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Abstract

Emissions reduction and energy management are current and future concerns for
governments and industries alike. The primary source of energy worldwide for elec-
tricity, air transport and industrial processes is combustion. Moderate or intense
low oxygen dilution (MILD) combustion offers improved thermal efficiency and a
significant reduction of CO and NOy pollutants, soot and thermo-acoustic instabili-
ties compared to conventional combustion. Whilst combustion in the MILD regime
offers considerable advantages over conventional combustion, neither the structure
of reacting jets under MILD conditions, nor the boundaries of the MILD regime are
currently well understood. This work, therefore, serves to fill this gap in the under-

standing of flame structure near the boundaries of the MILD regime.

The MILD combustion regime has been previously investigated experimen-
tally and numerically in premixed reactors and non-premixed flames. In this
study, definitions of MILD combustion are compared and contrasted, with the phe-
nomenological premixed description of MILD combustion extended to describe
non-premixed flames. A simple criterion is derived analytically which offers ex-
cellent agreement with observations of previously studied cases and new, non-
premixed MILD and autoignitive flames presented in this work. This criterion facil-
itates a simple, predictive approach to distinguish MILD combustion, autoignitive
flames, and the transition between the two regimes.

The adequacy of simplified reactors as a tool for predicting non-premixed igni-
tion behaviour in the transition between MILD combustion and autoignition has
not previously been resolved, and is addressed in this work. The visual lift-off be-
haviour seen in the transition between MILD combustion and conventional au-
toignitive flames seen experimentally is successfully replicated using simplified re-
actors. The location of the visible flame base in a jet-in-hot-coflow burner is shown
to be highly sensitive to the relative location of the most reactive mixture fraction
and the high strain-rate shear layer due to the strong coupling of between ignition
chemistry and the underlying flow-field.

Previous studies have demonstrated a strong dependence of ignition delay times
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to significant concentrations of minor species. Simulations presented in this work
demonstrate that small concentrations of the hydroxyl radical (OH), similar to those
expected in practical environments, significantly affect ignition delay and inten-
sity of non-premixed MILD combustion, however have little effect on autoignitive
flames. Importantly, such concentrations of OH do not result in a change in flame
structure for the cases investigated. Whilst these results stress the importance of mi-
nor species in modelling the transient ignition of non-premixed MILD combustion,
steady-state simulations do not demonstrate the same sensitivity to concentrations
of minor species expected in hot combustion products. These results suggest that
the temperature and oxygen concentration in the oxidant stream are the most im-
portant factors governing the boundaries of the MILD combustion regime.
Investigations of reaction zone structure and ignition in, and near the bound-
aries of, the MILD combustion regime have demonstrated the relative importance
of different aspects of ambient conditions and differences in structure between
non-premixed MILD and autoignitive flames. These findings build upon the under-
standing of this regime and provide critical insight for future studies towards both

fundamental research, and the practical implementation, of MILD combustion.
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Chapter 1
Introduction

The contemporary world is dependent on combustion. From electricity generation,
to the jet engines powering international and domestic air travel, combustion has
shaped the technology of the modern era. Combustion supplies 98% of Australia’s
energy usage [22], with gas production expected to triple from its current level [22]
to over 8000 PJ per annum by 2034-35 [23] and combustion of oil, gas and black coal
still predicted to provide 86% of Australia’s energy in 2050 [6]. Our continuing re-
liance on combustion requires further development of cleaner, more efficient com-
bustion systems and research to further the fundamental understanding for such
systems.

Moderate or intense low oxygen dilution (MILD) combustion (alternatively,
“flameless oxidation” or FLOX®) occurs in hot, low oxygen conditions, resulting in
a distributed, homogeneous reaction zone in contrast to the well-defined flame-
fronts typical of conventional combustion [10]. Operation in the MILD combustion
regime is advantageous over conventional combustion, offering improved thermal
efficiency in addition to a significant reduction of CO and NOx pollutants, soot and
the rapid pressure and temperature fluctuations responsible for thermo-acoustic
noise emissions [10]. These pollutant emissions are harmful to the environment
[24, 58], and pressure fluctuations may damage turbomachinery contained within
gas turbine systems, thus their reduction have been sought within industrial appli-
cations through technologies similar to MILD combustion [9, 25, 30, 34, 37, 51, 59].

Current gas turbine technologies attempting to incorporate MILD combustion
have either encountered deficiencies in power output in laboratory-scale systems
[37] or operate outside of the MILD regime [25]. The shortcomings in these cur-
rent implementations can be attributed to attempts to operate the entire combustor
stage in the MILD regime, resulting in a lower power output [34, 37], or design of a

sequential combustion system [25], with the hazard of flame extinction in the tran-
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sition towards MILD combustion. The implementation of sequential MILD burners
to combine current approaches and maintain the environmental and stability ben-
efits of MILD combustion may therefore be pivotal for next generation combustion
systems. The success of these systems hinges on the understanding of the funda-
mental mechanics and stability of the transition to the MILD combustion regime
and more research is required to understand the optimal set of conditions for MILD

combustion in gas turbine environments.

1.1 Aims

The overarching aim of this project is to understand the stability of flames in the
transition between the MILD and lifted combustion regimes. This has not been in-
vestigated by previous experimental [2, 3,7, 8, 16, 29, 41, 42, 44, 47-49, 55] or numer-
ical [1, 4, 15, 17, 28, 31-33, 38, 39, 54, 60, 61] studies into MILD or autoignited, lifted
jet flames and the changes in structure and underlying stabilisation mechanisms

have not been identified. This project specifically aims to:

1. Understand and classify the differences in flame ignition mechanisms and

structure between MILD and autoignitive, lifted jet flames in heated coflows.

The majority of previous experimental and numerical studies into MILD
(1, 15, 16, 28, 31, 32, 38, 43, 44, 54, 55] and lifted [2-4, 7, 8, 17, 29, 33, 39, 47—
49, 60, 61] jet flames have focussed on single cases, or a very limited range of
conditions in either the MILD or lifted flame regime without the capacity to
compare differences between the two regimes. These studies have been com-
plemented by an experimental study of visual lift-off of flames in this tran-
sition, indicating the significant change between the regimes, however the
structural differences in the flames were not investigated [42]. This body of
work will bridge this gap by establishing criteria for distinguishing MILD and

autoignitive, lifted jet flames in heated coflows.

2. Investigate the effects of the oxidiser and jet conditions on the structure of

flames in the MILD and autoignitive combustion regimes.

MILD and lifted jet flames operate near the boundaries of extinction and
blow-off, with chemical analysis of MILD flames demonstrating less sensitiv-
ity to ambient conditions than under lifted conditions [41, 45]. Despite the
hazard of blow-off in lifted flames and in the transition to MILD combustion,
the effects of temperature, major and minor species concentrations and the
jet flow-field on the structure and stability of jet flames has not been investi-

gated from a fundamental perspective. The impact of these parameters will,
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therefore, be assessed on flames in both the MILD and autoignitive combus-

tion regimes.

3. Identify the validity of simplified zero-, one- and two-dimensional models in
predicting the ignition delay and structure of experimental jet flames in MILD,

transitional and autoignitive conditions.

Studies of complex, turbulent jet flames have been complemented using
zero- or one-dimensional chemical kinetics simulations which cannot ac-
count for the turbulence-chemistry interactions in practical combustion sys-
tems [19, 21, 35, 36, 40, 52, 53, 56]. Whilst comparisons have been drawn be-
tween jet flame ignition and such analyses [7, 56, 60, 61], their relationship to
jet flames in the MILD regime and transition to lifted flames has not been es-
tablished and their value for assessment of realistic combustion systems op-
erating in, or in the transition to, the MILD regime is subsequently uncertain.
The validity of these simplified models will, hence, be evaluated and discussed

in this thesis.

1.2 Details of the Publications

The body of this thesis is comprised of five publications in leading, international
peer-reviewed journals. Each stand-alone publication is presented as a chapter
which details the relevant literature specific to that study, describes the methodol-
ogy of the contained work, presents and discuss the results and offers conclusions.
Each chapter also contains an individual reference list and nomenclature, where ap-
propriate. The titles of these works, and their publication statuses, are listed below.
These are accompanied by a short description of how they relate to the individual

aims.

1.2.1 Synopsis of Paper 1

Chapter 4, containing paper entitled: Classification and Lift-Off Height Prediction of
Non-Premixed MILD and Autoignitive Flames

The differences in flame structure between non-premixed MILD combustion
and autoignitive, lifted jet flames in hot and diluted coflows may be described in
the context of one-dimensional ‘flamelets’ and ‘S-shaped curves’ [46, 50]. These de-
scriptions have previously been used to phenomenologically define the MILD com-
bustion regime, but have inherently required the assumption of a quenching tem-
perature in non-premixed configurations [5]. This is addressed by deriving a simple

criterion for non-premixed MILD combustion with respect to initial and final tem-
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peratures and the effective activation energy of an equivalent one-step chemical re-
action. This new criterion is then compared with previous definitions of premixed
MILD combustion [10, 46] to provide insight into combustion in the MILD regime
and previous attempts to reconcile premixed and non-premixed classifications of
MILD combustion, addressing Aim 1. Following this, the new classification of MILD
combustion is with compared turbulent flames studied in the literature, and new
experimental observations. The characteristics of this simplified zero- and one-
dimensional analysis shows good agreement with experimental observations, and
transient analyses (again, in one spatial dimension) are successfully used to explain
the non-monotonic trends in lift-off height which are observed experimentally. This
demonstrates the value of reduced dimension analyses in predicting the structure
of experimental jet flames in the MILD and autoignitive combustion regimes, ad-

dressing Aim 3.

