐻𝐿 ~ 𝑈0 𝑡𝑖𝑔,𝑎𝑑
can be re-written as 𝐻𝐿 = 𝑎 × [𝑈0 exp(2𝑇𝑎,𝑒 /𝑇0 )]𝑏 . Here, Ta,e

is the experimentally-determined activation temperature and a and b are constants for the
best correlation. Figure 3.7 shows the results and the best correlation constants are
presented in Table 3.2. Note that the values of Ta,e for PRF 85 and 70 mixtures are
between those for n-heptane and iso-octane, while the values for FACE A and FACE I are
higher than iso-octane.
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Figure 3.7 Correlations of flame liftoff heights with experimentally-determined
activation temperature.
Table 3.2 Correlation parameters for HL
Fuel

Ta,e

a (10-7)

b

R2

n-heptane

1420

7.826

2.453

0.984

iso-octane

1750

0.912

2.643

0.995

PRF 85

1680

1.649

2.598

0.990

FACE “A”

1820

1.696

2.465

0.993

PRF 70

1610

2.489

2.557

0.992

FACE “I”

1790

1.721

2.483

0.995

3.3.3 Further analysis for PRFs autoignition
By focusing on the results of PRFs, several correlations can be derived which links
such engineering indices of RON and CN. Here, the jet velocity is fixed (U0 = 5.6 m/s).
Figure 3.8a shows the relation between the flame liftoff height and Research Octane
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Number (RON) of PRFs and gasoline FACEs. As discussed previously, HL increases
when T0 decreases or RON increases. All trends at several temperatures show similar
behaviors. The correlations of HL with RON are summarized in Table 3.3.

Figure 3.8 Autoignited liftoff height relations with (a) RON and (b) CN at several
temperatures. [Open symbols represent gasoline FACEs data]
Table 3.3 Fitting correlations of HL with RON and CN
T0
RON
CN

960 K
𝑯𝑳 =

𝟎. 𝟎𝟖𝟒𝟗𝟕
𝟏 − 𝟎. 𝟎𝟎𝟑𝟑𝟐 𝑹𝑶𝑵

𝑯𝑳 =

𝟎. 𝟏𝟒𝟗𝟑𝟓
𝟏 + 𝟎. 𝟎𝟏𝟑𝟖𝟖 𝑪𝑵

980 K
𝑯𝑳 =

𝟎. 𝟎𝟔𝟖𝟔𝟕
𝟏 − 𝟎. 𝟎𝟎𝟑𝟔𝟖 𝑹𝑶𝑵

𝑯𝑳 =

𝟎. 𝟏𝟑𝟏𝟓
𝟏 + 𝟎. 𝟎𝟏𝟔𝟕𝟔 𝑪𝑵

1000 K
𝑯𝑳 =

𝟎. 𝟎𝟓𝟑𝟖𝟑
𝟏 − 𝟎. 𝟎𝟎𝟒𝟎𝟒 𝑹𝑶𝑵

𝑯𝑳 =

𝟎. 𝟏𝟏𝟑𝟒
𝟏 + 𝟎. 𝟎𝟐𝟎𝟐𝟕 𝑪𝑵

Another parameter which distinguishes the autoignition behavior of different fuels is
the Cetane Number (CN). Furthermore, CN can be measured and derived using several
techniques such as Cooperative Fuel Research (CFR) engine [2] and Ignition Quality
Tester (IQT) [3]. It is generally accepted that CN is inversely proportional to the ignition
delay time [78]. In the present study, CN is calculated for PRFs using the following
correlation [87]:
CN = 54.6 – 0.42 RON
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(14)

In Figure 3.8b, increasing CN results in decreasing the liftoff height which is the typical
trend of ignition delay decrease by increasing CN. The correlations of HL with CN are
also shown in Table 3.3.
The activation temperature Ta,e of the PRFs were derived using the present
experimental data. Similar to the previous analysis of HL, the activation energy Ea can be
correlated with both the RON and CN. Note that Ea,e can be calculated using the global
formula Ea,e = RuTa,e, where Ru is the universal gas constant (Ru = 8.314 J/mol-K). The
relations between Ea,e and both RON and CN can be shown in Figure 3.9. The result
shows that Ea,e increases when RON increases, while it decreases with the increase in
CN. This is consistent with the fact that the ignition delay time tig is related to Ea as tig ~
exp (Ea / Ru T). In other words, fuels with higher RON (lower CN) autoignite slower (i.e.
tig is higher) because the activation energy which is required for reactions to begin is
higher.

Figure 3.9 Activation energy relations with RON and CN.
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The fitting correlations can be expressed as
𝐸𝑎,𝑒 =

11804.5
1 − 0.00127 𝑅𝑂𝑁 − (6.232𝐸 − 6) 𝑅𝑂𝑁 2

(15)

16180.3
1 + 0.00943 𝐶𝑁 − (4.842𝐸 − 5) 𝐶𝑁 2

(16)

𝐸𝑎,𝑒 =

As discussed previously, the correlations of flame liftoff height with calculated
ignition delay time for stoichiometric mixtures were unsuccessful. A further investigation
of ignition delay time behavior is conducted considering the effect of equivalence ratio .
Although the ignition delay time data which were adopted previously for the liftoff height
correlations were calculated for stoichiometric mixtures based on the nature of the
tribrachial edge, the effect of various equivalence ratio conditions can be investigated at
several temperatures to understand their effects.
Figure 3.10 shows the variation of ignition delay time with equivalence ratio for the
tested PRFs at 3 different temperatures which are considered in this study. The ignition
delay time increases when the equivalence ratio increases (from lean to rich) except for
the n-heptane case. For n-heptane, the ignition delay decreases with  and then slowly
increases with . The trends with temperature show similar behavior for each fuels with
an increase of ignition delay as the temperature decreases.
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Figure 3.10 Calculated ignition delay time with equivalence ratio at several initial
temperatures.
To check this effect in a different way, Figure 3.11 shows the influence of varying
ignition delay with initial temperature for several equivalence ratios. For all the fuels
(PRFs), there is a crossover (vertical dash-dotted line) where the trends of ignition delay
time change with equivalence ratio in opposite manners. For example, for n-heptane case,
the inflection point is at 1000/T ~ 0.98 [1/K], equivalent to T0 = 1020 K. For 1000/T <
0.98, the ignition delay time increases when the equivalence ratio increases. On the other
hand, the ignition delay time decreases by the increase of equivalence ratio for 1000/T >
0.98. We can also observe that the crossover point moves to the right (lower temperature)
as the RON value increases. This crossover point and the combined effects of
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equivalence ratio and initial temperature on ignition delay time might be of a major
interest especially in understanding autoignited lifted flames.

Figure 3.11 Calculated ignition delay time vs. inverse of initial temperature at
several equivalence ratios.

3.4 Concluding Remarks
Autoignited lifted flames with tribrachial edge have been studied experimentally for
primary reference fuels and their equivalent gasoline FACEs in heated coflow air. Flame
liftoff heights were measured and ignition delay times were computed to elucidate the
conjunction between the lifted flame stabilization and the autoigition behavior. The liftoff
heights for both tested PRF binary mixtures were found between the n-heptane and isooctane data. The trends for gasoline FACEs did not match with their equivalent PRFs.
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Similar behavior was observed for the calculated ignition delay time. The correlations of
flame liftoff height with calculated ignition delay time were not successful.
Experimentally-determined ignition delay time concept was tested to improve the
correlations and consequently fuel activation temperatures were obtained. Successful
correlations for flame liftoff heights and activation energy were derived in terms of both
Research Octane Number (RON) and Cetane Number (CN).
The effect of equivalence ratio on ignition delay time was also investigated
numerically for homogeneous autoignition of PRFs. For n-heptane case, the ignition
delay time decreased and then increased when the equivalence ratio increases while other
PRFs showed only the increasing trend. This would depend also on the initial temperature
and pressure. Therefore, the initial temperature and equivalence ratio could feature
combined effects on ignition delay time. It is also recommended to test various surrogate
fuels such as TPRFs (Toluene Primary Reference Fuels), gasoline surrogates,
ethanol/TPRF mixtures, and ethanol/gasoline mixtures to target the practical fuels and
formulate the most suitable surrogate for gasoline compression ignition (GCI) engines.
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CHAPTER 4
Simulation of Non-autoignited and Autoignited
Laminar Nonpremixed Jet Flames of Syngas in
Heated Coflow Air
4.1 Introduction
Synthetic gas (syngas) can be produced from partial oxidation of low-grade
hydrocarbons having carbon monoxide and hydrogen as the major components. Syngas is
a viable and clean alternative fuel in combustion applications such as gas turbines.
Because of unique combustion characteristics of syngas compared with typical
hydrocarbon fuels, a development of flame stabilization technologies that deal with
autoignition and flashback issues is important.
Laminar flame speeds [88-90], ignition characteristics in counterflow [91] and in
rapid compression machines [92], and blowoff limits in premixed burners [93] have been
investigated for mixture fuels of CO/H2. Studies of nonpremixed jet flames of CO/H2 are,
however, rather limited especially at elevated temperatures. Recently, the characteristics
of lifted flames with single-component hydrocarbon fuels have been investigated in
laminar [39, 40] and turbulent jets [94, 95] at elevated temperatures. When the initial
temperature was below autoignition temperature, the stabilization mechanism of lifted
flame was influenced by the propagation speed of lifted flame edge [23, 24, 28], which
frequently had a tribrachial structure. Especially in laminar free jets, the Schmidt number
of fuel influenced the existence of lifted flames [96]. When the initial temperature was
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sufficiently high, the flame was autoignited without requiring an external ignition source
and then became stationary. Such autoignited lifted flames were stabilized regardless of
the Schmidt number of fuel and the ignition delay time played an important role in the
stabilization [40, 41].
The differential diffusion among fuels may play an important role in the autoignition
in a jet. Experimental results for the mixture fuels of CH4/H2 [42] showed that
autoignited lifted flames exhibited increased liftoff height with increased jet velocity at
sufficiently high temperatures. In a relatively lower temperature regime, a unique feature
was observed in that the liftoff height decreased with increased jet velocity. This may be
attributed partially to the differential diffusion between methane and hydrogen, while a
detailed reasoning is yet to be identified.
Considering the importance of syngas, flame stabilization characteristics of CO/H2
fuels in a wide range of coflow temperatures have been reported [43], including nonexistence of lifted flame at low temperature regime and autoignited lifted flame at high
temperature regime. Recently, numerical studies on the laminar lifted flames could
further describe the propagation and stability characteristics at atmospheric temperatures
for CH4 and C3H8 fuels [97, 98]. While numerical investigations at high temperatures are
rather sparse.
In the present study, numerical simulations were conducted to investigate the
detailed flame structure for the observed non-autoignited nozzle-attached and autoignited
lifted flames and through which to test the predictive capability of existing kinetic
mechanisms in the atmospheric pressure condition.
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4.2 Numerical Simulation
Flame behaviors in non-autoignited and autoignited regimes are investigated
numerically by adopting detailed reaction mechanisms. A set of time-dependent
conservation equations in an axi-symmetric coordinate was solved using in-house DNSbased code (RUN2D) with low Mach number approximation. The code was capable of
handling differential diffusion and the Soret effect and details have been described
previously [33, 99].
The governing equations are written as follows:
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Here,  , t , U , p ,  ,  , T , c p , Yl , Vl , T , l , and N denote the density, the time,
the velocity, the pressure, the dynamic viscosity, the unit tensor, the temperature, the
specific heat at constant pressure, the mass fraction of l-th species, the diffusion velocity
of l-th species, the heat release rate, the production rate of l-th species and the total
number of species, respectively.
A finite difference procedure with staggered grids was adopted with a second-order
central difference scheme. A six-stage fourth-order explicit Runge-Kutta scheme (ERK)
was used for the time integration. The calculation domain was (6.5 × 10 cm) in the radial
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and axial coordinates (x, y). The central fuel nozzle had i.d. 3.76 mm and o.d. 4.76 mm
and the tip protrudes 10 mm over the exit of uniform coflow air. The calculation domain
matched with the experiment in the radial dimension while the axial dimension was
reduced for computational efficiency, considering the observed liftoff heights. Nonuniform grids (128×1024) were embedded. For higher resolution in a reaction zone, 64
uniform grids were distributed within 6.5 mm radius from the nozzle axis and the rest of
grids were stretched in the outer domains. Uniform grid was used in the axial direction to
resolve reaction zone during the unsteady period after ignition leading to a stationary
flame. The grid size in a flame region was ∆x = ∆y = 0.1 mm. The grid dependence was
checked with a grid system having four times larger (256×2048) than the original one.
There were no observable differences in flame structures and lifted flame behaviors. The
experiments were conducted with the fuel temperature close to the air temperature
(within 10 K difference) [43] such that the simulations assumed the initial temperatures
of the fuel and air were the same.

4.3 Results and Discussion
A detailed kinetic mechanism [100] was used for the simulation of experimentally
observed non-autoignited and autoignited flames. This mechanism has been validated for
ignition delay times in shock tubes and flow reactors for T0 > 960 K.

4.3.1 Non-autoignited nozzle-attached flame
Experimentally observed non-autoignited nozzle-attached flame at the initial
temperature T0 = 600 K is simulated first, which has the flame length of 2.6 cm from
chemiluminescence [43]. The fuel of CO/H2 is diluted with nitrogen and the initial fuel
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mole fraction is XF,0 = 0.40. The hydrogen ratio RH, defined as the ratio of H2 to (CO+H2)
mole fractions is set to be 0.30. The fuel jet velocity is U0 = 2.0 m/s and the coflow
velocity is VCO = 0.5 m/s.
Cold flow field was first calculated and then an ignition source was applied by
assigning a spherical high temperature region at 2000 K with 3 mm in radius and 2 cm
above the nozzle along the centerline. Subsequent flame propagation stabilized a
stationary nozzle-attached flame. Ignition location has been varied to test whether a
stationary lifted flame can be stabilized, however, the flame after ignition either blows
out or becomes nozzle-attached. It has been shown that a non-autoignited stationary lifted
flame for fuels having the Schmidt number less than unity was unstable at least in a free
jet [23, 28].
Figure 4.1 shows the profiles of various parameters of the simulated nozzle-attached
flame for (T0, U0) = (600K, 2.0 m/s) with (XF,0, RH)=(0.40, 0.30), including the
temperature, the heat release rate (HRR), the mole fractions of the major species of CO,
H2, CO2 and H2O and the radicals of H, OH, HO2 and H2O2. The flame length based on
the maximum temperature and CO2 mole fraction along the centerline is about 2.4 cm,
which is in good agreement with the experimentally observed value of 2.6 cm from the
luminosity [43].
The concentration of H2 decreases in faster rate along the axis than that of CO in the
fuel core region, which can be attributed to the effect of differential diffusion of H 2 being
lighter than CO and N2. Between H and OH radicals, H radicals are generated closer to
the fuel side and OH radical peaks closer to the main heat release zone. This is consistent
with the H and OH radical distributions in CO/H2 counterflow diffusion flames from the
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asymptotic analyses [101, 102]. The maxima of HO2 and H2O2 are further on the oxidizer
side from the OH zone, again consistent with the asymptotic analyses [101, 102].
Reactions of OH and CO then produces CO2. The comparison of H2O and CO2 profiles
shows that H2O maintains high concentration in the fuel/air mixing layer near the nozzle
while CO2 has maximum in the further downstream region along the axis.