1.2.2 Synopsis of Paper 2

Chapter 5, containing paper entitled: Effects of Oxidant Stream Composition on
Non-Premixed, Laminar Flames with Heated and Diluted Coflows

Chapter 5 continues the theme from Chapter 4, drawing distinctions between
non-premixed combustion in the MILD and autoignitive regimes. This chapter ad-
dresses the two-dimensional flame structures in these two combustion regimes,
drawing parallels between features of new experimental cases and those identified
in previous experiments [11-13] and numerical studies [14, 18-21, 45, 57]. Follow-
ing the classification of each flame, addressing Aim 1, the effects of ambient con-
ditions on CH4 and CyH,4 flames are investigated through changing the laminar ox-
idant composition. This component of the work addresses Aim 2, by identifying
the impact of oxidant temperature, oxygen content and H,O/CO; ratio have on the
structure of CH4 and CyH, flames. Crucially, this work demonstrates the impor-
tance of the OH minor species in flame stabilisation in concentrations similar to
those found in hot coflows of combustion products. The different impacts of small
concentrations of OH on MILD and autoignitive flame stabilisation are assessed,
and the impact of OH on non-premixed MILD flames is explained chemically. Fi-
nally, the results are briefly compared against two-dimensional, steady-state results,

complementing the previous work towards Aim 3.

1.2.3 Synopsis of Paper 3

Chapter 6, containing paper entitled: Ignition Characteristics in Spatially Zero-,

One- and Two-Dimensional Laminar Ethylene Flames
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Ignition delay may be defined using a variety of different metrics. Chapter 6
predominantly addresses Aim 3 by assessing the applicability of several metrics in
zero-dimensional batch reactors, one-dimensional opposed-flow flame models and
two-dimensional laminar flame simulations against previous studies of turbulent
C,H,4 flames in hot coflows [42, 60]. This work draws correlations between thermal
runaway [27, 40] in batch reactor simulations, small temperature increases in non-
premixed flames and the lift-off heights of the turbulent flames [42, 60]. Differences
in the effectiveness of the different metrics used to define ignition are compared for
different flames across the MILD and autoignitive combustion regimes, and some
conclusions are drawn about the differences between the regimes. This analysis
further adds to Aim 1.

1.2.4 Synopsis of Paper 4

Chapter 7, containing paper entitled: Modelling Lifted Jet Flames in a Heated Coflow
using an Optimised Eddy Dissipation Concept Model

Modelling visually-lifted, turbulent flames in jet-in-hot-coflow (JHC) burners in
the transition to the MILD combustion has previously met with limited success [54].
Therefore, the eddy dissipation concept (EDC) combustion model is optimised to
model a series of ‘transitional” [26, 42, 44] flames, resulting in excellent agreement
between the numerical and experimental [16, 44] results. Results using this model
are compared to measured data and assessed with a chemiluminescence mecha-
nism and shows very good agreement with experimental observations of visual lift-
off heights, and the transitional flame structure. This verifies the use of this EDC
model in understanding flame structure and stabilisation near the boundaries of
the MILD combustion regime, and offers insights into the reaction zone structure
of transitional flames, contributing to both Aim 1 and Aim 3. Finally, this work ex-
pands on the response of autoignitive flames to the inclusion of small amounts of
minor species in the oxidant, inline with the discussion in Chapter 5, and adding to

the work towards Aim 2.

1.2.5 Synopsis of Paper 5

Chapter 8, containing paper entitled: Ignition Features of Methane and Ethylene
Fuel-Blends in Hot and Diluted Coflows

Chapter 8 addresses Aims 1-Aim 3 in the context of laminar and turbulent flames
in the MILD and autoignitive combustion regimes. This chapter presents a compar-
ison between new experimental observations of turbulent jet flames in different hot

and diluted coflows, complemented by zero- and one-dimensional kinetics simula-
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tions and two-dimensional turbulent modelling (based on Chapter 7). This chapter

explores the effects of coflow temperatures between 1100 and 1500 K, O, concentra-

tions between 3 and 9% by volume, the effects of detailed descriptions of the minor

species pool, and changing the fuel jet composition. The combined analysis are

linked in the discussion, and turbulent modelling results in physical- and mixture-

fraction-space are used to explain the stabilisation mechanism of these flames. This

culminates in the final results and new understanding required to address the aims

of the thesis-by-publication.
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Chapter 2
Background

The study of gaseous flames in the moderate or intense low oxygen dilution
(MILD) combustion regime requires a thorough understanding of fluid dynamics,
turbulence-chemistry interactions and different approaches to combustion analy-
sis and modelling. Such a study of MILD combustion therefore requires the presen-
tation of relevant concepts in fundamental combustion analysis, and some more

detailed background specific to the analysis of MILD combustion.

2.1 Benefits of MILD Combustion

Moderate or intense low oxygen dilution (MILD) combustion technology offers a
number of benefits over conventional combustion due to its unique characteristics.
Reductions in emissions of nitrogen oxide and soot pollutants, flame-noise and im-
provements in thermal efficiency are all benefits associated with the use of MILD
combustion [14]. These benefits are direct results of characteristics of the MILD
combustion regime having a distributed, ‘flameless’ chemical reaction [107].
Nitrogen oxides (NOy), are key species in formation of photochemical smog
[25], and even small concentrations in the atmosphere are highly detrimental to the
ozone layer [96]. Thermal NOy is formed via the Zel'dovich mechanism, with NO
formation rates doubling “for every 35 K temperature rise” near 1800 K [8]. Through
the Zel'dovich mechanism, therefore, thermal NOy are most abundant in the hottest
regions of a flame. The absence oflocalised temperature peaks in MILD combustion
is, however, a corollary of the MILD combustion requirement for well mixed of fuel
and combustion products, resulting in an almost homogeneous reaction zone [14].
These characteristics of MILD combustion burners ultimately result in the most sig-
nificant reduction of thermal NOy production of any high temperature combustion
technology [7]. Decreases in NOy of up to 95% from conventional burners have been

reported using 8% O, coflows [29], with total emissions below 10 ppm in some con-
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Figure 2.1. NOy emissions from the Alstom GT24/26 at different operating loads,
based on 15% O air [adapted from 26].

figurations [7, 21, 107]. This level of emissions has similarly been achieved in the
Alstom GT24/26 sequential gas turbine series. Measurements of emissions from the
second stage combustor, operating with a 15% O, coflow in conditions resembling
MILD, are shown in Figure 2.1. Such low NOy emissions are characteristic of com-
bustion in hot and diluted environments [85, 102], but may be reduced below 5 ppm
using stable, MILD combustion [110]. It is crucial that NOy pollutants be minimised
in industrial and aeronautical exhausts, with MILD combustion technology offering

areadily available solution.

Much of the yellow-orange light traditionally associated with fire is character-
istic of heated soot particles within the flame. In the flameless MILD combustion
regime, soot is not formed, and any already present is effectively ‘cleaned’ from the
reacting mixture [14]. The homogeneous reaction zone is not only devoid of light
emission [53], it has less acoustic emission than the equivalent, non-reacting fluid
flow [107]. This essentially noiseless combustion regime is due to reduced turbu-
lence fluctuations in the reaction zone, and hence less significant pressure undula-
tions. The homogeneity of pressure in the combustion region dramatically reduces
downstream, thermoacoustic flame-noise compared to that produced by conven-
tional flames [107]. The clean, low vibration, exhausts extends the life of any subse-
quent piping and, in gas turbines applications, turbomachinery, resulting in lower

equipment maintenance and exhausts devoid of soot and flame-noise.

Heat recovery in combustion processes has been widely researched, following
numerous approaches and methodologies, since the nineteen-seventies [105]. This
expansive body of research endeavours to increase the thermal, and hence fuel,

efficiency of combustion processes. One branch of this research is heat recovery
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through exhaust gas recirculation (EGR), satisfying the prerequisite of hot, well-
mixed conditions for MILD combustion. Moderate or intense low oxygen dilution
combustion offers superior efficiency, and lower fuel consumptions for different in-
dustrial applications and may implemented in applications using different gaseous
[54], liquid [3, 86, 87, 106, 110] and/or solid [23, 89, 91, 106] fuels. In furnace appli-
cations, MILD combustion has long been known as a higher efficiency, fuel-saving
combustion mode [107] and has been successfully implemented as such [14]. Sim-
ilarly, the implementation of MILD combustion in gas turbine combustors offers
potential to lower combustor exit temperatures, thereby increasing the maximum
achievable thermal efficiency and reducing thermal loads on turbomachinery.

Combustion with hot and diluted oxidants has been investigated experimentally
and numerically in ‘laboratory-scale’ jet-in-hot-cross-/co-flow (JHC) burner, or vi-
tiated coflow burner (VCB), configurations [4-6, 13, 21, 24, 30, 32-35, 46, 50, 55—
58, 67-71, 87, 90, 91, 94, 109]. In these configurations, jets of fuel issue into coflows
of hot oxidants (usually produced by combustion) with reduced oxygen concentra-
tions compared to air (that is, <21% by volume) [21], emulating the environment
of furnaces with EGR or sequential gas turbines. The use of laboratory-scale JHC
burners, and VCBs, provide a platform to extend the fundamental understanding of
both conventional autoignition and the MILD combustion regime.