Figure 4.1 Various simulation results for attached flame at (T0, U0) = (600K, 2.0 m/s)
with (XF,0, RH) = (0.40, 0.30). Temperature in T [K], Heat release rate in [erg/cm3-s],
Species in mole fraction.
The heat release rate (HRR) is at its maximum near the nozzle, because of the
premixed flame nature of its edge caused by partial premixing of fuel and oxidizer in the
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quench zone. Near the nozzle, a branch of weak heat release zone can be identified inside
the main heat release zone (inset in HRR profile showing LHS of the nozzle), indicating
an existence of rich premixed flame branch in the edge flame. The insets in the CO and
H2 profiles indicate iso-concentration lines, exhibiting a fast diffusion of H2 as compared
with that of CO together with an appreciable backward diffusion of H2 below the nozzle
exit. This behavior has been predicted previously [23, 28] for fuels having Sc < 0.5 such
as hydrogen.

4.3.2 Autoignited lifted flame
A simulation was conducted for (U0, XF,0, RH) = (18 m/s, 0.20, 0.10) at T0 = 940 K
with the coflow velocity of VCO = 1.1 m/s. In this high temperature condition, ignition
was achieved without having an extra heat source, leading to autoignition and
subsequently a stationary autoignited lifted flame was stabilized.
The results are shown in Fig. 4.2 for the temperature, HRR, and various species
profiles, together with the reaction rates (RR) of H2 and H2O2. Based on the temperature
and H2O profiles, the liftoff height can be estimated to be about 3 cm. The CO and H2
show similar profiles as a lifted flame with non-autoignited case [103, 104]. Again, H2 is
diffusing in much faster rate than CO based on the broader profile and rapid decrease in
its concentration along the downstream. The zone of CO2 appears at further downstream
from that of H2O. The reaction rate plot of H2 shows the existence of outer and inner
premixed flame wings. Together with the profile of OH (a flame marker for diffusion
flame wing), a tribrachial edge flame structure can be constructed as shown in Fig. 4.3,
which agrees with an experimental observation of autoignited lifted flame with tribrachial
edge [40-43, 69]. Note that HRR shows strong signal for the inner rich premixed flame
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wing. The profile of H2O also supports the existence of inner rich premixed flame wing.

Figure 4.2 Various simulation results for autoignited lifted flame for (T0, U0) = (940
K, 18.0 m/s) with (XF,0, RH) = (0.20, 0.10) including reaction rate plots for H2 and
H2O2. Temperature in T [K], Heat release rate in [erg/cm3-s], Species in mole
fraction, Reaction rate in [mole/cm3-s].
The reaction rate of H2 shows a consumption zone (color-coded in yellow to blue
and represented with dotted lines for iso-RR) followed by a production zone (color-coded
in red and represented with solid lines for iso-RR). Such production of H2 can be
attributed to the CO consumption and CO2 production through the gas-shift reaction of
CO + H2O → CO2 + H2. Note that H2 is consumed again in the further downstream
region. Near the main flame zone for say y > 2.5 cm, OH and H are formed and
subsequently consume H2, producing H2O.
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Figure 4.3 Reaction rate contour of H2 together with OH mole fraction for
autoignited lifted flame for (T0, U0) = (940 K, 18.0 m/s) with (XF,0, RH) = (0.20, 0.10).
A unique feature of autoignited lifted flame is demonstrated in the profiles of HO2
and H2O2. Note that HO2 starts to form very near the nozzle and subsequently H2O2 is
formed. Details will be discussed later. This behavior is quite different from a typical
lifted flame at low ambient temperature conditions, where a broad region between the
nozzle and lifted flame edge is effectively non-reactive without having HO2 and H2O2
[103, 104], except very near the flame edge.
The existence of HO2 and H2O2 in the region between the nozzle and the tribrachial
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flame edge indicates that the lifted flame is controlled by an autoignition process, as
compared with lifted flame stabilization in low ambient temperatures, where the
propagation speed of tribrachial edge flame is balanced with the local axial velocity along
a stoichiometric contour [24]. In this regard, we have calculated homogeneous
autoignition by taking stoichiometric mixture as a reference condition using SENKIN
code [105].
Species concentrations during the autoignition for the homogeneous mixture and the
present inhomogeneous autoignition along the stoichiometric contour in the jet are
plotted in terms of the temperature increase T from T0 in Fig. 4.4 up to T = 100 K
corresponding to y = 2.86 cm, which is close to the lifted flame base. The result shows
that except for say T < 0.1 K corresponding to y < 0.22 cm, the two profiles are quite
similar. As compared to other species, the concentrations of H, O and OH for the jet case
are somewhat lower than those of the homogeneous case up to say 10 K (corresponding
to y = 2.33 cm). This can be attributed to the preferential diffusion between thermal
conduction and mass diffusion, since these light species can diffuse at faster rates.
However, the difference is mitigated for T > 10 K corresponding to near thermal
runaway, where the process is very fast for the preferential diffusion to be effective.
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Figure 4.4 Comparison of homogeneous and jet autoignition cases with temperature
increase along stoichiometric contour for (T0, U0) = (940K, 18.0 m/s) with (XF,0, RH)
= (0.20, 0.10).
The radial distributions of the concentrations (solid lines) and production rates
(dotted lines) in the mixing layer are plotted in Fig. 4.5 for H, O, OH, HO2, and H2O2 at y
= 0.5, 1.0, 2.0, and 2.5 cm above the nozzle tip. Here, the vertical dotted lines indicate the
locations of stoichiometry. Note that the location of the stoichiometric line varies as a
function of y, although it appears to be invariant with height.
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Figure 4.5 Radial profiles of concentrations and production rates of H, O, OH, HO2
and H2O2 at y = 0.5, 1.0, 2.0, and 2.5 cm.
At y = 0.5 cm (a), the maximum mole fractions and production rates of HO2 and
H2O2 appear on slightly lean side. The major reactions which produce HO2 and H2O2 are
(R9) H+O2+M → HO2+M and (R14,15) HO2+HO2→H2O2+O2, respectively. The mole
fractions and production rates of all the radicals increase in the downstream direction (b).
At y = 2.0 cm (c), the production rate of H2O2 shows a local dip near x = 0.2 cm, where
the production rates of H, O, and OH increase appreciably, an indication of the
production of these radicals from H2O2. The maximum mole fractions of H, O, OH
rapidly increase and become higher than HO2 and H2O2 at y = 2.5 cm (d). Near the flame
liftoff height, H, O, and OH are the major radicals and their mole fractions and
production rates are increased drastically. The variations of the radical concentrations
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again support an autoignition process along the mixing layer in the coflow jet.

4.3.3 Ignition sequence of autoignited lifted flame
In the experiments on autoignited flames [40-43, 69], stationary autoignited lifted
flames were typically observed. Consequently, the location of autoignition was difficult
to identify. In this regard, experiments were conducted by injecting pulsed nitrogen jet to
extinguish a flame and observed an autoignition sequence. Typically, ignition was
initiated in a downstream region and then an autoignited edge flame propagated toward a
stationary stabilization location. This behavior is simulated as follows. First, a nonreacting flow is solved by freezing chemical reactions and then chemical reactions are
activated.
Figure 4.6 shows the temporal variation of the maximum heat release rate in the
calculation domain from the time of imposing chemical reactions. The heat release rate
starts to increase drastically near t = 8 ms. Note that the 0-D adiabatic ignition delay time
tig for the stoichiometric mixture with (XF,0, RH) = (0.20, 0.10) at T0 = 940 K is calculated
to be 10 ms. Considering the effects of equivalence ratio on ignition delay time and
differential diffusion on local hydrogen ratio, the two values are in reasonable agreement.
Note that a numerical study on the autoignition characteristics in a counterflow [106]
exhibited that differential diffusion can either delay or advance ignition event.
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Figure 4.6 Maximum heat release rate with physical time for (T0, U0) = (940 K, 18.0
m/s) with (XF,0, RH) = (0.20, 0.10).
The profiles of heat release rate at several physical times are plotted in Fig. 4.7.
Here, the profiles for t  7.5 ms are rescaled to 100 times as compared with t  8.0 ms
since no trace can be identified with the original scale. At t = 6 ms, a weak heat release
appears on the lean side from the stoichiometric contour (thick line), and then is extended
in the axial direction. The position of maximum heat release rate migrated downstream. A
sharp increase in the maximum heat release occurs at about t = 8 ms, corresponding to an
autoignition as was shown in Fig. 4.6. Subsequently, the flame edge propagates upstream
and stabilized as a stationary lifted flame. Although not shown, HO2 and H2O2 are
generated prior to H and OH.
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Figure 4.7 Variation of profiles of heat release rate with physical time for (T0, U0) =
(940 K, 18.0 m/s) with (XF,0, RH) = (0.20, 0.10) (contours for t  7.5 ms are rescaled to
100 times).
4.3.4 Liftoff height correlation
It has been experimentally demonstrated that autoignited liftoff heights were
correlated with U0tig,ad2 [40, 41] for single-component hydrocarbon fuels. This has been
reasoned based on the balance of heat generation and heat loss. Unlike the case of
adiabatic autoignition, heat generated during the ignition process in a jet mixing layer
undergoes a heat loss by diffusion. The time scale of heat loss in a jet mixing layer is the
diffusion time scale which is the square root of the convection time scale of (HL/U0). The
balance of heat release time scale of tig,ad and the heat loss time scale of (HL/U0)1/2 leads
to (HL/U0)  tig,ad2. This relation was substantiated experimentally for single component
fuels for the critical autoignition conditions near flame blowout, where autoignition
enhances buoyancy effect and subsequently blowout occurs. Then the system reignited.
Consequently, repetitive autoignition and blowout events were observed. In such cases,
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the location of autoignition can be identified without having pulsed nitrogen injection.
For stationary autoignited lifted flame away from blow out conditions, the experimental
data exhibited the correlation of HL  (U0tig,ad2)n, where n is a constant.
This has been tested in the simulation by varying the hydrogen ratio RH (changing
tig,ad) for a fixed U0 = 18 m/s. The result shown in Fig. 4.8 demonstrates an excellent
correlation of HL = 238.55×(U0tig,ad2)1.42 with the units in [m, s] having the correlation
coefficient R2 = 0.9978. The correlation is also tested at various fuel jet velocities for a
fixed RH = 0.10, which results in the correlation of HL = 2.193×(U0tig,ad2)0.675 with R2 =
0.9995. Note that the case of (U0, RH) = (18 m/s, 0.10) is overlapped in two correlations.
Although the exponent n is found to vary depending on the controlling parameters (RH or
U0), the correlation of HL  (U0tig,ad2)n is still valid.

Figure 4.8 Liftoff height correlation with U0tig,ad2 for XF,0 = 0.20.
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4.3.5 Comparison with experiment and kinetic mechanisms
The previous experimental data for autoignited lifted flames are shown in Fig. 4.9
[43]. Here, TT indicates transition to turbulence and no-A means that autoignited flame
was not observed at very small flow rate.

Figure 4.9 Liftoff height with jet velocity at various RH and T0 [43].
In the condition with (U0, XF,0, RH) = (18.0 m/s, 0.20, 0.10), the experiment at T0 =
940 K corresponds to autoignited nozzle-attached flame. Note that comparable liftoff
heights of about 3 cm were obtained in the simulation at T0 = 940 K and in the
experiment at T0 =860 K. The simulation at T0 = 860 K, does not show a reasonable trace
of autoignition in the calculation domain with y = 10 cm.
In the experiment at T0 = 920 K with much lower RH of 0.01, autoignited lifted
flames were observed, whose liftoff height increased with jet velocity. One interesting
feature is that at T0 = 880 and 860 K, the liftoff height of the autoignited lifted flame
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decreased with jet velocity in low velocity region. This phenomenon has also been
observed for the case of hydrogen-enriched methane flames [42], while has never been
observed for single-component fuels [40, 41, 69]. Various possibilities were discussed
such as preferential diffusion between hydrogen and methane and ignition delay time
dependence on hydrogen ratio and equivalence ratio.
The present simulation result suggests that ignition delay time in the calculation
should be shorter to reproduce experimental results. In this regard, several kinetic
mechanisms have been tested [45, 100, 107-109] for the adiabatic ignition delay time
tig,ad, calculated from SENKIN code [105] for stoichiometric fuel/air mixtures. The initial
fuel mole fraction is set at XF,0 = 0.20 and the hydrogen ratio was varied at two
temperature conditions of T0 = 860 and 940 K. The hydrogen ratio RH, was varied from
0.01 to 1.0.
Figure 4.10 shows the ignition delay times calculated with several kinetic
mechanisms [45, 100, 107-109]. For relatively high temperature of T0 = 940 K, the
predicted ignition delay times decrease with the hydrogen ratio, except for GRI-Mech 3.0
[45]. As RH increases such that when tig,ad becomes O (1 ms), the predictions among the
various mechanisms generally agree well. Note that tig,ad = O (1 ms) is typical available
time for shock tube experiments. While, as RH decreases less than, say RH < 0.2
corresponding to the experimental condition, tig,ad increases sharply and the deviations
among the mechanisms become large. At relatively lower temperature of T0 = 860 K, the
predicted ignition delay time is O (1 s). There are appreciable deviations in a wide range
of RH and tig,ad initially decreases and then increases with RH except the mechanism of Li
et al. (2007) [100].
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Figure 4.10 Comparison of ignition delay times with hydrogen ratio by various
reaction mechanisms for T0 = 860 K and 940 K at XF,0 = 0.20.
These results imply that the predicted ignition delay time is very sensitive to the
initial temperature having O (103) variation between T0 = 860 and 940 K and there are
uncertainties among the mechanisms, especially at relatively low temperature and at the
present atmospheric pressure condition.
The temperature difference of 80 K between the experiment and simulation to have
comparable liftoff heights is appreciable, based on the ignition delay time dependence on
temperature in the kinetic mechanisms. Several reasons can be conceived. One is the
inaccuracy in the thermocouple measurement by radiation loss in the experiment. The
radiation correction is estimated to be less than 8 K in case of T0 = 860 K in the
experiment [70] having near uniform temperature field by having the outer coflow
cylinder with thick thermal insulation. Another could be the fuel pyrolysis effect during
the heating process before ejected from the fuel nozzle. It is known that the presence of
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impurities such as NOx could affect the kinetic behavior of syngas mixture by catalyzing
radical generation or recombination processes to reduce the ignition delay time [110]. In
this regard, the simulation was performed with the fully-pyrolyzed equilibrium
composition. The result shows that the liftoff height becomes somewhat larger than the
case with fresh fuel, partially due to the reduction in heat of combustion after fuel
pyrolysis.
Various mechanisms have also been tested [100, 108, 109], resulting in the similar
ranges of temperature differences between the experiment and simulation leading to
comparable liftoff heights. The decreasing trend of liftoff height with increasing jet
velocity [43] cannot be predicted, thus the decreasing liftoff height behavior cannot be
attributed to the differential diffusion effect between CO and H2 at the moment.
Note that many kinetic mechanisms are based on shock tube data of ignition delay
for T0 > 950 K [111, 112] and typically at relatively high pressures. Accurate ignition
delay data for T0< 950 K are very limited especially at atmospheric pressure condition.
Recently, there have been discussions on the reaction rates in the range of 850 <T0< 950
K, where the ignition delay time may be significantly shorter than predictions,
specifically focused on the reactions of H2O2 + M = OH + OH + M and HO2 + H2 = H2O2
+ H [113]. Also note that a recent study on the autoignition of pre-vaporized n-heptane
fuel suggested that the temperature sensitivity on ignition delay time can be much weaker
than predicted dependence [69]. The present simulation and the discussions above may
suggest the necessity of developing more reliable low-temperature kinetics models for
CO/H2 flames.
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4.4 Concluding Remarks
Numerical simulations have been performed for the nozzle-attached flame of CO/H2
fuel at low temperature regime and autoignited lifted flames at high temperature regime
by adopting detailed kinetic mechanisms. The nozzle-attached flame behaviors were well
captured as compared with the existing experiment. In the high temperature regime with
autoignition, the simulation result show that the reaction zone structure is in resemblance
with the homogeneous autoignition process. The transient autoignition process can also
be reasonably captured. The dependence of ignition delay time on autoignited liftoff
height can be successfully captured the experimentally observed relation of HL 
(U0tig,ad2)n. The initial temperature in the simulation needs to be raised about 80 K from
the experimental one to predict comparable liftoff height, while the decreasing liftoff
height trend with jet velocity at relatively low temperature autoignition regime cannot be
predicted. A need in refining kinetic mechanisms has been discussed.
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CHAPTER 5
Numerical Study of Laminar Nonpremixed
Methane Flames in Coflow Jets: Autoignited
Lifted Flames with Tribrachial Edges and Mild
Combustion at Elevated Temperatures
5.1 Introduction
Methane is the dominant constituent of natural gas, shale gas, and landfill gas. It has
a high hydrogen to carbon ratio and a large research octane number, making it suitable
for spark-ignition engines with a high compression ratio for energy efficiency and
greenhouse gas emission. Natural gas is used extensively for gas turbines in combined
cycle power generation. Understanding the autoignition and flame stabilization of
methane fuel is essential for optimizing its application.
Various experimental and computational studies have been conducted to investigate
the autoignition phenomenon. For example, shock tubes, rapid compression machines,
and flow reactors have been used to measure the ignition delay time of methane under
homogeneous mixture conditions [114-117], based on which chemical kinetic
mechanisms were developed and validated [48, 118, 119].
Recently, autoignition phenomena under inhomogeneous conditions have begun to
draw attention for their practical applications, such as to diesel spray ignition [18] and to
the moderate or intense low-oxygen dilution (Mild) combustion [13, 120] that is
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associated with high dilution and high preheating of combustible mixtures to reduce soot
and NOx emissions. In this regard, a nonpremixed jet flame can be a canonical flame
demonstrating autoignition behavior under inhomogeneous conditions at high
temperatures.
Autoignited turbulent lifted flames of various fuels, including methane, have been
investigated experimentally and numerically in axisymmetric coflow configurations [121125]. A strong link has been established between the autoignition kernel and the
tribrachial (triple) point of turbulent lifted flames [123]. Furthermore, OH (flame marker)
and CH2O (autoignition precursor) images were used to identify the heat release rate
(HRR) profiles that can distinguish an autoignition flame structure [123]. In addition,
intermediate species, including CH2O, HO2, H2O2, and H2, have been shown to be
important indicators of the pre-ignition phase [122, 124].
Recently, laminar flame stabilization in high-temperature coflow jets has been
investigated in non-autoignited and autoignited regimes [40-43, 68, 69, 86]. Experimental
studies of autoignited lifted flames have been performed for various gaseous fuels,
including methane, ethane, ethylene, propane, n-butane, and mixtures of carbon
monoxide and hydrogen (CO/H2) and methane and hydrogen (CH4/H2) [40-43]. When the
initial temperature, T0, was below the autoignition temperature, Tauto, an external ignition
source was required to stabilize a lifted flame and its edge was observed to have a
tribrachial structure, consisting of lean and rich premixed flame wings and a trailing
diffusion flame that all extend from a single location [23, 24, 28]. In this case, flame
stabilization is controlled by the balance mechanism between the propagation speed of
tribrachial flame edge, which is closely linked to stoichiometric laminar burning velocity,
89

and local flow velocity along a stoichiometric contour [24]. Mixing layer analysis and the
associated tribrachial flame structure have been studied theoretically [22, 23, 126], and
the Schmidt number of the fuel has been shown to have the potential to affect lifted flame
stabilization in free jets [23, 36, 41]. Lifted flames with tribrachial edges under lowtemperature conditions have also been studied numerically [33, 103, 127-129]. In
addition, several computational studies have investigated the effects of fuel dilution and
partial premixing on low-temperature flame stabilization and extinction [130-132].
When the initial temperature is greater than the autoignition temperature (T0 > Tauto),
a flame can be generated by autoignition phenomenon without requiring any external
ignition source. The resulting autoignited lifted flames can be categorized into two
regimes; autoignited lifted flames with tribrachial edges and autoignited lifted flames
with Mild combustion [40, 41]. For the former, liftoff height increased non-linearly with
fuel jet velocity, while for the latter, under high nitrogen-dilution conditions, liftoff
height increased reasonably linearly with fuel jet velocity. In these regimes, an ignition
delay time representing fuel’s reactivity was found to be a key factor controlling the lifted
flame behavior rather than laminar burning velocity, which is important in nonautoignited lifted flames.
A computational study on high-temperature coflow jets can facilitate the
understanding of autoignition phenomena in more detail. For autoignited lifted flames,
CO/H2 flames and dimethyl ether (DME) flames have been analyzed [68, 133], both for
the autoignited lifted flames with tribrachial edge. As far as the authors are aware,
autoignited laminar lifted flames with Mild combustion has never been analyzed yet. In
the present study, autoignited laminar lifted flames of methane fuel are studied
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numerically by adopting a reduced kinetics mechanism. Both autoignited lifted flames
with tribrachial edges and Mild combustion are considered, along with the transition
behavior. The autoignition process and the kinetic structure of autoignited flames are
analyzed by comparing its structure with those of homogeneous autoignition and
propagating premixed flame.

5.2 Numerical Simulation
A set of time-dependent conservation equations in a two-dimensional axi-symmetric
coordinate (x, y) was adopted to simulate autoignited flames in coflow jets and a nonautoignited flame was investigated to provide baseline data. The computation was carried
out by an in-house code (RUN2D) with the low Mach number approximation, which has
been successfully applied previously for the analyses of various flame configurations [33,
36, 68]. A finite difference procedure with staggered grids was adopted by the secondorder central difference scheme. The 6-stage, 4th-order explicit Runge-Kutta scheme was
used for time integration. Details have previously been reported [33].
For computation efficiency, a reduced mechanism [134] was adopted having 19
species with 15 lumped steps. This mechanism was validated for ignition delay time,
laminar flame speed, and partially stirred reactor models for methane oxidation.
Thermodynamic and transport properties were calculated by CHEMKIN and
TRANSPORT packages [105] and mixture-averaged diffusion coefficients were used.
The calculation domain was 6.65  20 cm in radial (x) and axial (y) coordinates with
112×1536 non-uniform grids to improve the resolution in the jet mixing layer and near
nozzle region. Radially, 64 uniform grids were placed within 6.65 mm from the center of
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the nozzle (∆x ~ 119 μm) and the remaining 48 non-uniform grids were distributed in the
outer domain by gradually increasing the grid size. The grids along the vertical axis were
uniformly distributed for positions above 1.8 cm from the nozzle tip (∆y ~ 133 μm),
while a finer grid system was used below the domain. The fuel nozzle had d = 3.76 mm
i.d., with 0.5 mm thick, and protruded 1 cm above the coflow air exit, complying with a
previous experiment [41]. This protrusion was to minimize the boundary layer effect
when air was passing through a honeycomb in the experiment. The grid dependence was
checked by doubling the number of grids in both directions to 224×3072, and no
observable differences were noticed in the flame structures and lifted flame behaviors.

5.3 Results and Discussion
Autoignited methane flames have previously been observed experimentally at initial
temperatures over 940 K [41]. Based on those results, flame stabilization characteristics
were investigated. The coflow air velocity was fixed at 1.1 m/s, similar to the
experimental condition [41]. The inlet parameters, including initial temperature, T0, jet
velocity, U0, and fuel mole fraction, XF,0, were varied depending on the case investigated.
Three cases were tested: a non-autoignited nozzle-attached flame at T0 = 800 K, an
autoignited lifted flame with tribrachial edge at T0 = 1120 K, and an autoignited lifted
flame with Mild combustion at T0 = 1100 K. In addition, the transition from a Mild
combustion regime to a nozzle-attached flame was investigated by varying the degree of
fuel dilution. In the present study, the range of the Reynolds numbers Re = U0d/ is
46530, where  is the kinematic viscosity of fuel stream.
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5.3.1 Non-autoignited nozzle-attached flame
At the relatively low initial temperature of T0 = 800 K, an external ignition source
was required to generate a flame experimentally [41]. For such a non-autoignited
methane flame, no stable lifted flame was observed. This was explained based on an
unstable nature of a lifted flame when the Schmidt number of fuel is smaller than unity as
discussed extensively previously [23, 28, 36, 41]. As the jet velocity increases, a nozzleattached flame blows off directly without having a lifted flame mode. This type of
nozzle-attached flame was simulated as the baseline test.
After a cold flow field was calculated for U0 = 1.0 m/s and XF,0 = 0.16 (Re = 46), an
ignition source was applied by assigning a spherical high-temperature region of 2500 K
with a 3 mm radius and 3 cm above the nozzle along the centerline. After a transient
ignition, a stationary nozzle-attached flame was obtained and the temperature profiles,
heat release rate (HRR), and several species mole fractions are shown in Fig. 5.1.

93

Figure 5.1 Various profiles of non-autoignited nozzle-attached methane flame at T0
= 800 K, U0 = 1.0 m/s, and XF,0 = 0.160 (units are T [K], HRR [erg/cm3-s], and
species are presented as mole fractions)
The temperature field shows that the attached flame height is 1.1 cm. This height is
considered to be reasonably similar to the experimental observation of 1.4 cm
considering that the simulation was conducted without accounting for the nozzle heating
effect. It has been shown in detail in [135] that simulations with heated and cold nozzles
show quite different velocity profiles at the nozzle exit by the fuel heating effect and
subsequent buoyancy effect acting on burnt gases near the nozzle rim. In the present
simulation, nozzle heating effect was not considered since our focus is on lifted flames in
the autoignited regime. Note that the stoichiometric mixture fraction contour (white dashdot line in the temperature profile) coincides with the contours of maximum temperature
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and HRR. Furthermore, HRR is at its maximum near the nozzle region because of the
premixed flame nature of the edge flame due to partial mixing in the quench zone.
Concerning the species profiles, CH4 is consumed by abstracting the H radical to
CH3 radical, where H is supplied from the radical pool region of H, OH and O in the
main reaction zone. Formaldehyde (CH2O), which is an important intermediate species, is
formed toward the fuel side from the HRR region. Subsequently, CHO is formed and
then converted to CO and H2. H2O2 and HO2 radicals form on the oxidizer side of the
HRR region, particularly near the flame edge. Note that the maxima of HO2 and H2O2
appear in the low-temperature region near the nozzle. Finally, the stable products CO2
and H2O form. Note that H2 has broader profiles than CO, which can be partially
attributed to the diffusive nature of hydrogen species.
Cases were also tested at higher jet velocities. In a previous experimental study of
methane [41], as the fuel jet velocity increased, the flame remained attached to the nozzle
until blow-off at U0 = 7.8 m/s. Here, two jet velocities were tested (i.e., U0 = 4.0, 7.7 m/s)
with the previously mentioned flame kernel. For both cases, the flame kernels blow out
directly, such that a discrepancy exists in the blow-off behavior between the experiment
and simulation. Note that a prediction of blow-off is a difficult task because of the
limitations in accurate modeling in the quenching region of a nozzle-attached flame near
the nozzle rim, which involves thermal and radical interactions between flame base and
nozzle, including nozzle heating effect and also chemical kinetics involved in
heterogeneous reaction near a nozzle rim. As mentioned previously, our focus for
autoignited lifted flames in the following do not involve such complexities since flame
bases are sufficiently away from the nozzle rim.
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5.3.2 Autoignited lifted flame with tribrachial edges
An autoignited lifted flame can be formed when the initial temperature exceeds that
of an autoignition temperature. The experiment in [41] showed that autoignited lifted
flames had a tribrachical-edge structure, which consists of three branches: lean and rich
premixed flame wings and a trailing diffusion flame all extending from a stoichiometric
tribrachial point. The experimentally observed autoignited lifted flame was simulated for
U0 = 20 m/s and XF,0 = 0.20, which had a liftoff height of HL ≈ 11 cm at an initial
temperature of T0 = 990 K [41]. Results from the simulation indicate that no stationary
lifted flame exists at an initial temperature of T0 = 990 K. To achieve a comparable liftoff
height of about 10 cm, the initial temperature was adjusted to T0 = 1120 K in the
computation. The Reynolds number for the current case is 530. This point will be
discussed in more detail later. Higher jet velocities at the same initial temperature and
fuel mole fraction were also tested. As expected, flame liftoff height increases as jet
velocity increases.
Various profiles of autoignited lifted methane flames are shown in Fig. 5.2. The
temperature field clearly shows a lifted flame nature, having the diffusion flame along the
stoichiometric contour (dash-dot white lines in temperature and HRR profiles). A
tribrachial edge structure can be identified from the reaction rate (RR) contours of H2O2
and CH4 (negative values indicate consumption) along with the temperature profile in the
high temperature main heat release zone, say y > 9.5 cm. In the HRR plot, the maximum
intensity is observed at the intersection point of the three tribrachial flame branches at y =
9.95 cm, which is at the stoichiometric condition. The profiles for the species of CH4,
CH3, CH2O, OH, H, O, HO2, and H2O2 near the flame zone demonstrate that the
consumption of methane fuel generates methyl radicals (CH3) through the abstraction of
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H radicals from methane near the reaction zone, while OH radicals are formed by the
dominant chain-branching reaction (H + O2 → O + OH) in the high-temperature region
along with O and H radicals. In addition, the maximum formaldehyde (CH2O)
concentration nearly coincides with the maximum HRR region in the downstream from
the flame edge.

Figure 5.2 Various profiles of autoignited lifted methane flame at T0 = 1120 K, U0 =
20.0 m/s, and XF,0 = 0.20 (units are T [K], HRR [erg/cm3-s], RR [mole/cm3-s], and
species are presented as mole fractions)
The formation of formaldehyde between the flame edge and nozzle tip highlights its
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contribution as a pre-ignition indicator [123] for the autoignition process in this region.
Note that HO2 and H2O2 are also produced before the main heat release zone between the
flame edge and the nozzle exit, which is quite different from a typical lifted flame in a
non-autoignited regime, where the region between the nozzle and lifted flame edge has
been identified as a non-reactive cold zone [72]. Since HO2 and H2O2 are important
intermediate species in the autoignition process [136], this result indicates that this lifted
flame can be controlled by the autoignition process. The products H2O and CO2 can be
observed mainly downstream from the edge. Note that the maximum concentrations of
CO and H2 exist further downstream from the edge.
To further characterize the autoignition behavior of the flame in inhomogeneous jet
mixing layer, mole fractions of several species were extracted along the stoichiometric
contour in the jet and plotted in terms of temperature difference. Additionally, a
homogeneous autoignition was simulated at the stoichiometric condition with the
stoichiometric mixture fraction Zst = 0.3180 using the SENKIN code [105] and onedimensional homogeneous freely propagating flame was also calculated at the
stoichiometry using the PREMIX code [105].
Figure 5.3 shows the profiles of the species along the stoichiometric contour in terms
of temperature increase (∆T=T–T0) for the three configurations: 0-D (homogeneous
autoignition marked as the dotted line), 1-D (homogeneous propagating flame, dash-dot
line), and 2-D (present inhomogeneous autoignited lifted flame, solid line) cases. Here,
the upper horizontal axis indicates the axial position y (not scaled) corresponding to ∆T.
The right vertical axis (Fig. 5.3d) shows the y position to represent the ∆T variation with
y shown as the solid blue line. The temperature increases very slowly to about ∆T = 10 K
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up to y = 9.80 cm, corresponding to the maximum HRR (refer Fig. 5.2) and then
increases sharply with increasing y (by about 1000 K with 0.3 cm change in y).