Through implementing MILD combustion processes in industrial burners, ther-
mal and fuel efficiencies may be significantly increased. This efficiency increase is
beneficial for the operator, demanding lower fuel consumption and reducing over-
head costs which may benefit both industry and consumers. The combination of
environmental and economic benefits of MILD combustion highlight its compelling
advantages for incorporation into the next generation of furnaces and burner sys-

tems.

2.2 Fluid Mechanics and Combustion

Jet flames are governed by a combination of fluid mechanics and combustion chem-
istry. The combination of these aspects results in a complex problem for computa-
tional simulation, requiring appropriate modelling of the turbulent fluid flow, the

combustion chemistry and their interaction.

2.2.1 Fluid Mechanics, Turbulent Flow and The Reynolds Number

The term ‘fluid’ encompasses two of the states of matter, gases and liquids. As
with all matter, fluids are bound by the fundamental physical laws of mass, energy

and momentum conservation from which the governing equations of fluid flow, the
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Navier-Stokes equations may be derived. The set of three Navier-Stokes equations
govern the mechanics of any Newtonian fluid, however, no general, analytical so-
lution is currently known to exist describing any and every applicable fluid under
arbitrary conditions. To understand the motion of liquids and gases, therefore, fluid
flow is classified into the regimes of laminar and turbulent dynamics. Laminar and
turbulent regimes differ by the influence of viscous dissipation on the momentum
of the flow, relative to fluid momentum. The ratio of these is given by the non-
dimensional parameter, the Reynold number (Re). The Reynolds number may be

derived by non-dimensionalising the Navier-Stokes equations, and is defined as:

puD
Re= —— (21)
u
or,
uD
Re=—, (2.2)
v

where D is some characteristic length (such as the diameter of a circular pipe), u
the fluid flow speed, p the fluid density, u the dynamic viscosity and v the kinematic
viscosity defined as u/p.

Fluid flow through a length of pipe is generally considered turbulent for Re = 4000
and laminar for Re < 2100, or transitional between these values [66]. These values
are not universal as, conversely, fluid flow over a flat plate begins to transition from
laminar to turbulent at Re of approximately 50 000 [66].

A characteristic of turbulent flows is the formation of rotational eddies within
the flow. In these cases, velocity may be described as some fluctuating component
(1) about @, in a common assumption known as ‘Reynolds averaging’ [66]. Ed-
dies move chaotically and take a range of sizes from some largest, characteristic
scale of a flow (L), to the Kolmogorov length scale [99]. This range is populated by

eddies which eventually lose energy to friction through viscous damping, stretch

!

! ms)>/€ to the smallest scale eddies. The size

and cascade from lengths of L = (u
of the smallest eddies is referred to as the Kolmogorov length scale, I, = (v3/e)l’4,

and have time scales of 7, = (v/¢)!/?

, Where ¢ is the dissipation rate of turbulent ed-
dies [80, 99]. The turbulent kinetic energy of the flow as k equal to the sum of half
the mean-squared velocity fluctuations in each direction. With the assumption of
isotropic turbulence, this reduces to k being three halves of the mean-square of ve-
locity fluctuation, %(u’r ms)>. A turbulent Reynolds number has subsequently been
defined by [80] for eddy length scales, such that:

u., L
Re; = rms , (2.3)
v
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which may be written in terms of k, v and ¢ as:

4 k*
Ret =——. (24)

9ve
This non-dimensional relationship may be calculated directly using quantities
solved for in the k-¢ turbulence model. Turbulence models use approximations for
relationships, such as those between k and ¢, in fully turbulent flows to simplify the

Navier-Stokes equations, facilitating numerical simulation of turbulent fluid flows.

2.2.2 Combustion and the Damkohler Number

The concept of combustion is commonly taken to imply infinitely fast, exothermic
reactions of some fuel and oxidiser combination, initiating in a hot environment.
Combustion is thus a culmination of the interplay between the physical mixing of
matter and the governing chemistry of the associated reactions. The dynamics of
combustion vary depending on the state of the fuel, whether it is solid, liquid or
gaseous, and the temperature (T) of the resulting reaction zone controlling the rates
of different reactions. Turbulent combustion of a fluid fuel is controlled by the time
scale of fluctuations in the turbulence field (7 f;yiq ~ L/ u') and the reaction time-
scale (T.nem). The latter time scale may be estimated as phenomenologically the
ratio of laminar flame width (6) to laminar flame speed (sg) [100], or numerically
as the time scale of slowest chemical reaction [37, 73]. The dimensionless ratio of

these time two scales defines the Damkohler number (Da):

‘[’ .
Da= "4 (2.5)
Tchem
Writing this in terms of 6 and sg gives:
D Liu 2.6)
a= . .
5/s)
This Da may be related to Re; through the Karlovitz number (K a) [80] as:
3/2
L -1/2 u/
Ka= (—) (—0 =Rel?Da™! 2.7)
o S,
or:
Re,=Da*Ka*. (2.8)

Combustion regimes may be broadly categorised by Da > 1, Da < 1 and

Da ~ 1. These regimes physically describe fast chemistry compared to turbulence,
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Figure 2.2. Borghi diagram highlighting approximate operating regions for gas tur-
bines, and MILD combustion in a jet-in-hot-coflow (JHC) burner [72], showing
combustion regimes and lines of constant Re;, Da and Ka [adapted from 41].

slow chemistry and combustion heavily dependent on both turbulent and chemical
time scales, and may be summarised on a Borghi diagram, as shown in Figure 2.2.
This figure shows combustion regimes, where conventional combustion is charac-
terised by flames with Da >> 1 and may described be as a series of laminar flamelets
within turbulent structures, each with infinitely fast chemistry, dominated by char-
acteristics of the turbulent flow and hence Re. Many combustion devices typically
employ Re; of 100-2000, where flow mixing is dominated by momentum rather than
viscous dissipation [80]. The well-stirred reactor of Da <« 1 is, conversely, com-
pletely chemistry dominated with the reactions heavily dependent on the rates of
the many chemical reactions in the reaction zone on the assumption that variations
in the reactant composition due to turbulent mixing are negligible. Flames in the
MILD combustion regime, in contrast, typically lie between these aforementioned
domains, with Da ~ 1 and Re; ~ 10 [72]. Figure 2.2 shows the strong dependence
of reactions in combustion systems such as gas turbines on both chemical and fluid
time scales. These similar time scales require that chemistry is represented by finite-
rate chemical kinetics, which estimate the time scales of individual chemical reac-
tions (to be discussed in §2.3.2). In cases with Da ~ 1, consideration must be given
to both the turbulence and chemistry aspects of combustion, indicating that both
Re; and the reaction rates of separate chemical species are crucial to the under-
standing of combustion in these regimes encompassing both gas turbine and MILD

combustion systems.

To analyse combustion at different turbulent length scales in the MILD regime,

Mardani et al. [50] introduced the turbulence and first Damkodhler numbers (Dar
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and Day respectively) corresponding to Da at the Kolmogorov length scale and in
the large-scale eddies. These are scaled by the reaction rate constant (c,), defined
as the maximum chemical reaction rate divided by fluid density [50]. The dimen-

sionless Dar and Day are defined in Equations 2.9 and 2.10 as:

vc?
Dar=|— (2.9)
€
and

cr

Dar= . 2.10
f Local strain rate ( )

The demarcation of combustion regimes through the use of dimensionless
numbers such as Re, Re;, Da and Ka, allows for the analysis of different mod-
elling approaches and approximations. This expedites the categorisation of tools
into those which are, and are not, appropriate for studying flames in the MILD com-

bustion regime.

2.3 Numerical and Analytical Tools for Combustion Research

The interplay between fluid mechanics and chemistry in combustion processes
results in a highly non-linear system for which no exact, analytical solutions are
available. The complexity of combustion processes subsequently requires analy-
ses through numerical tools, with varying levels of fidelity, or the analytical study of

representative, idealised systems.

2.3.1 Computational Fluid Dynamics

Computational fluid dynamics (CFD) is the generic term used for numerical tools
for used to predict fluid flows. Various forms of CFD, with different degrees of
modelling, are widely used in simulating combustion and combustion research for
stand-alone studies, or to complement, and expand upon, experimental research.
These range from direct numerical simulations (DNS), which does not include any
modelling of terms in the Navier-Stokes equations, to the computationally cheapest
form of CFD, which assumes Reynolds-averaged Navier-Stokes (RANS) models of all
turbulent fluctuations in a flow.

Direct numerical simulations solve the Navier-Stokes equations starting from
an initial flow-field, capturing the entire flow from the macro- to micro-scales.
Such DNS tools have been employed in several investigative campaigns of both tur-
bulent flames in hot coflows [59, 111, 112], and well-mixed MILD combustion in

isotropic turbulence [60-65]. Although DNS studies provide very high fidelity re-
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sults, simulations of jet flames with Re ~ 10 000 require ~10° computational cells
[59, 111, 112], and ~10% CPU-hours of computational time [111, 112] to obtain
statistically-converged solutions. The minimal modelling implemented in DNS not
only requires high fidelity numerical schemes but very fine computational grids.
However, the analysis of trends across series of jet flames under a range of different
conditions may have the potential to offer additional physical insight over the simu-
lation of a single flame scenario. In such circumstances, where numerous cases are
required to understand the effects of changing conditions, the overhead required
for DNS results in this technique being prohibitively [computationally] expensive.

Turbulence may be simulated on a wide range of length scales, from momen-
tum driven large eddies which cascade down to eddies at the Kolmogorov scale (re-
call §2.2.1) which, in turn, are dissipated due to viscosity. The primary approach
of directly resolving larger turbulent structures, whilst modelling the subgrid region
within computational cells, is large eddy simulation (LES). The accuracy of this ap-
proach is heavily dependent on the turbulence-chemistry interaction model imple-
mented, and demonstrates significant sensitivity to both the inlet boundary condi-
tions and the quality of the computational grid. Large eddy simulation has demon-
strated reasonable accuracy in modelling the turbulent interactions in jet flames,
reproducing velocity and mixing profiles between the jet and oxidant streams with
superior accuracy to RANS [9, 36, 40]. Despite this, the results of reacting models
using LES have not performed significantly better than RANS models in prediction
of temperature and species distributions in the jet near-field [9, 40].

The majority of CFD simulations of MILD and autoignited jet flames have used
RANS turbulence models for reasons of computational efficiency. Despite the im-
proved modelling of turbulence in LES, the significantly increased computational
demand suggests that this is not a viable alternative to RANS models with com-
plex chemistry. Much research has gone into numerical models of turbulence,
with many previous studies of MILD combustion of jet flames successfully vali-
dating the modified k-¢ turbulence model of Dally et al. [22] for axisymmetric jets
(1, 16, 24, 30, 50, 51, 93, 103]. These models of turbulence may be coupled with
descriptions of chemical kinetics to provide a range of modelling frameworks for

reacting flows with Da> 1, Da< 1or Da~ 1.

2.3.2 Chemical Kinetics

The most simple turbulence-chemistry interaction models use a minimal number
of empirically determined, equilibrium-based reactions, sacrificing details of hy-

drocarbon oxidation for computational speed [100], in what is often referred to as a
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‘global mechanism'’. Global mechanisms typically summarise chemical processes in
one to three reactions, and provide estimations of temperature, and major reactant
and product species. These simplified chemical mechanisms do not estimate the
formation of intermediary chemical species and hence are, by their definition, in-
appropriate for research of chemical and turbulence-chemistry interactions, being
better suited as a preliminary design tool for combustion systems.

Finite-chemical kinetics schemes describe sets of elementary, chemical reac-
tions which form a complex, potentially numerically stiff, highly non-linear system
of coupled rate equations [43]. Each elementary reaction is dependent on temper-
ature, local concentration and pressure. Temperature dependence of reaction rates
takes the form of an Arrhenius equation, which is then linearly coupled with species
concentrations [39]. Additionally, the pressure dependence of elementary reactions
may be accounted for through one of several different models [39]. Chemical kinet-
ics schemes describe the roles of intermediary species with different levels of detail,
ranging from the most complex detailed mechanisms, to skeletal kinetics schemes.
Detailed kinetics mechanisms for hydrocarbons often feature 4-6 reactions per in-
cluded species, although this number may be as high as 35 in schemes which “lump”
a variety of different intermediary species (such as isomers) and reactions for com-
plex fuels [20, 82]. Detailed kinetics schemes may be reduced to form skeletal mech-
anisms, which target specific fuels and combustion characteristics (such as flame
speeds, ignition delays and/or species formation) for a given problem [97], but may
not be applicable outside of their target conditions [16]. Examples of detailed kinet-

ics schemes include:

* The “GRI-Mech 3.0” mechanism for high temperature combustion of CH4 and
natural gas (NG), including NOy formation, with 53 species and 325 reactions
[95].

e The “San Diego” (or “UCSD”) mechanism for high temperature combustion
of C,H4 which is updated intermittently (and may be complemented with ad-
ditional sub-mechanisms for nitrogen and/or larger fuels) — the August 2016

version contains 50 species and 247 reactions [101].

e The “USC-II C2Hx” mechanism, also for high temperature combustion of
C2Hy, with 75 species and 529 reactions [104].

e The full “USC-II” mechanism for high temperature combustion of fuels with
up to four carbon atoms (per molecule), with 111 species and 784 reactions
[104].
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* The “POLIMI” mechanism, which is regularly updated and available with or
without low temperature chemistry and with or without NOy reactions — the
December 2014 version of the POLIMI C1-C3 scheme for high and low tem-
perature combustion of fuels with up to three carbon atoms (per molecule)

contains 107 species and 2642 reactions [83].

The choice of chemical kinetics scheme can have a significant impact on the
accuracy of modelled results, especially under MILD combustion conditions [16,
88, 93], and the computational cost required to obtain a solution. Chemical kinetics

schemes must therefore be chosen appropriately for different fuels and conditions.

2.3.3 Laminar Flames and Flamelet Theory

Chemical reaction rates may be evaluated numerically in laminar flames, after mod-
elling the transport of species through convection and diffusion in one, two or three
dimensions [19, 20]. Details of the process for such an approach is given by Cuoci
et al. in their descriptions of the ‘laminarSMOKE’ solver developed on the ‘Open-
FOAM’ framework [18, 19]. In numerical simulations of flames, the diffusive trans-
port of chemical species may be treated with different degrees of physical accuracy,
with the most detailed multicomponent diffusion treatment involving the calcula-
tion of a species diffusion coefficient with respect to every other nearby species [19].
This approach to diffusion modelling is also applicable to turbulent combustion. In
this sense, laminar flames may be simulated directly in arbitrary configurations, to
within the combined accuracy of the numerical, chemical kinetics and molecular
transport schemes implemented in the solver.

The simplest configuration for non-premixed combustion is the laminar
opposed-flow flame. In this scenario, oxidant (O) and fuel (F) streams issue from
nozzles which are directed at one-another, resulting in laminar, diffusive mixing of
the fuel and oxidant. At any given point in the flame, the local composition contains
some portion of mass from the fuel stream, and some from the oxidant stream. The
mixing of these streams results in the definition of the mixture fraction (2):

m
7 F

EEE—— (2.11)
mr+ mo

which varies across the flame front, where m denotes the mass originating from
each stream. This Z-field is non-trivial to evaluate where the transport of different
molecular species are calculated, and reactions occur. As such, Z may be estimated
by comparing the local atomic mass fractions (for example, Yy or Yp) and their mass

fractions in the pure, unmixed fuel and oxidant streams [10, 11]. In the case where
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mp and mg produce complete combustion (that is, fuel and oxidants may be bal-
anced exactly with H,O and CO,), Z is known as the stoichiometric (sf) mixture
fraction (Z;;). Owing to the symmetry of this configuration, the centreline of lami-
nar opposed-flow flames may be simulated directly (without restrictions on Da or
the treatment of species diffusion) [with software such as 84], or rewritten in terms
of a scalar Z. In the laminar opposed-flow flame configuration, Z varies monotoni-
cally with distance between the two nozzles, and hence may be used as a coordinate
system for the flame [74].

Non-premixed laminar flame behaviour may be described in a Z-space coordi-
nate system. This gives rise to the flamelet equations which couple the temperature
(T) and the mass fraction of individual species (Y;) with Z, the reaction rate of that
species (R;), and the diffusivity of Z (D) [74]. The variable D is taken to be rep-
resentative of Z, and the term in which it appears in the flamelet equations may be

replaced by the scalar dissipation rate (y) [74], equal to:

X =2DzIVZI. 2.12)

This ¥ may be considered as the inverse of the fluid residence time (7,.s), which
may be taken as 7 ;4 [44, 45]. The temperature and species-distributions may
then be solved numerically using numerical packages [such as 77], or approximated
analytically — often assuming simplified chemistry and diffusion characteristics [42,
74,75, 79].

Solving the steady-state reactions for non-premixed flamelets over a range of y
produces a characteristic curve for each variable, with constant Z. In the case of T
versus ¥, for a simple fuel, this curve resembles a reversed “S” and is termed an “S-
shaped curve” [74] (note that T versus 7,,s would resemble an “S”). An illustration
of an S-shaped curve is presented in Figure 2.3, which shows points of autoigni-
tion and extinction (which will be described in more detail), the ‘unburnt’, or initial,
‘mixing’ temperature (T, or Tp) and how the ‘fully burning’ solution approaches the
adiabatic flame temperature (7,4 or Tp) for very low y. The S-shaped curve has
three branches: the mixing, burning and unstable branches. In such a flamelet, au-
toignition of an unburnt mixture occurs for any y less than that of the autoignition
point, and the steady-state flamelet solution shifts to the burning branch. Once in a
burning state, y may be increased until the solution reaches the extinction (quench-
ing) point, beyond which the flame extinguishes, and the solution returns to the
mixing branch. This illustrates the hysteresis inherent in conventional autoignitive
combustion.

Flamelets may be solved numerically, analytically, at steady-state or transiently.
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Figure 2.3. An annotated illustration of a stoichiometric S-shaped curve, plotted
as T versus y, showing autoignition and extinction (quenching) points, the tem-
peratures of the ‘pure mixing’ and ‘fully burning’ branches, and the third ‘unstable’
branch. Note that the mixing solution is also referred to as ‘unburnt’ (hence T,)
or initial (7Tp) solution, whilst the temperature of the fully burning solution tends
towards the adiabatic flame temperature (7,4 or Tj) for very low y.

These approaches may use either an predefined (Z, y)-field or, more commonly,
an empirical relationship between Z and a set of predefined y calculated using the
Chapman gas approximation: Dz ~ p~2 [76]. Numerically, solutions may use com-
plex chemical kinetics, and species-specific diffusivities, albeit maintaining a con-
stant ratio of heat to mass diffusivity for a given species — a ratio known as the Lewis
number (Le) [80]. This results in a set of temperature and species concentrations
calculated for any combination of Z and y, which may be examined individually, or

tabulated of further CFD analyses.