Figure 5.3 Comparison of homogeneous (0-D,1-D) and jet autoignition (2-D) cases
with temperature increase along the stoichiometric contour for autoignited methane
lifted flame with tribracial edge at T0 = 1120 K, U0 = 20.0 m/s, and XF,0 = 0.20.
For the same increase in ∆T, 1-D propagating flames shows more rapid growth of
the major radicals O, OH, and H (Fig. 5.3a) than those for 0-D homogeneous autoignition
case, and this is also observed for CH3 and H2 in Fig. 5.3c. For ∆T < 10 K, these species
profiles for the 2-D jet case closely follow the 0-D case, however, after the rapid increase
in ∆T (> 10 K) with y (Fig. 5.3d), the 2-D case has transitions to follow the behavior of
the 1-D case. This result implies that there is a transition in the kinetic structure from the
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autoignition process to flame stabilization by a propagating flame nature for the
autoignited stationary 2-D lifted flame.
This result is in accordance with previous experimental observations [40, 41]. In a
steady-state condition, an autoignition location in a jet is difficult to identify because
once autoignited, the flame may propagate to a stable liftoff position. Only in critical
autoignition cases, which correspond to near blowout conditions of lifted flames,
exhibiting repetitive autoignition and blowout behavior, the autoignition point can be
accurately identified. In this case, it has been found that the liftoff height, scaled by jet
velocity (representing characteristic flow time), is proportional to the square of ignition
delay time of the stoichiometric mixture, indicating the importance of autoignition on
flame stabilization. A detailed explanation of this behavior based on the heat generation
and loss time scales can be found in [40, 41]. Note that away from critical conditions,
results of the steady-state liftoff height were also shown to correlate well with the ignition
delay time in the experiment [41]. This suggests that although the simulation result
showed a transition from autoignition to flame propagation modes, flame stabilization
continues to be influenced by ignition delay time, emphasizing the occurrence of
autoignition behavior before the transition.
For the same increase in ∆T, 0-D homogeneous autoignition case exhibits more rapid
growth of the species relevant to autoignition, such as H2O2 and CH2O (Fig. 5.3b), than
does the 1-D propagating flame case, unlike the major radicals shown in (a). This can be
interpreted as the importance of low-temperature kinetics leading to autoignition. In the
2-D case, there is relatively smooth transition across ∆T  10 K. For the HO2 species,
there is an inversion in the profiles between the 0-D and 1-D cases across ∆T  10 K and
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the transition behavior for HO2 is relatively sharp. For the major species H2, CO, H2O,
and CO2 (Figs. 5.3c-d), the 1-D case shows relatively higher concentrations for a
specified ∆T; H2 concentration for the 2-D case shows a sharp transition, while CO, CO2,
and H2O exhibit relatively smooth transitions.
Radial profiles of mole fractions are compared at several heights before (y = 8.0, 9.5
cm) and after (y = 10.0, 15.0 cm) the flame edge position as shown in Fig. 5.4. Although
not shown, near the nozzle (y = 5.0 cm), CH2O is the dominant intermediate species
because it is typically formed during the early phase of the ignition process. Closer to the
flame edge at y = 8.0 cm (a), H2O and CO mole fractions are even higher than CH2O,
while the mole fractions of HO2, H2O2, and CH3 are one order of magnitude smaller than
CH2O. The dotted vertical black line indicates the stoichiometry and the vertical red line
indicates local maximum temperature at the height that corresponds to the mixture
fraction of 0.060, having the equivalence ratio  = 0.137. It is interesting to note that all
species show peak concentrations on the lean side close to the maximum temperature
position. In this regard, 0-D homogeneous ignition delay times were computed as 0.168
and 0.050 s for the stoichiometric and the lean conditions, respectively. The lean mixture
autoignited faster than the stoichiometric mixture, which could explain the peak
concentrations on the lean side in the autoignition regime before the flame edge. Several
other kinetic mechanisms have also been tested [118, 119, 137] and qualitatively the same
results were obtained.
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Figure 5.4. Species mole fractions of autoignited lifted methane flame with
tribrachial edge at T0 = 1120 K, U0 = 20.0 m/s, and XF,0 = 0.20 (Vertical red line:
Maximum-T, black: Stoichiometry).
At y = 9.5 cm, the mole fractions of OH and H radicals were observed to increase
appreciably compared with the other radicals, indicating the presence of high temperature
kinetics (e.g., H + O2 = O + OH). This also leads to a dip in the H2 profile (x = 0.618 cm
at maximum T) by the production of OH, resulting in the local consumption of H2 to
produce H2O (OH + H2 = H + H2O).
At y = 10 cm, downstream of the flame edge located at y = 9.95 cm, the species
profiles show drastic changes. First, concentrations of OH and H increase rapidly,
exceeding those of CH3 and CH2O. Second, HO2 and H2O2 radicals tend to decrease
rapidly. Third, H2 and CO oxidize to H2O and CO2, and particularly the maximum CO2
mole fraction becomes comparable to that of CO. The radial position having the maxima
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of the species becomes closer to the stoichiometric condition (i.e. 𝑥|𝑧𝑠𝑡 = 0.263 cm).
Finally, a dip in the CO profile can be attributed to its local consumption at x = 0.648 cm
to produce CO2 (OH + CO = H + CO2). Further downstream (y = 15.0 cm), a decrease in
mole fractions of OH and H radicals can be observed, and H2 has its maximum
concentration at the center axis, partially due to a combination of high diffusivity, flow
geometry, and reaction characteristics.
Considering that a lean mixture has a shorter ignition delay time than the
stoichiometric mixture and that the maximum temperature and several maximum mole
fractions appeared on the lean side below the flame edge (Fig. 5.4), mole fractions versus
T are compared for the lean mixture of  = 0.137 for the 0-D, 1-D, and 2-D cases.
Although not shown, the comparison in the profiles between 0-D and 2-D cases, tracing
the 0-D lean condition as compared with the 0-D stoichiometric case has somewhat
improved agreement with the 2-D jet case in the region upstream of the flame edge.
However, downstream of the flame edge (y > 10 cm), the lean case failed to match with
the 2-D case as compared with the 0-D stoichiometric case, since the maximum
temperature achievable is much smaller than that of the 2-D stoichiometric flame edge.
This indicates that although autoignition of the lean mixture could have an appreciable
effect on temperature and mole fraction profiles upstream from the edge, the overall
stabilization characteristics of autoignited tribrachial edge flames can be reasonably
described by the stoichiometric mixture near the tribrachial edge.
The previous analysis was demonstrated based on the behavior of stabilized
autoignited lifted flame at the steady-state condition. Since the autoignition process is a
transient phenomenon in this simulation, temporal variations are investigated. Figure 5.5
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shows the temporal variation of 2-D heat release rate (HRR) contours. Note that different
scales are used for the first 3 plots when compared with the rest 5 plots. The result
elucidates that autoignition starts near t = 55 s where the maximum HRR is higher than
the ones for pre-ignition cases (t < 55 ms). Another observation is the propagation of the
edge flame represented by the migrating edge of maximum HRR towards the upstream.
This indicates that the stationary autoignited lifted flame could be stabilized at a position
lower than the autoignition height. This is in accordance with the experimental
observation and the phenomenon explained previously in Fig. 5.3.

Figure 5.5 Temporal evolution of HRR representing autoignition process and flame
stabilization for autoignited lifted flame with tribrachial edge.
Note that the initial temperature for the simulation to have comparable liftoff height
was about 100 K higher as compared with the experimental condition. This is consistent
with the result of our previous numerical study on syngas [68] and has been partially
attributed to insufficient shock tube experimental data on ignition delay times at
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atmospheric pressure conditions, which is essential to the development of accurate kinetic
mechanisms.

5.3.3 Autoignited lifted flame with mild combustion
Mild combustion can be classified when both criteria (Tmax – T0) < T0 and T0 > Tauto
are satisfied, where Tmax is the maximum temperature [14, 40, 41]. Experimental
observation shows that when the fuel is highly diluted, the autoignited lifted flame does
not show a tribrachial edge structure [40, 41] but instead a weakly luminous lifted flame
forms.
An autoignited lifted flame with Mild combustion is simulated for XF,0 = 0.045, T0 =
1100 K, U0 = 5.0 m/s with Re = 140. The results of various profiles are shown in Fig. 5.6.
The temperature profile shows a relatively long region of temperature rise upstream of
the flame edge based on the maximum HRR region of y  14.0 cm. This behavior shows
somewhat different characteristics from those of the autoignited lifted flame with
tribrachial edge (Fig. 5.2), where the temperature increase up to the flame edge is only T
 10 K. Also note that the stoichiometric contour (dash-dot white line) is quite far away
from the zone with a reasonable temperature increase. This implies that the flame is
stabilized further downstream as a lean flame instead of as a stoichiometric edge flame.
Experimental observation [40] showed that an autoignited lifted flame with Mild
combustion was formed at the conditions of T0 = 1010 K, XF,0 = 0.045, and U0 = 5 m/s
with liftoff height of HL = 2 cm. Although the initial temperature in the simulation is
raised to 1100 K, which is expected to show lower flame liftoff height than the
experiment (i.e. HL < 2 cm), the result shows very high value of 14 cm. The discrepancy
of liftoff height data between the experiment and simulation could also be attributed to
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the accuracy of the adopted chemical kinetics at the atmospheric pressure condition as
mentioned in the tribrachial flame case.

Figure 5.6 Various profiles of autoignited methane lifted flame with mild
combustion at T0 = 1100 K, U0 = 5.0 m/s, and XF,0 = 0.045 (units are T [K], HRR
[erg/cm3-s], and species are presented as mole fractions)
The major radicals H, OH, and O, which associate with high-temperature kinetics,
behave similarly in the upstream of Mild combustion (Fig. 5.6) and tribrachial flames
(Fig. 5.2); however, the radicals CH2O, HO2, and H2O2, relevant to low temperature
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autoignition, are considerably more conspicuous for the Mild combustion flame. In
particular, CH2O mainly exists upstream of the edge of the Mild combustion case but in
both upstream and downstream regions of the autoignited tribrachial edge flame. It is
interesting to note that the maximum mole fractions of both CO and H2 for the Mild
combustion case appear in the upstream of the flame edge while their maxima appear in
the downstream of the flame edge for the autoignited lifted flame with tribrachial edge.
For the final products CO2 and H2O, although CO2 mainly exists downstream from the
edge, an appreciable amount of H2O exists in the upstream edge region of the Mild
combustion flame, while H2O mainly exists in the downstream edge region for the
tribrachial edge flame.
The difference between the maximum temperature (1260 K) and initial temperature
(1100 K) was only about 160 K. To further investigate this flame behavior, the concept of
a local equilibrium temperature, Teq, [138, 139] can be utilized, which is the equilibrium
temperature calculated from a local temperature and local species concentrations. This
concept was proposed to elucidate the energy status of a local mixture (maximum
achievable temperature locally).
Figure 5.7a shows the temperature field and several mixture fraction contours along
with the stoichiometric contour (Zst = 0.6896 marked as the dash-dot white line). The
results indicate that the contour of Z = 0.1660 ( = 0.0896) reasonably follows the local
maximum contour of temperature along y. Since this corresponds to a very lean
condition, the local equilibrium temperature, Teq, and the temperature, T, in Fig. 5.7b
were compared. As expected, the local equilibrium temperature, representing the
potential local energy state, is at a maximum along the stoichiometric contour. Although
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there is an appreciable difference in these temperatures upstream from the flame edge (y
< 14 cm), the local equilibrium temperature profiles are equivalent to the temperature
downstream from the edge (y > 14 cm). This implies that the small temperature increase
for the Mild combustion flame of 160 K from the initial temperature of 1100 K is due to
the fact that there is an appreciable mixing of fuel and oxidizer in the upstream region
from the edge, such that the mixture condition at the flame edge is very lean (Z = 0.166 as
compared with Zst = 0.690).

Figure 5.7 Autoignited lifted flame with mild combustion at T0 = 1100 K, U0 = 5.0
m/s, and XF,0 = 0.045 (a) Mixture fraction (line contours) and field temperature T
(K) (flood contours) and (b) Local equilibrium temperature Teq (K) and field
temperature T (K).
Because the stoichiometric mixture fraction contour does not coincide with the flame
region, the flame characteristics are further analyzed by comparing the mole fraction
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behaviors with temperature difference along the Z = 0.166 contour. Figure 5.8 shows the
profiles of species mole fractions in terms of temperature rise for the 0-D autoignition, 1D flame propagation, and 2-D Mild combustion cases. The mole fraction profiles of
major radicals of O, H, OH (Fig. 5.8a), and CH3 (Fig. 5.8c) for the 0-D and 1-D cases are
very similar up to T < 100 K, but for T > 100K, the 1-D case shows higher mole
fraction of CH3. A distinct transition behavior of these radicals which was observed for
the case of autoignited lifted flame with tribrachial edge (Fig. 5.3a) cannot be seen here
and also for the T versus y plot (Fig. 5.3d blue line). Of the species related to low
temperature kinetics (CH2O, HO2, H2O2) (Fig. 5.8b), CH2O closely follows the 0-D case
and although the trends of HO2 and H2O2 exhibit a sudden change for T > 110 K, they
still closely follow the 0-D case. All other major species, CO, H2, CO2, and H2O, also
closely follow the 0-D case. Overall, this behavior suggests that the Mild combustion
case can be treated as autoignition of a lean premixed flame without having a
conspicuous transition to a propagating flame.
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Figure 5.8 Comparison of homogeneous (0-D,1-D) and jet autoignition (2-D) cases
with temperature increase along lean-Z contour for autoignited methane lifted
flame with mild combustion at T0 = 1100 K, U0 = 5.0 m/s, and XF,0 = 0.045.
Radial distributions of various species are plotted in Fig. 5.9 at several heights. The
vertical dotted black lines indicate the condition of mixture fraction Z = 0.166. Similar to
the case of autoignited tribrachial flames, CH2O is the dominant species among the
radicals near the nozzle (y = 5.0 cm) by its importance in low-temperature oxidation
pathways. When approaching the flame edge at y = 13.0 cm (1 cm below max HRR
position), the concentrations of HO2 and H2O2 radicals and the intermediate species H2
and CO increase appreciably. At y = 14.0 cm, which is just prior to the position of the
flame edge (y = 14.09 cm), HO2, H2O2, CH3, and CH2O are locally consumed and OH
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and H radicals are locally produced near x ~ 0.4 cm. After the reaction zone (y = 15.0
cm), H2 concentration dissipates rapidly, while the concentration of CO concentration
remains high, indicating relatively slow diffusivity of CO as compared with H2. Note that
in the downstream edge region, the maximum temperature appears along the centerline.
The maxima of various species of the autoignited lifted flame with tribrachial edge (Fig.
5.4) appeared near the stoichiometric condition as approaching the flame edge position,
indicating a transition from autoignition to flame edge propagation behavior. This type of
transition behavior was not observed for the Mild combustion case, indicating that
autoignition is the dominant process of flame stabilization.