Analytically, flamelets are often examined with the assumption of single-step,
global kinetics and Le of unity [12, 78, 79, 92]. Such analyses lead to flamelet equa-
tions coupling the consumption of a single fuel and a single oxidant species to the
production of a single product species and the resulting temperature [79]. This, in
turn, results in an analytical expression for the flamelets, and results in an an ex-
pression for the S-shaped curve [79]. In this case, y is a quintic function of T for
arbitrary values of Z, however this reduces to a cubic for the stoichiometric flamelet
[79]. This simple relationship facilitates algebraic calculation of idealised laminar
opposed-flow flames and phenomenological analysis of their behaviour under a
range of conditions.

The assumptions required for numerical and analytical flamelet analyses limit
the accuracy and validity of this approach, under general conditions. These restric-
tions impose conditions on the interpretation of flamelet solutions, which must be

taken into account when using flamelets as a stand-alone tool, or in conjunction
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with CFD modelling.

2.3.4 Modelling Turbulence-Chemistry Interactions

The interactions between turbulence and chemistry in a reacting fluid flow may be
modelled using a number of different approaches. In CFD employing RANS or LES,
the direct calculation of reaction rates as done in laminar flames is not physically
realistic. Different approaches to modelling turbulence-chemistry interactions are
therefore required, using global or detailed chemistry, which in turn may use in-
finitely fast or finite-rate chemistry. Each different modelling technique offers dif-
ferent degrees of accuracy and computational speed, and hence have their own ad-
vantages for modelling turbulent combustion.

Conventional combustion is, recalling §2.2.2, driven by fluid turbulence with
high Da facilitating the approximation of infinitely fast chemical reaction rates.
Computational models of such combustion processes may use this approximation
to integrate rudimentary chemistry into the simulated results. Global reactions may
be coupled to the flow-field using the “Eddy Dissipation Model” (EDM), developed
by Magnussen & Hjertager [47] in 1977. In this model, reactions occur in any com-
putational cell with both fuel and oxidant, and the chemical reaction rate is con-
trolled by a simple relationship of turbulence variables in the flow-field. Subse-
quently, these reaction rates are empirically limited to avoid excessive temperatures
and oversized reaction zones [24]. The EDM approach to combustion modelling is
therefore not appropriate for scientific studies on flame stabilisation, due to its sim-
plified approach to modelling combustion processes.

Detailed chemistry offers significant advantages over global mechanisms in the
accuracy of the solutions produced by modelling minor species within flows. One
approach to modelling detailed, fast chemistry in high Da flames uses the flamelet
combustion model, based on the concept of flamelets introduced previously in
§2.2.2 and discussed in §2.3.3. Phenomenologically, this treats each small region
of a turbulent flame front as the interface between an opposed fuel and oxidant
stream. Flamelet combustion models are based on the transport of a scalar Z within
a flame (where Z =1 at the fuel inlets and 0 at the oxidant inlets), and the lo-
cal y. This approach deconstructs complex combustion interactions into small,
individual flamelets governed by local concentrations and strain rates [76]. This
approach is not particularly computationally intensive, using tabulated data from
pre-calculated flamelets and inherently assumes high Da. This assumption is re-
quired to confine reaction zones within individual, independent flamelets which

do not interact and are not strongly affected by diffusion [75]. These offer insights
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into the composition of minor species with only a slightly greater computational
cost the EDM, without the computational overhead of calculating chemical reaction
rates and equilibrium temperatures with each iterative approximation of the flow-
field. Derivatives of the flamelet model were shown to predict conditions within
a MILD combustion furnace [17], despite significant flamelet-flamelet interactions
involved at a micro-scale in MILD combustion [61, 63-65]. Ultimately, however, pre-
tabulated flamelet approaches have been shown to be inadequate for use in mod-
elling MILD conditions in a jet-in-hot-coflow (JHC) burner [16, 93] without high
fidelity modelling of turbulent structures through the use of LES [35, 36].

In modelling turbulent flames in the MILD combustion regime, Christo & Dally
[16] found the EDM and scalar-transport-based combustion models to be inferior
to the more sophisticated “Eddy Dissipation Concept” (EDC) combustion model.
Notably, the EDC model is sometimes mistaken for its significantly cruder forebear
(27, 80] —the EDM [47]. The EDC model, originally presented in 1981 by Magnussen
[48] as an advancement of the EDM [47], uses detailed, finite-rate chemical kinetics
and a turbulence governed mean reaction rate, to model combustion within small
turbulent structures in a fluid. Unlike tabulated flamelets, this approach transports
species individually and facilitates a detailed description of multicomponent diffu-
sion. The EDC model therefore better simulates the chemical reaction rates which
influence the dynamics of the MILD regime with near unity Da, following the dis-

cussion in §2.2.2.

The EDC combustion model assumes reaction rates occur in “fine structures”
which may be treated as isobaric, perfectly-stirred reactors [72]. The mean reac-
tion rate (R;) of a given species, i, within a small turbulent structure is described by
Equation 2.13. These fine structures theoretically exist in size scales proportional
to, and on the order of magnitude of, the Kolmogorov length scale, I, [49] (defined
in §2.2.1). Equation 2.13 includes the mean residence time (r*) spent within fine
structures, which is proportional to 7;, and the length fraction (¢ *), both of which
are scaled by user-changeable parameters C; and C;¢ [28], which have default val-
ues derived by Magnussen [48, 49]. The equations defining 7* and ¢* are shown in

Equations 2.14 and 2.15 respectively. The mean R; is given by:

pEH? . v
m-g 19

l':

where p is density, ¥; the mass fraction of species i in a computational cell, Y;* is ¥;

within a fine structure. Additionally:
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vy1/2
* =G, (—) 2.14)
€
where C; = 0.4082 (default), v is the kinematic viscosity, € the turbulent dissipation
rate, and:
veyl/4
& =C; (ﬁ) 2.15)

where C¢ = 2.1377 (default) and k is the turbulent kinetic energy. Finally, combining

these equations, the mean reaction rate may be rewritten as:

2
CE

Ri=—
Cr

vey3/4 -1 pE
1-¢¢(3) ] T -, (2.16)

or, using the definition of turbulent Reynolds number (Re;) from Equation 2.4:

C2 ~3/4]171
¢ 3(9 pe

The finite-rate EDC model was found by Christo & Dally [16] to model combus-
tion of CH4/H, flames in a JHC burner with reasonable accuracy in regions with-
out local extinction or apparent lift-off. The suitability of this turbulence-chemistry
model was further confirmed with a later study on a different burner, also operating
in the MILD regime [31], whilst more recent work has extended the functionality of
the EDC to estimate local extinction with significant success [2]. Further investiga-
tions using the EDC model have studied the effects of variation of the EDC parame-
ters, boundary conditions or the detail of chemical kinetics (and will be elaborated
onin §3.4.1).

The finite-rate, detailed chemistry, “Probability Density Function” (PDF) trans-
port model of Pope [81], in contrast to the EDC combustion model, estimates paths
for reacting species as particles in the flow rather than approximating them as frac-
tions of the fluid. The PDF transport model is directly derived from the Navier-
Stokes equations without the requirement of modelling the mean reaction rate of
different chemical species. This modelling aspect in the EDC model is a direct result
of Reynolds averaging, whereby a flow is separated into time averaged and fluctuat-
ing components, and avoidance of this assumption allows “arbitrarily complicated
reactions [to] be treated without approximation” [81]. The PDF model is hence de-
void of reaction rate equations based on turbulence model, however computational
cost is significantly increased by the Eulerian or Lagrangian (which will be used

in the current work) tracking a user-set number of reacting particles per compu-
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tational cell.

The paths of reacting particles in the PDF transport model are predicted using
the flow-field, and particle pairs for reactions selected by different means accord-
ing to the choice of mixing model [93]. Particle diffusion and pair selection can
be determined in a number of ways in PDF transport models, however the most
accurate albeit computationally demanding, is the “Euclidean Minimum Spanning
Tree” (EMST) method, which determines particle reaction likelihood as a function
of proximity within a computational cell [52, 98]. This process is repeated a user-set
number of times at each flow-field iteration in order to determine the mean species
compositions, and the approximate error in these estimates. Statistical error in this
model scales by the inverse square of the number of particles per cell [108], with the
number of iterations required for convergence decreasing with increasing number
of particles [38]. The number of particles per cell does, of course, subsequently in-
crease the time-taken per iteration and hence computational cost, with the benefit
of superior physical representation of species concentrations and hence accuracy.
Greater accuracy in modelling MILD combustion in a JHC burner has been shown
using the PDF model, as opposed to the EDC model [15, 93], although this comes at

the cost of significantly increased computational solver time.
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Chapter 3
Literature Review

Combustion of a fuel and oxidant can occur spontaneously without any external en-
ergy input (such as a spark) at sufficiently high temperatures. The minimum tem-
perature at which this can occur is termed the “autoignition temperature” (T,;) of
the mixture, and may be estimated numerically using simplified reactors, such as a
well-stirred reactor (WSR). In such analyses, a combination of fuel and oxidant in a
WSR is mix with a chosen residence time (7,.s) over a range of temperatures. The
autoignition temperature is then described as the minimum temperature for which
the ignition delay (7;4,) isless than 7,.;. Both T,;; and 7 ¢, are therefore functions of
the means by which ignition is defined, the mixture composition and 7,.;. Although
the calculation of T,; using simplified reactors is an accepted practice [19, 81, 130],
there is no single, standardised convention for the 7,5 used or which flame features
should be used to identify 7;gy,.