Figure 5.9 Species mole fractions for autoignited lifted methane flame with mild
combustion at T0 = 1100 K, U0 = 5.0 m/s, and XF,0 = 0.045. (Vertical red line:
Maximum-T, black: Z = 0.166).
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Similar to the tribrachial case (Fig. 5.5), the autoignition sequence with time in terms
of HRR contours for the lifted flame with mild combustion is shown in Fig. 5.10. The
autoignition time is approximately 60 ms when the maximum HRR increases one order
of magnitude as compared to previous times. The maximum HRR for the stabilized
tribrachial lifted flame (92 ms in Fig. 5.5) is less than the one for the stabilized Mild
combustion lifted flame (145 ms in Fig. 5.10) with a difference of 3 orders of magnitude.
The different behaviors of both flame structures can also be observed from the
comparison of maximum temperature values (i.e. Tmax = 2041 and 1260 K in Figs. 5.2
and 5.6, respectively). Both observations support that the autoignited flame structures of
both tribrachial and Mild combustion show quite different behaviors in terms of chemical
and heat release characteristics.

Figure 5.10 Temporal evolution of HRR representing autoignition process and
flame stabilization for autoignited lifted flame with Mild combustion.
The simulation cases of 1120 K for the autoignited lifted flames with tribrachial
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edge and 1100 K for the autoignited lifted flames with Mild combustion differ in terms of
initial fuel mole fraction and jet velocity. These two factors influence the mixing
characteristics represented as the height of stoichiometric contour and thus characteristic
flow time, along with the temperature influencing ignition delay time. As the
characteristic ignition delay time is longer (shorter) than the characteristic flow time
corresponding to the height of the stoichiometric contour, the flame could be stabilized as
an autoignited lifted flame with Mild combustion (tribrachial edge). Note, however, that
for an autoignited lifted flame with tribrachial edge, the edge flame also has a
propagation characteristics such that it can be autoignited further away and propagated
and stabilized to form a tribrachial edge.

5.3.4 Transition from mild combustion to nozzle-attached flame regimes
Flame behavior is quite different when the fuel dilution level is varied, as was
described previously. Experimentally, there existed a transition regime between the
autoignited lifted flames with tribrachial edge and Mild combustion, as one varies the
initial temperature and fuel mole fraction [40-42, 69, 86]. To further test this behavior, the
concentration of CH4 in the fuel jet was gradually increased from 0.045 to 0.20 (dilution
level was decreased). The fuel jet velocity and initial temperature were kept constant (T0
= 1100 K, U0 = 5.0 m/s). The Reynolds numbers for these cases are approximately 138.
The temperature profiles in Fig. 5.11a show that as the initial fuel concentration
increases, the flame temperature increases and the flame position moves upstream,
shifting from a weak Mild combustion flame to a stronger flame. Eventually, the flame
attaches to the nozzle.
As the concentration of methane increases, the reactivity increases with higher HRR.
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In this regard, the difference between the maximum temperature and the initial
temperature, Tmax = (Tmax – T0), is plotted as a function of XF,0 in Fig. 5.11b together
with the liftoff height. The temperature difference increases reasonably linearly with XF,0
and the liftoff height decreases for lifted flames (XF,0 ≤ 0.15). Note that for XF,0 = 0.15, the
general criteria of Mild combustion [14, 41] are satisfied with (Tmax – T0) < 800 K,
satisfying Tmax < T0 and Tauto = 940 K < T0 = 1100 K, where Tauto is selected from the
experimental minimum temperature for autoignition [41]. At values of XF,0 over 0.15, the
flame can no longer stabilize as a lifted flame and the edge propagates toward the nozzle
and becomes a nozzle-attached flame. The maximum temperature increases sharply to
Tmax > 1000 K, thus Tmax considerably higher than the initial temperature.
When the fuel was sufficiently diluted at a high initial temperature, the flame
behavior was close to an autoignition process of a lean mixture (e.g., Fig. 5.8).
Alternatively at a less diluted, sufficiently large XF,0, the autoignited lifted flame with
tribrachial edge exhibited the flame behavior of an autoignition process of a reasonably
stoichiometric mixture, showing a transition to a propagating edge flame.
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Figure 5.11 (a) Temperature field contours of autoignited methane flame (b) Flame
lift-off height and temperature difference transition behavior at T0 = 1100 K, U0 =
5.0 m/s for various dilution levels.
In this regard, the case of XF,0 = 0.15 with T0 = 1100 K and U0 = 5.0 m/s is analyzed,
which is a fuel mole fraction condition just prior to the condition of nozzle-attachment.
Figure. 5.12 shows the profiles of several important species that represent the
autoignition process including CH2O, HO2, and H2O2 and illustrates that they exist
between the nozzle and flame edge, similar to the autoignited lifted flame with tribrachial
edge in Fig. 5.2, highlighting the importance of autoignition behavior. Major differences
in the profiles are for the major radicals OH, H, and O and for the major intermediates H2
and CO, which are localized near the flame edge. These results are different from those in
Fig. 5.2, which showed quite extended profiles toward the downstream. This can be
partly attributed to the profile of the stoichiometric mixture fraction (dash-dot white line
in Fig. 5.12), which is a good distance away from the flame edge, indicating that the
flame edge did not have a tribrachial structure. This is similar to the Mild combustion
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case in the previous section. The maximum temperature appears along the jet axis, while
in Fig. 5.2 it is along the diffusion flame contour corresponding to the stoichiometric
contour.

Figure 5.12 Various profiles of autoignited lifted methane flame at T0 = 1100 K, U0 =
5.0 m/s, and XF,0 = 0.15 (units are T [K], HRR [erg/cm3-s], and species are presented
as mole fractions)
Testing of various mixture fraction conditions showed that the Z = 0.211 ( = 0.422)
contour best represents flame behavior in terms of increasing temperature and
concentration. The mole fractions versus T results are shown in Fig. 5.13 along with the
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cases of 0-D autoignition and 1-D propagating flame for the homogeneous lean mixture.
The species concentrations initially follow the 0-D case and then have a transition to a
propagating 1-D flame for the lean mixture, such that there is a transition in the flame
behavior from autoignition to flame propagation. This transition is similar to the
autoignited lifted flame with tribrachial edge from autoignition to flame propagation;
however, the overall feature resembles a lean mixture rather than a stoichiometric mixture
similar to the Mild combustion case.

Figure 5.13 Comparison of homogeneous (0-D,1-D) and jet autoignition (2-D) cases
with temperature increase along the lean-Z contour for autoignited methane lifted
flame at T0 = 1100 K, U0 = 5.0 m/s, and XF,0 = 0.15.
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5.4 Concluding Remarks
The laminar autoignited and non-autoignited flames of diluted methane in heated
coflow air were studied numerically. First, the non-autoignited nozzle-attached flame was
simulated and blow-off behavior was observed in the absence of a lifted flame with
increasing jet velocity. The behavior of an autoignited lifted flame with a tribrachial edge
structure was analyzed, and the importance of intermediate species, such as CH2O, HO2,
and H2O2, in autoignition processes was highlighted. The kinetic structure of autoignited
lifted flame with tribrachial flame was analyzed by comparing the temperature increase
versus species concentrations among the homogeneous autoignition, one-dimensional
propagating flame and the lifted flame along the stoichiometric contour. This analysis
demonstrated that the kinetic structure of the tribrachial lifted flame is controlled by two
modes: an autoignition mode in the upstream region and a flame propagation mode in the
downstream region, separated by the flame edge under reasonably stoichiometric mixture
conditions.
A laminar autoignited lifted flame with Mild combustion was first analyzed with
highly diluted fuel. The kinetic structure analysis showed that the autoignited lifted flame
with Mild combustion can be considered to be an autoignited lean flame. Transition
behavior from the Mild combustion structure to the nozzle-attached flame was
investigated by increasing the concentration of methane in the fuel jet. The autoignited
lifted flame prior to nozzle-attachment was further analyzed and found to feature
combined characteristics of the autoignited flame with those of tribrachial edge and
autoignited flames with Mild combustion, by exhibiting a transition behavior from
autoignition to flame propagation but for a lean mixture condition.
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The simulations of autoignited lifted flames were similar to experimental data but at
higher temperature conditions, which suggests a future study to improve the prediction
capability.
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CHAPTER 6
Autoignited Lifted Flames for Dimethyl Ether
(DME) in Heated Coflow Air
6.1 Introduction
Natural gas has been utilized widely in various energy applications. The main
constituent of natural gas is the methane fuel. The autoignition temperature of methane is
very high which makes it difficult to autoignite. Ignition improvers can be added to
enhance the autoignition capability of methane fuel. The ignition delay time and
autoignition temperature have been investigated using several ignition improvers such as
hydrogen, dimethyl ether (DME, C2H6O), hydrogen peroxide (H2O2), ozone (O3), and
nitric oxide (NO) [50, 140-143].
DME is an oxygenated fuel which has been utilized recently for automotive
applications because of its low particulate emissions and high cetane number which
makes it suitable for compression ignition (CI) engines. DME can be produced from
natural gas. For small/medium natural gas wells, conversion to DME can be economical
for transportation, considering compression and vaporization of natural gas during
transportation processes. DME can also be produced from coal gasification.
The chemical formula of DME is similar to ethanol (C2H6O), although it is in gas
phase at ambient temperature while it can be easily compressed to liquid phase, e.g., at
about 5 bar at atmospheric temperature. The autoignition temperature of DME is 508 K
[144] which is very low compared to other hydrocarbons including methane. Also, a
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unique feature of DME fuel is that it shows two-stage ignition behavior which results in
the existence of negative temperature coefficient (NTC) regime [58, 145]. As DME is a
light fuel (C2 hydrocarbon) which can be studied numerically with low cost, this would
facilitate the investigation of NTC behavior for autoignition characteristics within low
and intermediate temperatures when compared to higher carbon fuels which feature
similar NTC behavior such as n-heptane and iso-octane especially for the simulation of
unsteady turbulent flames in practical combustors.
Various experimental and computational studies have been conducted to investigate
the autoignition of DME fuel. Ignition delay time has been measured experimentally
using shock tubes and rapid compression machines [146-150]. Chemical kinetics for
combustion applications have been developed [151-154] to be utilized in numerical
simulations of typical flames and engine combustion. However, these kinetics have been
validated for homogeneous autoignition experiments. Typical autoignition in practical
combustion systems such as diesel engines occurs under inhomogeneous conditions.
However, studies on the relation between ignition delay times measured under
homogeneous conditions and autoignition phenomena under inhomogeneous conditions
are limited.
Recent experimental and computational studies have investigated the characteristics
of autoignited laminar lifted flames for axisymmetric coflow configuration [40-42, 68,
69, 86]. The autoignited lifted flames exhibited two structures: tribrachial edge and mild
combustion. The lifted flame with tribrachial edge can be identified by its distinct three
branches which include lean and rich premixed flames as well as trailing diffusion flame
[40, 41]. The mild combustion structure is characterized by its faint blue luminosity and
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exists for highly diluted combustible [40, 41]. For both flame structures, the ignition
delay time was found to be a key parameter for the stabilization of autoignited lifted
flames [40, 41]. Recently, autoignition characteristics of DME laminar lifted flames with
coflow air have been studied numerically at elevated pressures and temperatures [133,
155, 156]. Various stabilization mechanisms have been identified depending on the initial
conditions. In addition, a unique polybrachial flame structure was observed numerically
at specific conditions. This unique structure can be attributed to the NTC behavior of
DME fuel due to low-to-intermediate temperature kinetics.
Formaldehyde (CH2O) is an important intermediate species which is formed at early
phase of ignition processes through a low-temperature oxidation pathway. Laser-induced
fluorescence (LIF) can be used to visualize CH2O species especially for autoignited
flames. Several CH2O-LIF studies have been conducted for various flame configurations
including premixed flames [157], non-premixed flames [158], channel-flow catalytic
reactor [159], and homogeneous charge compression[160]. The combination of OH-LIF
and CH2O-LIF images can be utilized to identify the flame heat release region [124].
In the present study, autoignited laminar lifted flames of DME with coflow air are
investigated experimentally. The structure of DME lifted flame and CH2O PLIF are
considered. The lift-off heights of autoignited DME flames are analyzed and the roles of
ignition delay time and autoignition kinetics on lifted flame stabilization are discussed.

6.2 Experiment
The apparatus consisted of a coflow burner, a flow control system, a heater
assembly, and optical diagnostics as shown in Fig. 6.1. A stainless steel fuel nozzle with
the inner diameter of d = 3.76 mm was placed at the center of the coflow burner. Its
122

length was 750 mm to make the flow fully developed. A metal fiber, ceramic beads, and a
honeycomb with i.d. 150 mm were utilized to ensure flow uniformity of the coflow air.
To minimize the heat loss, a ceramic cylindrical insulator was placed around the air
coflow as a confinement. The length of this confinement was 500 mm while its outer
diameter and thickness were 300 mm and 80 mm, respectively. Detailed inner structure of
the coflow burner has been reported previously [40]. For visualization purposes, the flow
can be optically-accessed by using a ceramic insulator with three quartz windows.

Figure 6.1 Experimental setup
The fuels were supplied through a mixer filled with glass beads for homogeneous
mixing of fuel and nitrogen diluent, which were chemically pure grade of DME
(>99.60%), methane (>99.95%), propane (>99.95%), and nitrogen diluent (>99.99%).
Compressed air was used for the coflow. Gas flow rates were metered by mass flow
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controllers (MFCs).
The heating system had a pre-heater and a main heater to control coflow air
temperature. First, the air flowed through the pre-heater which had star-wound shape.
Then, the preheated air was then supplied to the ceramic heater, which also served as the
inner surface of the burner body. Heat exchange between the heated coflow air and the
fuel nozzle were achieved inside the ceramic insulator. The coflow velocity was fixed at
VCO = 1.1 m/s to maintain uniform temperature up to the edges of lifted flames. More
details about temperature uniformity can be found in previous studies [40, 41]. Liftoff
heights were measured by a cathetometer with a resolution of 0.01 mm.
For CH2O PLIF measurements, a third-harmonic of Nd:YAG laser (Quantel,
Brilliant) was used to excite formaldehyde at 355 nm (rotational transitions within the
𝐴̃1 𝐴2 − 𝑋1 𝐴1 410 vibronic manifold) [161]. The 6 mm-diameter UV pulsed laser beam (10
Hz) was supplied with an energy of 170 mJ/pulse to ensure large excitation of the
formaldehyde. Then, the beam was expanded to form a thin laser sheet (3 cm width) for
visualizing a 2D image of CH2O PLIF. This was accomplished by combining planoconvex cylindrical and spherical UV fused silica lenses with focal lengths of 15 and 75
cm, respectively. The formaldehyde fluorescence was detected using an ICCD camera
(Princeton Instrument) and UV Nikon lens. In addition, a combination of long-pass and
short pass filters (400 – 450 nm) was placed in front of the camera to collect the
formaldehyde fluorescence. This broadband absorption detection was selected to ensure
higher formaldehyde signal [161, 162]. The interferences of PAH fluorescence can be
neglected because they are saturated at high laser excitation energy while the
formaldehyde fluorescence is expected to be in the linear regime [161, 162]. The laser
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system and camera were synchronized using a delay generator and a computer software
was utilized to control the visualization procedure. CH* chemiluminescence was
recorded using the same camera with a narrowband filter (430 ± 5 nm). A Nikon digital
camera was used to capture the actual flame photograph.