Autoignition in non-premixed combustion may be defined using laminar
flamelet theory. In laminar flamelet theory, autoignition is represented by a turning
point in a plot of temperature (7) against scalar-dissipation rate (y) or 7.5 [64, 105],
as was discussed in §2.3.3. This concept, however, is not applicable to all flame
structures [96] and is usually assessed as a steady-state property of the flame and,

subsequently, cannot incorporate definitions of 7;g,.

Different flame behaviour and features at elevated temperatures have resulted in
the classification of combustion into different regimes based on initial temperature
(Tp) and composition [83]. Two of these regimes are the moderate or intense low
oxygen dilution (MILD) combustion regime, and conventional autoignition [55].
Flames in the transition between these regimes have exhibited unstable behaviour
and the boundaries between these two regimes have not yet been clearly defined
[31, 83].
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3.1 Studies of MILD Combustion

Moderate or intense low oxygen dilution (MILD) combustion, or “flameless oxida-
tion” [134], offers increased thermal efficiency and reduced emissions of pollutants,
such as NOy and soot, over conventional combustion [19]. The MILD combustion
regime has been seen to feature well-distributed reaction zones rather than well-
defined flame fronts, resulting in a more homogeneous reaction zone without lo-
calised temperature peaks associated with conventional combustion [108]. Exist-
ing descriptions of MILD combustion have been developed based on premixed or
non-premixed combustion, each describing the effects under specific conditions,
but have not been used to describe a unified definition of the MILD combustion

regime.

3.1.1 Premixed Studies of MILD Combustion

The study of MILD combustion in premixed reactors has been studied in-depth ex-
perimentally [30, 31, 36, 115, 117], numerically [30, 31, 35, 36, 117, 125, 130] and
analytically [96] to determine thermal, dynamic and chemical descriptions of the
MILD combustion regime. These studies of premixed MILD combustion have been
primarily undertaken in well-stirred reactor (WSR) [30, 31, 36, 84, 115, 130] or plug-
flow (tube) reactor (PFR) [96, 117] configurations. Such reactor configurations facil-
itate the study of combustion chemistry with the assumption of homogeneity. Ex-
plicitly, the mixture in a WSR is considered to be completely homogeneous, whilst
perfect mixing is assumed at any given point along the length of the PFR.

The ignition process of MILD combustion in a WSR is consistent with two-stage
oxidation with a high initial reactant temperature (7p) [36]. In such a configuration,
MILD combustion has been described as combustion of a preheated and diluted
mixture, with a residence time (7 ,s), which self-ignites, but results in a temperature
increase (AT) less than the mixture self-ignition temperature (T§;) [19]. Following
this definition of MILD combustion, different combustion regimes may be demar-
cated based on the values of Ty and AT with respect to T;;. These are presented in
Table 3.1. In this description, T§; is the minimum 7} required for a given mixture to
result in self-sustained, net heat release and a significant temperature increase at a
fixed 7,05 [19].

Simultaneous reductions of CO and NOy pollutants are a potential benefit of
the MILD combustion regime [60]. Concentrations of CO are reduced under these
conditions, due to the recombination of CHs, primarily to C,Hg [36, 117], whilst
NOy are reduced due to the relatively low temperature increases [19]. Accord-

ingly, the preference of this recombination pathway (over the oxidation pathway
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Table 3.1. Combustion regimes in a well-stirred reactor configuration. Based on
(19, 83, 113, 130].

‘ To < T To>Ts;

AT < Ts; | No combustion/quasi-MILD MILD combustion
AT >Ts; | Conventional combustion  High temperature/MILD-like combustion

CH3 — CH30 — CH,0, which dominates in most CH, flames), has been used as a
marker to indicate the MILD combustion of CH, [116, 117].

The combustion regimes defined by Cavaliere and de Joannon [19] (see Ta-
ble 3.1), have been extended by chemical analyses of flame ignition characteris-
tics and chemical behaviour. The “quasi-MILD” and “MILD-like” regimes require:
forced ignition (that is, Ty < T;), or do not comply with the ‘low oxygen dilution’
condition embedded in the ‘MILD’ acronym, respectively [130]. Despite these sub-
stantially different conditions, both “quasi-MILD” and “MILD-like” combustion fea-
ture the same chemical pathways and ignition characteristics of MILD combustion
when compared numerically in a well-stirred reactor [131]. These conflicting anal-
yses therefore challenge the validity of a regime diagram generated using tempera-

tures alone.

Premixed analyses of MILD combustion have been used to differentiate com-
bustion regimes, not only in well-stirred environments, but in non-premixed flames
(2, 84, 86, 124, 129, 130]. Such an approach using the stoichiometric mixture was
initially proposed by Cavaliere and de Joannon [19], however has since been su-
perseded by the same authors with descriptions of combustion regimes in differ-
ent non-premixed configurations [32, 33, 35]. These non-premixed descriptions
are associated with subtly different configurations, however their phenomenolog-
ical descriptions are not inherently consistent with the premixed descriptions of
MILD combustion [8, 55, 86, 97]. This highlights the need for a description of the
MILD combustion regime based on features common to both premixed and non-
premixed configurations.

Premixed MILD combustion in a PFR configuration has been described quali-
tatively based on the ignition features of MILD combustion as a distributed reac-
tion zone [96]. This description is based on experimental observations of “flameless
oxidation” by Plessing ef al. [108] in a furnace operating in the “well-stirred reac-
tor regime”. This was subsequently termed a “‘mild’ combustion mode” by Ober-
lack et al. [96], having a monotonic transition between unburnt and burning states
[96, 108]. The analytical study of the phenomenon in a PFR, using a simple, one-step

chemistry approach led to the following criterion for MILD combustion:
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E T
e/ s4(1+—0) 3.1)
RT, AT

where R is the universal gas constant and E,rr is the effective activation en-
ergy of an equivalent one-step reaction. This is equivalent to defining flameless,
MILD combustion as a regime described by a degenerate S-shaped curve, without
autoignition or extinction points (refer to §2.3.3), but is not constricted to the tem-
perature limit imposed by Cavaliere and de Joannon [19]. Although this analysis
was undertaken specifically for a PFR, this qualitative description of a degenerate S-
shaped curve may be analysed in a non-premixed system through further analysis.

The study of combustion in premixed configurations has resulted in an im-
proved understanding of chemical kinetics and flame structure in MILD conditions.
Despite this improved understanding of the fundamental aspects of premixed com-
bustion, the accepted descriptions of MILD combustion are not inherently consis-

tent and do not necessarily extend to more complex, non-premixed systems.

3.1.2 Non-Premixed Studies of MILD Combustion

The characteristics and structure of MILD combustion in non-premixed configura-
tions has been studied experimentally in laminar [21-23] and turbulent [28, 83, 85,
86, 122, 124, 136] jet-in-hot-cross-/co-flow (JHC) configurations. Common to all of
these studies, is a jet of fresh fuel emanating into a coflow (or crossflow) of hot and
diluted oxidant. This coflow may be generated through electrical heating and di-
lution of air with inert species [2, 21-23] or by an auxiliary burner upstream of the
main jet exit plane [28, 83, 85, 86, 121, 122, 124, 136].

Studies of laminar hydrocarbon flames issuing into hot coflows at different
temperatures, with different oxygen levels, have revealed different trends between
autoignitive, tribrachial edge flames and “lifted flames with MILD combustion”
[2, 21-23]. Tribrachial flames have been well-studied in both laminar and turbu-
lent flames in hot coflows, and feature three distinct zones of heat release (lean, rich
and diffusion) stemming from a common triple-point at the flame base [2, 14, 20—
23,27,27,39,52,67,77,95, 106, 109]. In turbulent flames, one method flame stabil-
isation is the manifestation of a triple point outside of the turbulent mixing layer of
the jet, from which the flame sheet propagates downstream [67]. In contrast, lifted
flames with MILD combustion are not stabilised at a triple-point, nor do they ex-
hibit any form of distinct base [2, 21-23]. These flames are stabilised as lean flames,
following a significant pool of precursor species [2]. These findings are consistent
with measurements and observations of turbulent flames in similar hot coflows

[83, 86]. In these turbulent cases, flames which issue into hot coflows with less than
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6% O, (by volume), are only weakly luminescent and feature both OH and CH,0
structures, but do not appear to exhibit any distinct flame base [83, 86]. These simi-
larities highlight the direct relevance of laminar flame studies to the understanding
the structure of MILD combustion in turbulent coflow flames.

The structure of steady-state, laminar, opposed-flow flames with hot fuel and/or
oxidant streams have been studied numerically to understand the characteristics
of MILD combustion [32, 33, 35, 37, 87, 124, 135]. Studies of this configuration by
de Joannon et al. [32, 33, 35, 37] identified key features of the MILD combustion
regime in non-premixed flames in Z-space. This body of work identifies the requi-

site features of MILD combustion as:

1. the disappearance of regions of net negative heat release rate (HRR),
2. thickening of the heat release region, caused by the merger of dual HRR peaks,

3. mismatch between Zs; and peak HRR [32, 33, 35, 37].