6.3 Results and Discussion
Various experiments have been conducted to study the effect of elevated initial
temperatures in jet flames with coflow air [40-42, 69, 86]. At relatively low initial
temperatures below an autoignition temperature, stable lifted flames for methane, ethane,
and ethylene did not exist because their Schmidt Numbers are less than unity [41],
whereas non-autoignited lifted flames were stable for other gaseous and pre-vaporized
liquid fuels such as propane, n-butane, n-heptane, and iso-octane (Sc > 1) [40-42, 69, 86].
In the present experiment, stable non-autoignited lifted flames of DME fuel were
observed as its Schmidt Number is greater than unity. When the initial temperature was
elevated to high temperature above an autoignition temperature, the autoignited lifted
flames were stable regardless of the fuel Schmidt number [41].
Figure 6.2 shows several lifted flame structures for DME at the specified initial
temperature T0, fuel mole fraction XF,0, te fuel jet velocity U0. At low temperature of T0 =
600 K (a), the non-autoignited lifted flame of pure DME clearly shows a typical
tribrachial structure with a lean and a rich premixed flame branches with a trailing faint
blue diffusion flame. For autoignited DME lifted flame at T0 = 900 K (b), although it is
not clear from the photo, one can identify a tribrachial flame structure with the naked
eyes. At the same initial temperature but with higher dilution at lower fuel mole fraction
(c), the lifted flame does not exhibit a tribrachial structure. Instead, it shows very weak
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blue luminosity which is a typical characteristic of an autoignited lifted flame with mild
combustion.

Figure 6.2 Direct photographs of non-autoignited (a) and autoignited lifted flames
(b) with tribrachial edge and (c) with mild combustion
6.3.1 Visualization and Structure of DME Lifted Flames
When the temperature was below the autoignition temperature of 860 K, an external
source was required to ignite the flame. Direct photos of non-autoignited lifted flames at
T0 = 294 K having tribrachial edge structure for DME are shown in Figure 6.3 along with
for propane flame. The formaldehyde planar laser-induced fluorescence (CH2O PLIF) is
utilized to study the structure of these lifted flames qualitatively.
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Figure 6.3 CH2O PLIF and CH* chemiluminescence for non-autoignited lifted
flames at T0 = 294 K and U0 = 0.9 m/s for DME (a) and propane (b)
The images of CH2O are also shown in Figure 6.3 for the non-autoignited lifted
flames cases. Previous study of methane non-premixed jet flames elucidated that CH2O
profile had its highest intensity at the flame base [158]. Although not shown here, similar
profile of methane non-autoignited nozzle-attached flame was observed in the current
experiment where the maximum formaldehyde intensity was at flame base and lower
intensity regions were distributed along the inner area prior to the propagating flame.
Accordingly, the CH2O fluorescence can be observed prior to the flame edge where
the heat release zone is located because CH2O formation is within the low temperature
kinetics region. Consequently, the formaldehyde signal can be used as a pre-ignition
indicator. Another observation is that formaldehyde fluorescence cannot be observed in
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the cold region between the flame edge and the fuel nozzle and this will indicate that this
region can be considered non-reactive [72]. In addition, non-autoignited lifted flame of
propane was also tested as shown in Fig. 6.3b. It is interesting to note that the CH2O
fluorescence of propane case was weaker than DME. This can be attributed to the fact
that DME is an oxygenated fuel and therefore formaldehyde can be formed with higher
concentrations for DME than for propane as propane does not have oxygen atom.

Figure 6.4 CH2O PLIF and CH* chemiluminescence for autoignited lifted flames
with tribrachial edge at T0 = 900 K and XF,0 = 0.055 for U0 = 10.2 (a) and 11.8 m/s (b)
CH2O PLIF was also detected for autoignited lifted flames with tribrachial edge.
Figure 6.4 shows two cases at T0 = 900 K and XF,0 = 0.055 for two different jet velocities.
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The CH* images of the DME lifted flames represent the blue luminosity such that we can
distinguish the propagating flame region. CH2O images show high-intensity signal below
the lifted flame which indicates strong reactive zone. Because of mixing and preheating
processes prior to flame stabilization, oxidation of DME can be a main reason of the
existence of formaldehyde within this regime. The homogeneous oxidation process of the
stoichiometric DME/air mixture at T0 = 900 K and XF,0 = 0.055 is calculated and the
result is shown in Fig. 6.5. As time proceeds, DME decreases and CH4 and CH2O
increases appreciably before the thermal runaway at t = 0.5 s. The observation of CH2O
PLIF in the region between the nozzle and flame base implies that the region is controlled
by autoignition [146].

Figure 6.5 Unsteady homogeneous autoignition at stoichiometry (T0 = 900 K, XF,0 =
0.055)
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In addition, autoignited propane lifted flame with tribrachial edge was investigated.
In Fig. 6.6, the formaldehyde profile shows different shape having maxima along the
mixing layer in the upstream of the flame base, while its signal is very weak as compared
with the DME case. The strong formaldehyde signal for DME case when compared with
propane can be explained as that DME fuel can go through fuel pyrolysis at much lower
temperature than alkane fuels. Interestingly, the formaldehyde signal of propane
autoignited lifted flame showed similar shape to the autoignited methane lifted flame case
in the computational result in Fig. 5.2 in the previous chapter.

Figure 6.6 CH2O PLIF and CH* chemiluminescence for autoignited propane lifted
flames (a) with tribrachial edge and (b) with mild combustion at T0 = 900 K
The flame structure for the autoignited lifted flames with mild combustion is shown
in Fig. 6.7. Similar to the tribrachial flame case of DME, the formaldehyde signal exists
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below the lifted flame. Also, the autoignited lifted flame with mild combustion for
propane shows similar profile to the DME case but with weaker intensity. An interesting
feature of formaldehyde formation behavior for all autoignited lifted flames structures is
that the formaldehyde signal always appears below the lifted flames between the flame
edge and the fuel nozzle even for very high lift-off height. In addition, even when the
flame cannot be observed but fuel still exists, the formaldehyde signal exists in a similar
manner to the autignited lifted flames. However, if the flame is attached to the nozzle, the
formaldehyde fluorescence does not exist. This would raise the importance of
formaldehyde species as an indicator of pre-ignition regime.

Figure 6.7 CH2O PLIF for autoignited lifted flames with mild combustion at T0 =
900 K
6.3.2 Liftoff Heights of Autoignited Flames with Tribrachial Structure
Note that the following experimental data for the flame liftoff heights were measured
by Dr. Byung Chul Choi and the data are analyzed here. Figure 6.8 shows the mapping
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autoignition regimes in terms of the initial temperature and fuel mole fraction for several
flame configurations, where No-auto, A-Tri, A-Mild, and TT indicate no autoignition,
autoignited lifted flame with tribrachial edge, with mild combustion, and transition to
turbulence, respectively. There also exists transition regime between A-Tri and A-Mild
regimes. The autoignited lifted flames can be first observed at T0 = 860 K and exist up to
T0 = 920 K in the present experimental configuration. The autoignited lifted flames with
tribrachial edge can be featured for relatively high fuel mole fractions and within specific
initial temperatures. For lower fuel mole fractions, autoignited lifted flames with mild
combustion can be observed. If both fuel mole fraction and initial temperature are very
high, a transition to turbulent flame occurred. Our focus here will be on laminar lifted
flames.

Figure 6.8 Autoignition regimes of DME at different initial temperatures and fuel
mole fractions
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Figure 6.9 shows the liftoff heights of autoingited DME lifted flames with tribrachial
edges in terms of fuel jet velocity in the log-log plot. As the jet velocity increases, the
liftoff height increases. In the log-log scale, this increase is linear for lower temperatures
(T0 = 860, 880 K). Such linear trend was also observed for different fuels tested
previously [40, 41, 69, 86]. While at 900 K, the results no longer show linear trends and
the liftoff heights at small jet velocities deviate from the trend in the high jet velocity
cases (i.e. dashed ellipse region), having smaller liftoff height from the extrapolated
heights from the cases for high jet velocity data. This deviation can be attributed to the
effect of fuel pyrolysis process which will be elaborated later. As the initial temperature
or fuel mole fraction increase, the liftoff height decreases due to shorter ignition delay
time as elucidated previously for various fuels in the autoignition regime [40, 41, 69, 86].
Also, the result shows that the slopes vary depending on the initial temperature and fuel
mole fraction.

Figure 6.9 Liftoff height in relation to jet velocity for autoignited lifted flames with
tribrachial edges at several initial temperatures and fuel mole fractions
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Critical autoignition phenomena have been observed previously for gaseous fuels
near flame blowout conditions in the autoignition regime [40-42]. As an autoignited lifted
flame approaches a blowout condition, a repetitive extinction and re-ignition can be
observed. This behavior can be attributed to the interaction between the buoyancyinduced axial convection and chemical autoignition processes. In such a case,
autoignition point can be reasonably accurately measured, while for stationary
autoignited lifted flames, once autoignition occurs, the flame can propagate upstream and
stabilized as a stationary lifted flame, such that autoignition point cannot be determined.
The autoignition heights of DME for the critical autoignition cases have been
measured and consequently the characteristic flow time can be obtained as tflow = HL/U0.
This can be related to adiabatic ignition delay time, which can be calculated using
CHEMKIN-Pro software [71] and by adopting a skeletal chemical mechanism for DME
[152]. Based on thermal explosion theory and considering heat loss effect for autoignited
2
lifted flames [75], the relation tflow ~ 𝑡𝑖𝑔,𝑎𝑑
has been derived and experimentally

substantiated for gaseous fuels [40, 41]. Such relation is tested here between the
characteristic flow time and the square of the adiabatic ignition delay time for the critical
autoignition cases at several initial temperatures and fuel mole fractions and the result is
shown in Fig. 6.10. A linear correlation is successful and the best fit is tflow =  0.00494 +
2
0.11069 𝑡𝑖𝑔,𝑎𝑑
with a correlation coefficient R2 = 0.985.
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Figure 6.10 Correlations of convective flow time with calculated adiabatic ignition
delay times for critical autoignition cases of autoignited flames with tribrachial
edges
When the fuel jet velocity decreases from the critical autoignition condition, stable
autoignited DME lifted flames with tribrachial edge are observed as demonstrated
previously in Fig. 6.9. As mentioned in steady-state experiments, autoignition position
cannot be identified, however, ignition delay time can still play an important role. For
gaseous fuels [40, 41], correlations of flame lift-off height with calculated adiabatic
ignition delay time were successful in the autoignition regime with tribrachial edge
2
structure as 𝐻𝐿 ∝ 𝑈0 𝑡𝑖𝑔,𝑎𝑑
. Note that for non-autoignited lifted flames, successful

correlations were obtained when the jet velocity is scaled with the stoichiometric laminar
burning velocity 𝑆𝐿𝑜 |𝑠𝑡 as 𝐻𝐿 ∝ 𝑈0 /𝑆𝐿𝑜 |𝑠𝑡 , emphasizing the role of the propagation speed
of tribrachial edge flame, which depends sensitively on 𝑆𝐿𝑜 |𝑠𝑡 .
2
The liftoff data in Fig. 6.9 is correlated with 𝑈0 𝑡𝑖𝑔,𝑎𝑑
and the result is shown in Fig.
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6.11, where the data in the oval region in Fig. 6.9 are excluded in the correlation and are
marked as open symbols. The best fit can be written as follows and the result shows a
satisfactory correlation.
2
HL =  189.67 + 142.14 U0 𝑡𝑖𝑔,𝑎𝑑
(R2 = 0.974)

(22)

Figure 6.11 Correlations of liftoff height with calculated adiabatic ignition delay
times for autoignited flames with tribrachial edges
As mentioned above, this deviation can be attributed to the pyrolysis effect. In this
regard, CHEMKIN-Pro software [71] with the skeletal mechanism [152] is utilized to
calculate the fuel pyrolysis effect. As discussed in Chapter 2 for iso-octane cases, fuels
can undergo a pyrolysis before ejecting from the nozzle due to high temperature of fuel
supply.
In this regard, an unsteady pyrolysis analysis for diluted DME without an oxidizer is
conducted using the CHEMKIN software. Figure 6.12 shows the variations of species
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concentrations in terms of mole fractions with residence time tres at T0 = 900 K and XF,0 =
0.16. After a sufficiently long time, the pyrolysis product of DME is CH3-O-CH3  CH4
+ CO + H2 as can be confirmed at long residence time. However, during the early period
(tres < 5 sec), it first breaks down into methane and formaldehyde as CH3-O-CH3  CH4
+ CH2O. The typical residence time of fuel in the heated fuel tube is O(0.1 s).

Figure 6.12 Unsteady pyrolysis analysis (T0 = 900 K, XF,0 = 0.16) for autoignited
lifted flame with tribrachial edge
Formaldehyde is known to be a good candidate as an ignition improver [163, 164].
In this regard, ignition delay times are calculated by adopting the temporal pyrolysis
products with the residence time and the result is plotted in Fig. 6.12 as the gray solid
line. The delay time initially decreases sharply with the accumulation of CH2O, and as
CH2O transforms to CO+H2, the delay time increases over the value of non-pyrolized
DME at tres = 0.
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The typical residence time of fuel in the heated fuel tube is O(0.1 s) which decreases
the ignition delay time. This can partially explain the deviation in the liftoff height as jet
velocity increases (residence time increases) from the linear trend at higher jet velocities
at 900 K in Figs. 6.9 and 6.11. At lower temperature, this effect will be mitigated such
that the deviation behavior in liftoff height is not observed.

6.3.3 Liftoff Heights of Autoignited Flames with Mild Combustion
Figure 6.13 shows the behavior of the liftoff height with jet velocity at several initial
temperatures and fuel mole fractions for the autoignited lifted flames with mild
combustion for the fuels highly diluted with nitrogen. At T0 = 900 K, XF,0 = 0.044 with
relatively high jet velocities (solid line), the liftoff height increases as the jet velocity
increases, exhibiting a typical trend. As the jet velocity decreases, the liftoff height
deviated from the trend in the high jet velocity regime (dash-dot line). This can also be
explained based on the fuel pyrolysis effect, as discussed for the autoignited lifted flame
with tribrachial edge.
It is interesting to note that the liftoff height starts to increase as the jet velocity
decreases (dashed line). Such non-monotonic behavior was observed previously for
autoignited lifted flames of the binary fuel mixtures of CH4/H2 [42] and CO/H2 [43]. This
behavior was partially attributed to the differential diffusion since the mass diffusivity of
hydrogen is much larger than either CO or methane, while the detailed reasoning is yet to
be identified. Note, however, such behavior was not observed for single component fuels
[40, 41] and the present DME is a single-component fuel.
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Figure 6.13 Liftoff height in relation to jet velocity for autoignited lifted flames with
mild combustion at several initial temperatures and fuel mole fractions
Based on the fuel pyrolysis data, having increased ignition delay time with the
residence time in Fig. 6.12, the residence time scale required for the increase in the delay
time is too long (over 5 s) in the present experimental setup. Instead, the major effect on
the increasing behavior in liftoff height with decreasing jet velocity can be explained
based on the result in Fig. 6.5. Unlike other single component alkane fuels, DME
generated appreciable amount of new fuel species during an autoignition process such as
CH4, CH2O, CO and H2.
In the simulation for methane autoignited flame with mild combustion, the process
can be explained based on thermal ignition along the mixing layer in the jet. For the
DME fuel in the jet mixing layer, it will undergo pyrolysis and partial oxidation, initially
generating CH4 and CH2O and in the later stage CO and H2. Thus the region between the
nozzle and flame edge becomes effectively a multi-component fuel region with large
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differences in the fuel diffusivities, especially because of the existence of hydrogen. Thus
the increasing liftoff height with decreasing jet velocity for the DME fuel is in
accordance with the behaviors observed for CO/H2 and CH4/H2 binary mixture fuels.
At lower temperature at 860 K, the autoignited liftoff height is much larger than that
at 900 K at the same specified jet velocity and the range of inceasing liftoff height with
jet velocity becomes very narrow.
For single component gaseous fuels in the autoignited lifted flame with mild
2
combustion, the liftoff heights were successfully correlated with 𝑈0 𝑡𝑖𝑔,𝑎𝑑
𝑌𝐹,0 , while such

correlation was unsuccessful for the DME fuel because of the reasons described above.