These features culminate in a broad, low intensity reaction zone, with positive HRR
for any Z [33, 35]. This has been termed “Homogeneous Charge Diffusion Igni-
tion” [35, 79], and has been seen in opposed-flow configurations with both hot ox-
idants [33] and hot fuels [37]. The reduction of reaction zone intensity in opposed-
flow flames has been described as “reaction zone weakening” [87], and allows for
enhanced diffusion of oxidants [87], producing a homogeneous reaction region in
contrast to a “thin” flame front [35]. Reaction zone weakening in this configuration
leads to a dependence of HRR on local strain rate, imposed by the mixing field [87].
This has similarly been investigated numerically for ethanol flames with a hot ox-
idant stream, where results suggested a minimum, critical strain-rate required to
meet the conditions of MILD combustion [135]. Although these steady-state anal-
yses have improved the understanding of the structure of MILD combustion, they
can only offer limited insight on the transient ignition processes of non-premixed
oxidiser and fuel streams in the MILD combustion regime.

Extinction characteristics of opposed-flow flames with hot oxidants have been
analysed experimentally [65, 80], analytically [13] and numerically [56, 65, 87, 126].
Experimental work has shown that non-premixed flames with a sufficiently hot
oxidant cannot be extinguished, even with oxygen concentrations of 2% by vol-
ume [80], consistent with numerical simulations [87], and the premixed and well-
stirred classifications of MILD combustion [96, 108]. Analytical work on this in non-
premixed combustion, however, (based on criteria derived from the flamelet equa-

tions) has inherently assumed a quenching temperature [13], which would bias the
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Figure 3.1. S-shaped curves for three stoichiometric flamelets with 1:1 CH4/Hj at
300 K as fuel, and 1300 K oxidants with different O, concentrations [adapted from
56].

analysis, in contrast to a property of the combustion chemistry. Such analysis has
previously been performed in a premixed environment, as was discussed in §3.1.1,

culminating in Equation 3.1.

Autoignitive and degenerate S-shaped curves are shown in Figure 3.1. This plot
shows an example of a degenerate (MILD) S-shaped curve, representing the stoi-
chiometric flamelet with 1:1 CH4/H, at 300 K as fuel, and an oxidant with 3% O,
(by mass) at 1300 K. The S-shaped curves representing the stoichiometric flamelets
for cases with 6% and 9% O, in the oxidants show the autoignition and extinction
conditions at the lower and upper turning points of each curve, respectively. These
are in contrast to the monotonic change in T and y in the MILD 3% O, case, which

does not result in any sharp changes in temperature.

The evidence of a degenerate S-shaped curve was explored numerically in the
context of MILD combustion, with the absence of extinction or autoignition corre-
lating with flame thickening and the shift of a single peak in HRR away from the
stoichiometric mixture fraction [126]. These results are consistent with the criteria
for MILD combustion of CH4 proposed by de Joannon et al. [33] in an opposed-flow
configuration. The same study, however, did not observe a shift of peak temperature
towards the stoichiometric mixture fraction [126] as described by de Joannon et al.
[33]. The differences in these studies may be due to a five-fold difference in strain
rates between the two studies; or the inclusion of H,O, H and OH in the oxidant
description by Sidey & Mastorakos [126], promoting heat release from the reaction
OH + Hy = H + H,O0, resulting in a broader HRR region. This comparison, although
suggesting that the descriptions of de Joannon et al. [33] and Oberlack et al. [96]
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may be linked, is restricted by the inclusion of minor species in the oxidant compo-
sition without accounting for their potential effects on flame structure.

A significant body of work has been generated with the aim of describing non-
premixed MILD combustion. This body of work has used a range of approaches
to produce phenomenological descriptions of MILD combustion in different non-
premixed configurations which have been compared in limited cases [33, 126], how-
ever, have not been directly compared by means of generalised criteria. This work
cannot be consolidated without first understanding the relevance of major and mi-
nor species — present in experimental studies using lean combustion products as an
oxidant [28, 34, 83, 85-87, 97-99, 124] and limited numerical studies [126] — on the
structure of flames ignited with hot coflows, particularly in the MILD combustion

regime.

3.2 Studies of Autoignition

Many practical combustion devices, such as diesel engines and gas-turbine com-
bustors, make use of autoignition [14, 17, 27, 67, 77, 79]. Autoignition is the sponta-
neous combustion of a fuel and oxidant mixture above its autoignition temperature
[79], similar to ignition in the MILD combustion regime. This autoignition tempera-
ture is not an intrinsic property of a given fuel, but rather a function of the chemical
properties of the local mixture, which are dependent on both composition and am-
bient pressure. Recalling §2.3.3, the autoignition process may be represented on
an S-shaped curve (see Figure 2.3) as the lower turning point, where decreasing y
results in a sudden transition from a ‘mixing’ to a ‘burning’ solution. Similarly, the
upper turning point in the S-shaped curve results in the extinction of a flame with
increasing y. This process of autoignition has been the focus of a large body of fun-
damental research to better the understanding of flame stabilisation in hot coflows
[6-8, 15, 16, 22, 24, 27, 39, 52-54, 61, 64, 66, 67, 78,79, 96-100, 107, 108, 112, 137, 138].
Although sharing the requirement of a hot, ambient environment with MILD com-
bustion, flames in the autoignitive and MILD combustion regimes both have very
different flame structures [2, 21, 23, 33, 35, 37, 86, 96, 126]. Despite this, the transi-
tion between the two regimes has not been extensively investigated [21, 23, 33, 83,
124, 126].

3.2.1 Autoignitive Flame Stabilisation

Fundamental research of non-premixed autoignition has been undertaken experi-
mentally [6, 8, 15, 16, 21-23, 52, 53, 97-99] and numerically [2, 24, 54, 66, 78, 137,

138]. In these studies, fresh fuel is mixed with a hot oxidant in a coflow configu-
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ration. Experimentally, this has been done JHC burners [6, 8, 21-23, 83, 97-99] or
in a vitiated-coflow-burner (VCB) [15, 16, 52, 53] configuration. Both burner con-
figurations feature jets of fresh fuel issuing into hot, laminar oxidant streams. The
oxidants in these studies typically contain 9-21% O, (by volume), at temperatures

in excess of 1100 K.

Non-premixed autoignitive flames may be stabilised through several means. In
laminar conditions, lifted, autoignitive flames may stabilise following mixing of the
fuel and oxidant streams. This premixing gives rise to tribrachial [39, 67, 108] or
polybrachial [59] edge flame structures. For non-premixed methane flames, rich
and lean wings flank a diffusion-flame, which all stem from a stabilisation point
[39, 67, 108]. For more complex fuels, such as dimethyl-ether (DME), additional
regions of heat-release may exist upstream or downstream of the stabilisation point
(or stem from one of the wings), to form different, polybrachial flame structures [59].
In each scenario, regions of heat release flank the stabilisation point [108], which
may be detected by intermediate species which contribute to exothermic reactions
(58].

Studies of turbulent flames have indicated that tribrachial flame bases in regions
of low turbulence may be one means of jet flame stabilisation [58, 67, 71, 77, 79].
Such edge flame structures have been observed in turbulent, visually lifted flames
issuing into a hot coflow, although it could not be determined if they featured tri-
brachial flame structures [86]. It was hypothesised that this could be due to com-
pression of the reaction zone by turbulent structures [86], although this has not
since been confirmed or refuted. Turbulent flames in a hot and vitiated coflow have
been studied using combined laser-induced fluorescence (LIF) imaging of OH and
CH,0 with planar Rayleigh thermometry [52]. This work identified isolated ignition
kernels, surrounded by precursor species, which travel downstream and combine to
form a flame-sheet [52]. This means of flame stabilisation has also been identified
from DNS studies [137, 138], and through high-speed chemiluminescence imaging
[97, 112]. In this process, pockets of mixed fuel and oxidant are confined within large
turbulent structures and subsequently ignite. The first of these pockets to ignite are
those containing the “most reactive mixture fraction” (Z,,,), which is a lean mixture
of fuel and hot oxidant [51, 79]. The most reactive mixture fraction is defined as the
value of Z “where the reaction rate becomes a maximum" [79]. The value of Z,,,; is
insensitive to the effects of strain rate for a given fuel and oxidiser combination, and
is identifiable as the mixture with the shortest ignition delay identified through a se-
ries a zero-dimensional reactors [79]. The autoignition and combination of isolated

kernels, and laminar edge flames, have both been identified as two means of flame
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stabilisation for turbulent jet flames in hot coflows, although the conditions which

result in the transition between the two processes have not been identified.

3.2.2 Assessment of Ignition Delay in Autoignitive Flames

Both DNS and optical methods have shown agreement in the dynamics of turbu-
lent flame stabilisation through autoignition of isolated kernels [97, 112, 137, 138],
although there is no consensus of the most appropriate metric of 7;¢, for compar-
ing numerical studies to experimental values. Measures of 7;¢, have been defined
in various ways for simplified reactors. Autoignition has been defined as the on-
set of thermal runaway [42, 81], as T|,u4x; peak production rate of OH, Youlmax;
threshold values of Yoy [16, 137, 138]; or a small, local temperature increase, AT
[30, 36, 116]. The first two measures are indicative of highly reactive points in a
mixture, but may not be equivalent—such as in two-stage ignition processes (cor-
relating to MILD combustion, as discussed in §3.1.1). Threshold values of OH have
additionally been compared to this concept of runaway, although these thresholds
have been set on case-by-case bases [137, 138]. Finally, the use of a small AT ~ 5-
10 K, has previously shown good agreement with experimental observations of CH*
in ajet-stirred reactor for a range of different fuels and conditions [30, 36, 116], how-
ever this has not been assessed in non-premixed configurations. These metrics have
not been assessed across different premixed and non-premixed configurations, or
combustion regimes. Determining the validity and appropriateness of these igni-
tion criteria in different cases would serve to identify an appropriate measure for
comparing autoignition in experimental flames with simplified models, and serve

to better the understanding of how jet flames stabilise in hot coflows.