6.3.4 DME as Autoignition Improver for Methane Lifted Flames
Autoignited methane lifted flames diluted with nitrogen have been observed
experimentally when the initial temperature was over 940 K [41]. In the present
experiment, the autoignition temperature of diluted DME was 860 K and diluted
DME/CH4 mixture was autoignited at initial temperatures above 890 K. In the previous
study [42], when H2 was added to methane, it enhanced the autoignition tendency and
consequently reduced flame lift-off height. This can be attributed to the strong effect of
hydrogen addition on the ignition delay time.
For both methane and H2/CH4 mixtures, various phenomena of autoignited lifted
flames were observed [41, 42]. In general, the lift-off height of tribrachial lifted flames
increases as fuel jet velocity increases. However, at relatively low temperature within
autoignition regime for H2/CH4 lifted flames, a unique behavior was observed having the
decreasing lift-off height with increasing fuel jet velocity. This behavior was partially
attributed to the large mass diffusivity of hydrogen (Sc < 0.5) [42], while the detailed
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mechanism is still unclear. Also, the flame was attached to the nozzle for higher fuel jet
velocities when the hydrogen concentrations were relatively higher (i.e. RH ≥ 0.40).
Figure 6.14 shows the effect of DME ratio in DME/CH4 mixtures (RD) on the
autoignited flames lift-off height at fixed temperature and fuel jet velocity (T0, U0) = (960
K, 20 m/s) at several fuel mole fractions. The trend shows a non-linear decrease in lift-off
height as the DME percentage increases. This demonstrates the autoignition enhancement
feature of DME addition to methane, which can be reasoned from the shorter ignition
delay time of DME as compared to CH4. As the fuel mole fraction increases, the liftoff
height decreases for a specified DME percentage. This can be attributed to the typical
effect of higher fuel content in the diluted mixture on ignition delay time and
consequently on combustible reactivity. When DME concentration further increases, the
flame is no longer lifted and has a transition to a nozzle-attached flame. The jet velocity
at nozzle-attachment condition increases as the fuel mole fraction increases.

Figure 6.14 Effect of DME addition to methane autoignited lifted flames on flame
liftoff height
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6.4 Concluding Remarks
The autoignition characteristics of non-premixed dimethyl ether (DME) jet flames
have been investigated experimentally at elevated temperatures. Formaldehyde PLIF was
measured for various conditions and several flame structures. For autoignited lifted
flames, the formaldehyde profile was observed between the flame edge and the fuel
nozzle indicating the autoignition-controlled regime where chemical kinetics play crucial
role on lifted flame stabilization. For non-autoignited lifted flames, formaldehyde was
formed prior to the flame edge and coincides with the heat release rate region. In
addition, formaldehyde was not observed in the cold region between the flame edge and
fuel nozzle because of the weak kinetics effects. The formaldehyde signal of propane
lifted flames were also investigated. Although the results show similar behavior to the
DME cases, the formaldehyde signal of propane cases were weaker than the DME. This
can be attributed to the oxygenated nature of DME fuels. More experiments of
formaldehyde and OH PLIF can be conducted in the future to investigate the stabilization
of lifted flames and its relevance to autoignition phenomenon.
Two autoignited lifted flame structures were observed including the tribrachial edge
and the mild combustion. The tribrachial flame structure consisted of lean and rich
premixed flames in addition to trailing diffusion flame. Critical autoignition phenomenon
was observed near blowout condition. Successful correlations of characteristic flow time
and flame lift-off height with adiabatic ignition delay time were obtained for critical
autoignition and autoignited lifted flames with tribrachil edge, respectively. The mild
combustion configuration was featured with its weak luminosity due to high dilution with
nitrogen. Non-monotonic behavior of flame lift-off height as a function of fuel jet
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velocity was elucidated. This was attributed to the pyrolysis effect due to preheating of
DME and consequently the differential diffusion of the produced species which include
CO, CH4 and H2. It is interesting to investigate this non-linear behavior numerically and
find out various characteristics of the mild combustion configuration.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK
7.1 Concluding Remarks
7.1.1 Experiments of autoignited lifted flames for pre-vaporized liquid fuels
The autoignited lifted jet flames of pre-vaporized liquid fuels have been studied
experimentally in heated coflow air. Various liquid fuels have been tested including nheptane, iso-octane, binary mixtures of n-hepatne and iso-octane, gasoline FACEs, and
ethanol. The flame stabilization and structure has been analyzed and linked to
autoignition phenomenon.
The liftoff heights for iso-octane were higher than those for n-heptane, which can be
attributed to the differences in the laminar burning velocity and ignition delay time for
non-autoignited and autoignited lifted flames, respectively. Successful correlations were
obtained for the liftoff height with jet velocity scaled by the stoichiometric laminar
burning velocity for non-autoignited lifted flames. The correlations of liftoff height in the
autoignition regime with the computed adiabatic ignition delay time were not successful,
unlike for the cases of gaseous fuels. Liftoff data are also provided in the transition
regime for the temperature range of 830  T0  920 K. The data analysis shows that the
transition temperature from non-autoignited to autoignited regimes lies between 870 and
900 K. For autoignited flames, the transition behavior from the autoignited lifted flame
with tribrachial edges to mild combustion was observed as the jet velocity increased.
The liftoff heights for PRF binary mixtures were found between the n-heptane and
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iso-octane data. The trends for gasoline FACEs did not match with their equivalent PRFs.
Similar behavior was observed for the calculated ignition delay time. The correlations of
flame liftoff height with calculated ignition delay time were not successful.
Experimentally-determined ignition delay time concept was tested to improve the
correlations and consequently fuel activation temperatures were obtained. Successful
correlations for flame liftoff heights and activation energy were derived in terms of both
Research Octane Number (RON) and Cetane Number (CN). The effect of equivalence
ratio on ignition delay time was also investigated numerically for homogeneous
autoignition of PRFs. For n-heptane case, the ignition delay time decreased and then
increased when the equivalence ratio increases while other PRFs showed only the
increasing trend. This would depend also on the initial temperature and pressure.
Therefore, the initial temperature and equivalence ratio could feature combined effects on
ignition delay time.

7.1.2 Simulations of syngas and methane autoignited lifted flames
The autoignition characteristics of laminar lifted jet flames have been investigated at
elevated temperatures for syngas and methane fuels numerically based on previous
experimental observations [41, 43]. Chemical kinetics have been utilized and several
stabilization mechanisms related to autoignition behavior have been elucidated.
Numerical simulations have been performed for the nozzle-attached flame of CO/H2
fuel at low temperature regime and autoignited lifted flames at high temperature regime
by adopting detailed kinetic mechanisms. The nozzle-attached flame behaviors were well
captured as compared with the existing experiment. In the high temperature regime with
autoignition, the simulation result shows that the reaction zone structure is in
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resemblance with the homogeneous autoignition process. The transient autoignition
process can also be reasonably captured. The dependence of ignition delay time on
autoignited liftoff height can be successfully captured by the experimentally observed
relation of HL  (U0tig,ad2)n. The initial temperature in the simulation needs to be raised
about 80 K from the experimental one to predict comparable liftoff height, while the
decreasing liftoff height trend with jet velocity at relatively low temperature autoignition
regime cannot be predicted.
The laminar autoignited and non-autoignited flames of diluted methane in heated
coflow air were studied numerically. First, the non-autoignited nozzle-attached flame was
simulated and blow-off behavior was observed in the absence of a lifted flame with
increasing jet velocity. The behavior of an autoignited lifted flame with a tribrachial edge
structure was analyzed, and the importance of intermediate species, such as CH2O, HO2,
and H2O2, in autoignition processes was highlighted. Further analysis of the chemical
structure of the tribrachial lifted flame elucidated that two regimes control the
combustion kinetics: an autoignition regime in the upstream region and a flame
propagation regime in the downstream region, separated by the flame edge under
reasonably stoichiometric mixture conditions. A mild combustion behavior was observed
with highly diluted fuel. The local equilibrium temperature concept and mixture fraction
analysis were adopted. The autoignited lifted flame with mild combustion can be
considered to be an autoignited lean premixed lifted flame. Transition behavior from the
mild combustion structure to the nozzle-attached flame was investigated by increasing
the concentration of methane in the fuel jet. The autoignited lifted flame prior to nozzleattachment was further analyzed and found to feature combined characteristics of the
146

autoignited flame with those of tribrachial edge and autoignited flames with mild
combustion, by exhibiting a transition behavior from autoignition to flame propagation
but for a lean mixture condition. The simulations of autoignited lifted flames were similar
to experimental data but at higher temperature conditions.

7.1.3 Experiments of dimethyl ether (DME) lifted flames
The autoignition characteristics of non-premixed dimethyl ether (DME) jet flames
have been investigated experimentally at elevated temperatures. Formaldehyde PLIF was
measured for various conditions and several flame structures. For autoignited lifted
flames, the formaldehyde profile was observed between the flame edge and the fuel
nozzle indicating the autoignition-controlled regime where chemical kinetics play crucial
role on lifted flame stabilization. For non-autoignited lifted flames, formaldehyde was
formed prior to the flame edge and coincides with the heat release rate region. Also, it
was not observed in the cold region between the flame edge and fuel nozzle because of
the weak kinetics effects. The formaldehyde signal of propane lifted flames were also
investigated. Although the results show similar behavior to the DME cases, the
formaldehyde signal of propane cases were weaker than the DME. This can be attributed
to the oxygenated nature of DME fuels. Two autoignited lifted flame structures were
observed including the tribrachial edge and the mild combustion. Critical autoignition
phenomenon was observed near blowout condition. Successful correlations of
characteristic flow time and flame lift-off height with adiabatic ignition delay time were
obtained for critical autoignition and autoignited lifted flames with tribrachil edge,
respectively. Non-monotonic behavior of flame lift-off height as a function of fuel jet
velocity was elucidated for the mild combustion case. This was attributed to the pyrolysis
147

effect due to preheating of DME and consequently the differential diffusion of the
produced species which include CO, CH4 and H2.

7.2 Future Work and Recommendations
This dissertation has investigated the relevance between the flame stabilization and
autoignition phenomena of laminar lifted jet flames at elevated temperatures and
atmospheric pressure. The current chemical kinetics mechanisms have been validated for
conditions of high pressures and wide range of temperatures according to the
homogeneous autoignition experiments such as shock tubes and rapid compression
machines. The experimental configuration which has been adopted in this dissertation is
considered inhomogeneous and it was utilized at atmospheric pressure to build clear
understanding of inhomogeneous autoignition phenomenon and to validate the chemical
kinetics. It is interesting to promote this inhomogeneous experimental configuration to
study higher pressure and higher temperature conditions such that it can validate the
chemical kinetics for actual engine simulations.
Further studies are also recommended to test various surrogate fuels such as TPRFs
(Toluene Primary Reference Fuels), more gasoline surrogates, ethanol/TPRF mixtures,
and ethanol/gasoline mixtures to target the practical fuels and formulate the most suitable
surrogates for gasoline compression ignition (GCI) engines. In addition, the utilization of
both formaldehyde and OH PLIF is suggested to investigate the stabilization of lifted
flames and its relevance to autoignition phenomenon.
It is interesting to numerically investigate various phenomena which have been
observed in the current experiment. The first phenomenon is the transition behavior from
148

autoignited lifted flame with tribrachial edge to mild combustion structure within the
same condition. Second, the numerical analysis of critical autoignition phenomenon is
strongly recommended as it features obvious autoignition behavior. Also, the nonmonotonic behavior of liftoff height with jet velocity which resulted from both the
pyrolysis and differential diffusion effects is also suggested to be tested numerically.
Further improvements and refinements of the current chemical kinetics mechanisms
are also recommended. First, the numerical simulations of autoignited lifted flames were
comparable to the experimental findings. However, the initial temperatures for the
computational results were higher by 100 K temperature difference. In addition, the flame
liftoff height did not correlate well with the calculated ignition delay time for liquid fuels
which suggest the refinement of the chemical kinetics.
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APPENDICES
Appendix A
Deatailed kinetics mechanism of CO/H2
(Reference: Li, J., et al., A comprehensive kinetic mechanism for CO, CH2O, and
CH3OH combustion. International Journal of Chemical Kinetics, 2007. 39(3): p.
109-136.)
!<><><><><><><><><><><><>><><><><><><><><><><><><><><><><><><><><><>!
!

----- CO/CH2O/CH3OH Mechanism -----

! (c) Li, Zhao, Kazakov, Chaos, Dryer, and Scire; Princeton University, 2006.
!<><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><>!
ELEMENTS
C H O N AR HE
END
SPECIES
H

H2

CH3

O

CH4

OH

H2O

N2

HCO

CH2O

CH2OH CH3O
HO2
AR

H2O2

O2

CO
C2H6
CH3OH

CO2

HE

END

THERMO ALL
0300.00 1000.00 5000.00
HO2

L 5/89H 1O 2 00 00G 200.000 3500.000 1000.000 1

4.01721090E+00 2.23982013E-03-6.33658150E-07 1.14246370E-10-1.07908535E-14 2
1.11856713E+02 3.78510215E+00 4.30179801E+00-4.74912051E-03 2.11582891E-05 3

158

-2.42763894E-08 9.29225124E-12 2.94808040E+02 3.71666245E+00 1.00021620E+04 4
CH2O

NIST/98 C 1H 2O 1 0G 300.000 4000.000 1200.00

1

0.51481905E+01 0.28678016E-02-0.23782633E-06-0.16111303E-09 0.28566735E-13 2
-0.16230173E+05-0.51213813E+01 0.26962612E+01 0.49261423E-02 0.82826494E-06 3
-0.55038196E-09-0.39610326E-12-0.14970793E+05 0.94697599E+01
AR

120186AR 1

G 0300.00 5000.00 1000.00

4

1

0.02500000E+02 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 2
-0.07453750E+04 0.04366001E+02 0.02500000E+02 0.00000000E+00 0.00000000E+00 3
0.00000000E+00 0.00000000E+00-0.07453750E+04 0.04366001E+02
CH3O

121686C 1H 3O 1

G 0300.00 3000.00 1000.00

4
1

0.03770800E+02 0.07871497E-01-0.02656384E-04 0.03944431E-08-0.02112616E-12 2
0.01278325E+04 0.02929575E+02 0.02106204E+02 0.07216595E-01 0.05338472E-04 3
-0.07377636E-07 0.02075611E-10 0.09786011E+04 0.01315218E+03
CH3OH

121686C 1H 4O 1

G 0300.00 5000.00 1000.00

4
1

0.04029061E+02 0.09376593E-01-0.03050254E-04 0.04358793E-08-0.02224723E-12 2
-0.02615791E+06 0.02378196E+02 0.02660115E+02 0.07341508E-01 0.07170051E-04 3
-0.08793194E-07 0.02390570E-10-0.02535348E+06 0.01123263E+03
CH4

121286C 1H 4

G 0300.00 5000.00 1000.00

4

1

0.01683479E+02 0.01023724E+00-0.03875129E-04 0.06785585E-08-0.04503423E-12 2
-0.01008079E+06 0.09623395E+02 0.07787415E+01 0.01747668E+00-0.02783409E-03 3
0.03049708E-06-0.01223931E-09-0.09825229E+05 0.01372219E+03
CO

121286C 1O 1

G 0300.00 5000.00 1000.00

4

1

0.03025078E+02 0.01442689E-01-0.05630828E-05 0.01018581E-08-0.06910952E-13 2
-0.01426835E+06 0.06108218E+02 0.03262452E+02 0.01511941E-01-0.03881755E-04 3
0.05581944E-07-0.02474951E-10-0.01431054E+06 0.04848897E+02
CO2

121286C 1O 2

G 0300.00 5000.00 1000.00

4

1

0.04453623E+02 0.03140169E-01-0.01278411E-04 0.02393997E-08-0.01669033E-12 2
-0.04896696E+06-0.09553959E+01 0.02275725E+02 0.09922072E-01-0.01040911E-03 3
0.06866687E-07-0.02117280E-10-0.04837314E+06 0.01018849E+03
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4

H

120186H 1

G 0300.00 5000.00 1000.00

1

0.02500000E+02 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 2
0.02547163E+06-0.04601176E+01 0.02500000E+02 0.00000000E+00 0.00000000E+00 3
0.00000000E+00 0.00000000E+00 0.02547163E+06-0.04601176E+01
H2

121286H 2

G 0300.00 5000.00 1000.00

4

1

0.02991423E+02 0.07000644E-02-0.05633829E-06-0.09231578E-10 0.01582752E-13 2
-0.08350340E+04-0.01355110E+02 0.03298124E+02 0.08249442E-02-0.08143015E-05 3
-0.09475434E-09 0.04134872E-11-0.01012521E+05-0.03294094E+02
H2O

20387H 2O 1

G 0300.00 5000.00 1000.00

4

1

0.02672146E+02 0.03056293E-01-0.08730260E-05 0.01200996E-08-0.06391618E-13 2
-0.02989921E+06 0.06862817E+02 0.03386842E+02 0.03474982E-01-0.06354696E-04 3
0.06968581E-07-0.02506588E-10-0.03020811E+06 0.02590233E+02
H2O2

120186H 2O 2

G 0300.00 5000.00 1000.00

4

1

0.04573167E+02 0.04336136E-01-0.01474689E-04 0.02348904E-08-0.01431654E-12 2
-0.01800696E+06 0.05011370E+01 0.03388754E+02 0.06569226E-01-0.01485013E-05 3
-0.04625806E-07 0.02471515E-10-0.01766315E+06 0.06785363E+02
HCO

121286H 1C 1O 1

G 0300.00 5000.00 1000.00

4
1

0.03557271E+02 0.03345573E-01-0.01335006E-04 0.02470573E-08-0.01713851E-12 2
0.03916324E+05 0.05552299E+02 0.02898330E+02 0.06199147E-01-0.09623084E-04 3
0.01089825E-06-0.04574885E-10 0.04159922E+05 0.08983614E+02
O

120186O 1

G 0300.00 5000.00 1000.00

4

1

0.02542060E+02-0.02755062E-03-0.03102803E-07 0.04551067E-10-0.04368052E-14 2
0.02923080E+06 0.04920308E+02 0.02946429E+02-0.01638166E-01 0.02421032E-04 3
-0.01602843E-07 0.03890696E-11 0.02914764E+06 0.02963995E+02
O2

121386O 2

G 0300.00 5000.00 1000.00

4

1

0.03697578E+02 0.06135197E-02-0.01258842E-05 0.01775281E-09-0.01136435E-13 2
-0.01233930E+05 0.03189166E+02 0.03212936E+02 0.01127486E-01-0.05756150E-05 3
0.01313877E-07-0.08768554E-11-0.01005249E+05 0.06034738E+02
N2

121286N 2

G 0300.00 5000.00 1000.00
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1

4

0.02926640E+02 0.01487977E-01-0.05684761E-05 0.01009704E-08-0.06753351E-13 2
-0.09227977E+04 0.05980528E+02 0.03298677E+02 0.01408240E-01-0.03963222E-04 3
0.05641515E-07-0.02444855E-10-0.01020900E+05 0.03950372E+02
C2H6

121686C 2H 6

G 0300.00 4000.00 1000.00

4

1

0.04825938E+02 0.01384043E+00-0.04557259E-04 0.06724967E-08-0.03598161E-12 2
-0.01271779E+06-0.05239507E+02 0.01462539E+02 0.01549467E+00 0.05780507E-04 3
-0.01257832E-06 0.04586267E-10-0.01123918E+06 0.01443229E+03

4

!~~~~~~~~~~~~~~~~~ Notes on THERMO data for species below ~~~~~~~~~~~~~~~~~~~
! OH dHf adjusted to 8.91 kcal/mol (Ruscic et al., 2002)
! CH3 dHf appears to be consistant with Ruscic et al., 1999 already
! CH2OH thermo was fit directly to Johnson&Hudgens (1996) table,
! temperatures above 2000 K were extrapolated towards Cp_inf= 12.5 R:
! Cp/Cp_inf = a + (1-a)*exp(-(b/T)^n), where
! a = 0.4238, b = 696.36 K, n = 1.3807
OH

S 9/01O 1H 1 0 0G 200.000 6000.000 1000.

1

2.86472886E+00 1.05650448E-03-2.59082758E-07 3.05218674E-11-1.33195876E-15 2
3.68362875E+03 5.70164073E+00 4.12530561E+00-3.22544939E-03 6.52764691E-06 3
-5.79853643E-09 2.06237379E-12 3.34630913E+03-6.90432960E-01 4.51532273E+03 4
CH3

IU0702C 1.H 3. 0. 0.G 200.000 6000.000 1000.

1

0.29781206E+01 0.57978520E-02-0.19755800E-05 0.30729790E-09-0.17917416E-13 2
0.16509513E+05 0.47224799E+01 0.36571797E+01 0.21265979E-02 0.54583883E-05 3
-0.66181003E-08 0.24657074E-11 0.16422716E+05 0.16735354E+01 0.17643935E+05 4
CH2OH

JH/96C 1H 3O 1N 0G 250.000 3000.000 750.00

1

0.37469103E+01 0.88646121E-02-0.42580722E-05 0.10088040E-08-0.94501561E-13 2
-0.36664824E+04 0.54281095E+01 0.46119792E+01-0.31203760E-02 0.35531680E-04 3
-0.49379398E-07 0.22027247E-10-0.36040734E+04 0.28351399E+01
HE

120186HE 1

G 0300.00 5000.00 1000.00

4

1

0.02500000E+02 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 2
-0.07453750E+04 0.09153489E+01 0.02500000E+02 0.00000000E+00 0.00000000E+00 3
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0.00000000E+00 0.00000000E+00-0.07453750E+04 0.09153488E+01

4

END

REACTIONS
!

H2/O2 mechanism of Li et al. IJCK 36:565 (2004)

!*********************************************************************************
!H2-O2 Chain Reactions
! Hessler, J. Phys. Chem. A, 102:4517 (1998)
H+O2 = O+OH

3.547E+15 -0.406 1.6599E+04

! Sutherland et al., 21st Symposium, p. 929 (1986)
O+H2 = H+OH

0.508E+05 2.67 0.629E+04

! Michael and Sutherland, J. Phys. Chem. 92:3853 (1988)
H2+OH = H2O+H

0.216E+09 1.51 0.343E+04

! Sutherland et al., 23rd Symposium, p. 51 (1990)
O+H2O = OH+OH

2.970E+06 2.02 1.340E+04

!H2-O2 Dissociation Reactions
! Tsang and Hampson, J. Phys. Chem. Ref. Data, 15:1087 (1986)
H2+M = H+H+M

4.577E+19 -1.40 1.0438E+05

H2/2.5/ H2O/12/
CO/1.9/ CO2/3.8/
AR/0.0/ HE/0.0/
! Tsang and Hampson, J. Phys. Chem. Ref. Data, 15:1087 (1986)
H2+AR = H+H+AR

5.840E+18 -1.10 1.0438E+05

H2+HE = H+H+HE

5.840E+18 -1.10 1.0438E+05

! Tsang and Hampson, J. Phys. Chem. Ref. Data, 15:1087 (1986)
O+O+M = O2+M

6.165E+15 -0.50 0.000E+00

H2/2.5/ H2O/12/
AR/0.0/ HE/0.0/
CO/1.9/ CO2/3.8/
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! Tsang and Hampson, J. Phys. Chem. Ref. Data, 15:1087 (1986)
O+O+AR = O2+AR

1.886E+13 0.00 -1.788E+03

O+O+HE = O2+HE

1.886E+13 0.00 -1.788E+03

! Tsang and Hampson, J. Phys. Chem. Ref. Data, 15:1087 (1986)
O+H+M = OH+M

4.714E+18 -1.00 0.000E+00

H2/2.5/ H2O/12/
AR/0.75/ HE/0.75/
CO/1.9/ CO2/3.8/
! Tsang and Hampson, J. Phys. Chem. Ref. Data, 15:1087 (1986)
! H+OH+M = H2O+M
H+OH+M = H2O+M

2.212E+22 -2.00 0.000E+00
3.800E+22 -2.00 0.000E+00

H2/2.5/ H2O/12/
AR/0.38/ HE/0.38/
CO/1.9/ CO2/3.8/
!Formation and Consumption of HO2
! Cobos et al., J. Phys. Chem. 89:342 (1985) for kinf
! Michael, et al., J. Phys. Chem. A, 106:5297 (2002) for k0
!=================================================================================
! MAIN BATH GAS IS N2 (comment this reaction otherwise)
H+O2(+M) = HO2(+M)

1.475E+12 0.60 0.000E+00

LOW/6.366E+20 -1.72 5.248E+02/
TROE/0.8 1E-30 1E+30/
H2/2.0/ H2O/11./ O2/0.78/ CO/1.9/ CO2/3.8/
!=================================================================================
! MAIN BATH GAS IS AR OR HE (comment this reaction otherwise)
!H+O2(+M) = HO2(+M)

1.475E+12 0.60 0.000E+00

! LOW/9.042E+19 -1.50 4.922E+02/
! TROE/0.5 1E-30 1E+30/
! H2/3.0/ H2O/16/ O2/1.1/ CO/2.7/ CO2/5.4/ HE/1.2/
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! Tsang and Hampson, J. Phys. Chem. Ref. Data, 15:1087 (1986) [modified]
HO2+H = H2+O2

1.66E+13 0.00 0.823E+03

! Tsang and Hampson, J. Phys. Chem. Ref. Data, 15:1087 (1986) [modified]
HO2+H = OH+OH

7.079E+13 0.00 2.950E+02

! Baulch et al., J. Phys. Chem. Ref Data, 21:411 (1992)
HO2+O = O2+OH

3.250E+13 0.00 0.000E+00

! Keyser, J. Phys. Chem. 92:1193 (1988)
HO2+OH = H2O+O2

2.890E+13 0.00 -4.970E+02

!Formation and Consumption of H2O2
! Hippler et al., J. Chem. Phys. 93:1755 (1990)
HO2+HO2 = H2O2+O2

4.200e+14 0.00 1.1982E+04

DUPLICATE
HO2+HO2 = H2O2+O2

1.300e+11 0.00 -1.6293E+03

DUPLICATE
! Brouwer et al., J. Chem. Phys. 86:6171 (1987) for kinf
! Warnatz, J. in Combustion chemistry (1984) for k0
H2O2(+M) = OH+OH(+M)

2.951E+14 0.00 4.843E+04

LOW/1.202E+17 0.00 4.550E+04/
TROE/0.5 1E-30 1E+30/
H2/2.5/ H2O/12/
CO/1.9/ CO2/3.8/
AR/0.64/ HE/0.64/
! Tsang and Hampson, J. Phys. Chem. Ref. Data, 15:1087 (1986)
H2O2+H = H2O+OH

2.410E+13 0.00 3.970E+03

H2O2+H = HO2+H2

4.820E+13 0.00 7.950E+03

H2O2+O = OH+HO2

9.550E+06 2.00 3.970E+03

! Hippler and Troe, J. Chem. Phys. Lett. 192:333 (1992)
H2O2+OH = HO2+H2O

1.000E+12 0.00 0.000E+00

DUPLICATE
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H2O2+OH = HO2+H2O

5.800E+14 0.00 9.557E+03

DUPLICATE
!**************************** CO/HCO Reactions *********************************
! Troe, 15th Symposium
CO+O(+M) = CO2(+M)

1.800E+10 0.00 2.384E+03

! Fit of Westmoreland, AiChe J., 1986, rel. to N2 - Tim adjusted from MTA's
! rate constant, which was rel to Ar.
LOW/1.550E+24 -2.79 4.191E+03/
H2/2.5/ H2O/12/ AR/0.87/ CO/1.9/ CO2/3.8/
! Tsang and Hampson, JPC Ref. Data, 15:1087 (1986)
CO+O2 = CO2+O

2.530E+12 0.00 4.770E+04

! This rate constant is modified per an updated value for HO2+HO2=H2O2+OH
CO+HO2 = CO2+OH

3.010E+13 0.00 2.300E+04

! (This study) least squares fit to available experimental results
CO+OH = CO2+H

2.229E+05 1.89 -1.1587E+03

! (This study) least squares fit to available experimental results
HCO+M = H+CO+M

4.7485E+11 0.659 1.4874E+04

H2/2.5/ H2O/12/ CO/1.9/ CO2/3.8/
! Timonen et al., JPC, 92:651 (1988)
HCO+O2 = CO+HO2

7.580E+12 0.00 4.100E+02

! Timonen et al., JPC, 91:692 (1987)
HCO+H = CO+H2

7.230E+13 0.00 0.000E+00

! Tsang and Hampson, JPC Ref. Data, 15:1087 (1986)
HCO+O = CO+OH
HCO+OH = CO+H2O

3.020E+13 0.00 0.000E+00
3.020E+13 0.00 0.000E+00

! All reactions from Tsang and Hampson, JPC Ref. Data, 15:1087 (1986)
HCO+O = CO2+H

3.000E+13 0.00 0.000E+00

HCO+HO2 = CO2+OH+H

3.000E+13 0.00 0.000E+00

HCO+HCO = H2+CO+CO

3.000E+12 0.00 0.000E+00
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HCO+CH3 = CO+CH4

1.200E+14 0.00 0.000E+00

! Update from Z. Zhao, M. Chaos, A. Kazakov, F.L. Dryer, IJCK, submitted (2006)
! Mulenko Rev. Roum. Phys. 32:173 (1987)
!HCO+CH3 = CO+CH4

2.650E+13 0.00 0.000E+00

! Glarborg et al's paper (C&F, 132:629, 2003)
HCO+HCO = CH2O+CO

3.000E+13 0.00 0.000E+00
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List of publications
B.1. Journal Papers
● S. Al-Noman, S.K. Choi, and S.H. Chung. “Numerical Study of Laminar Nonpremixed
Methane Flames in Coflow Jets: Autoignited Lifted Flames with Tribrachial Edges and
MILD Combustion at Elevated Temperatures”. Combustion and Flame. In press.
● S. Al-Noman, S.K. Choi, and S.H. Chung. “Autoignition Characteristics of Laminar
Lifted Jet Flames of Pre-vaporized Iso-Octane in Heated Coflow Air”. Fuel. 162 (2015)
pp. 171-178.
● S.K. Choi, S. Al-Noman, and S.H. Chung. “Simulation of non-autoignited and
autoignited laminar nonpremixed jet flames of syngas in heated coflow air”. Combustion
Science and Technology. 187 (1-2) (2015) pp. 132-147.
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