3.3 Flame Stabilisation in the Transition to MILD Combustion

Jet flames in the MILD and autoignitive combustion regimes both require hot ambi-
ent conditions for spontaneous ignition, however have significantly different flame
structures and characteristics [21-23, 83, 86]. Visually lifted flames in the transition
between the autoignitive and MILD combustion regimes and been studied using

laser diagnostics [86, 124] and observations of chemiluminescence [21-23, 83].

3.3.1 Transitional Flame Structure

Lifted, autoignitive flames in hot coflows feature distinct [83], tribrachial [2, 21—
24, 124] bases, or may be stabilised by the combination of individual autoignited
kernels [52, 112, 137, 138]. Flames in the MILD combustion regime, in contrast, do

not feature distinct flame bases, but have well-defined flame bases with significantly
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reduced spatial gradients in chemiluminescence [21-23, 83, 86].

Investigation of flames in the transition between autoignitive flames and MILD
combustion have been undertaken experimentally and numerically. Experimental
studies have reported the presence of two distinct OH structures in visually lifted
C2H,4 flames in 1100-K coflows with 9% O, (by volume) [86]. In these “transitional”
flames [41, 83, 86], the visual base of the flame (as determined from observations of
chemiluminescence) appears to coincide with a transition from “weak” to “strong”
OH structures [86]. The strong OH structures in these flames identified using OH-
LIF imaging [86] appear similar to the well-defined, tribrachial flame base of a CH,
flame in a cold air coflow [58]. Unlike flames in cold air streams, however, these
strong OH structures appear to stem from weaker OH structures (hereafter referred
to as “OH tails”) [86]. These OH tails are associated with low levels of chemilumi-
nescence, which may be observed using long exposure imaging [83], and have been
hypothesised to extend to the jet exit plane [83].

The tail structures observed in transitional flames are similar in size and OH
number density (nopy) to OH structures seen in MILD C,H4 flames issuing into
otherwise-identical coflows with 3% O,. The presence of these tail structures has
resulted in some ambiguity in assessing the lift-off height of transitional flames. The
lift-off height of such flames has been defined as either the most upstream evidence
of chemiluminescence, or the height of the strong, visible flame-base associated
with the (weak-to-strong) transition point [83]. Ultimately, however, the mechanism
responsible for the rapid transition between the weak OH tail and the significantly

stronger downstream OH structure, is still unknown.

Weak OH tails of jet flames stabilised in hot and diluted coflows have been
shown to broaden with reducing coflow oxygen concentrations [86] — in support of
the flame thickening effects in simulated flames [33, 35, 37, 92]. This is in contrast
to observations of OH structures in jet flames in hot and diluted crossflow [124], but
was evident in the subsequent opposed-flow flame study by the same authors [126].
These results suggest that the effects of flame thickening in the transition from au-
toignitive to MILD combustion are strongly coupled to the underlying flow-field of
the burner configuration, in-line with the assertion of similar 7 ey, and 7 144, that

is Da ~ 1, in the MILD combustion regime.

Transitional structures have not only been seen in non-premixed jet flames, but
were identified in a LES study of a premixed methane/air flame in a 1650-K coflow
with 11.4% O, (by mass) [41]. The existence of this “(very) low heat-release zone”
prior to the visible flame-base in a premixed flame [41] supports the hypothesis that

MILD and transitional flames are stabilised through partial premixing [87].
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3.3.2 Species Transport in Non-Premixed Flames in Hot Coflows

The mechanisms of chemical mixing in reactive flows may be separated into turbu-
lent and diffusive transport. Turbulent transport of chemical species occurs when
molecules are transported by large fluidic structures, whilst diffusive transport is
driven by concentration and thermal gradients. In piloted, partially-premixed jet
flames, transport due to molecular diffusion is prevalent near the jet exit plane,
whilst turbulent transport has been shown to dominate mixing of jet flames fur-
ther downstream (beyond 30D) [10]. This effect of turbulent mixing near the jet exit
plane may be more critical in autoignitive flames near the boundary of the MILD
combustion regime (in hot coflows with ~9% O,), as evidenced by observations of
decreasing lift-off heights with increasing bulk flowrate of the jet (1) [83, 86, 97, 99].
The most significant reduction in lift-off height, however, occurs over a range of Re
near the laminar-turbulent transition for pipe-flow (that is, for 2000 < Re < 5000,
based on the flowrates and properties of cold fuel) [83, 86, 97, 99]. To explain this,
measurements of the flow-field have revealed the significant impact of turbulence,
increasing entrainment of the hot coflow, with a subsequent reduction in lift-off
height [99]. This is not consistent with laminar flames, where experimental studies
have indicated that lift-off height is proportional to ‘L"?‘gn x ug x Ygo, where 7;g, is
the ignition delay of the stoichiometric mixture, and Yr is the mass fraction of fuel
in the jet [21-23]. These studies have identified linear trends in the lift-off heights
of autoignitive flames, but also shown that this trend is discontinuous across the

transition to the MILD combustion regime [21-23].

Appropriate treatment of molecular diffusion is required to model jet flame sta-
bilisation in hot coflows [9, 26, 51, 74, 128]. The effects of molecular diffusion be-
come more apparent in the transition to the MILD combustion regime [74], due
to the effects of reaction zone weakening between the hot oxidant and cold fuel
streams [87]. Medwell et al. [87] demonstrated that, under MILD conditions, the
diffusion of oxygen into the fuel stream resulted in partial premixing of the fuel and
oxidant to assist in flame stabilisation, whereas other studies have shown that the
inclusion of H; in the fuel increases the importance of preferential diffusion effects
[9, 51, 74, 128]. Although all studies have demonstrated the importance of preferen-
tial diffusion in modelling jet flame stabilisation, they have not been able to give a
detailed account of what role diffusion plays in stabilising flames in hot coflows and

how this effect contributes to the structure of hydrocarbon flames.
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3.3.3 Effects of Gaseous Fuel Composition on Flames in Hot Coflows

Studies of jet flames often concentrate on simple hydrocarbon fuels such as CHy,
the major constituent of natural gas (NG), and C,H,, an important intermediate in
the combustion of larger hydrocarbon fuels [133]. To this effect, significant quan-
tities of C,H,4 have previously been found overlapping regions of CH, and C,Hj in
partially-premixed, autoignitive n-heptane flames [111]. By virtue of their signif-
icance, it is therefore not unreasonable that CH, and C,H4 could be present to-
gether in larger concentrations in dual-fuel, MILD combustion systems. The effects
of blending CH4 and C,H,4 have been studied in the context of flame speed and di-
luted ignition delays [65, 114], demonstrating that the C, chemistry in C,H,4 oxida-
tion becomes significant for blends with more than 10% C,H4 [65]. In such blends,
the reaction between C;H4 and OH (to form CoHs and H,O) overwhelms the reac-
tion between CH4 and OH, which forms CH3 and H,O [65]. This balance is further
complicated in combustion with hot oxidants, as CoH4 and O preferentially react to
form CH3 below 1000 K [63]. Blending these fuels in MILD conditions, therefore, is
likely to have a significant effect on the formation and consumption of CHs, which
plays an important role in both ignition delay and MILD flame structure [116]. The
characteristics of CH4 and C,H, fuel blends are, accordingly, particularly relevant
for potential future applications of MILD combustion using a combination of NG
and other, more complex, practical fuels.

Hydrogen has been added to assist in stabilising gaseous, hydrocarbon jet
flames in JHC burners, and to reduce soot formation to aid laser diagnostics studies
[82]. One study found that radial noy profiles in MILD and transitional flames did
not change significantly using any of three different fuels - NG, C,H, and liquefied
petroleum gas (LPG) — mixed 1:1 with Hy (by volume) [82]. Of these flames, the LPG
flames demonstrated the lowest flame temperatures and C,H4 produced the most
CH,O0 [82]. In contrast, NG and LPG (predominantly C3Hg) produced similar con-
centrations of CH,O [82]. Although the effects of blending H, on DNG [9] and C,H,4
[131] have been studied in the JHC configuration, the characteristics of other com-
binations of hydrocarbon fuels — such as CH, and Co,H,4 — have not been assessed in

the transition to the MILD combustion regime.

3.3.4 Heat Release and Temperature Peaks in Non-Premixed Flames with Hot

Oxidants

Heat release is an integral aspect of combustion. It is therefore beneficial to be able
to identify regions of peak HRR and peak T in flames in different configurations and

regimes.
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Local HRR in non-premixed flames have been correlated with region of the HCO
radical, which in-turn have been approximated by the instantaneous overlap of the
OH and CHO species [104]. This has shown very good correlation in lifted, au-
toignitive flames [53], although this agreement does not hold under MILD combus-
tion conditions [126]. Similarly, peak HRR and Z;; are also uncorrelated MILD com-
bustion conditions [33, 35, 37]. Analysis of HRR and peak T in non-premixed con-
figurations have suggested that peak T and HRR profiles may be identified by rela-
tively high concentrations of OH* [126, 135]. In particular, Ye et al. [135] showed that
the normalised profile of number density of OH* (npy+) in non-premixed ethanol
flames in the MILD combustion regime corresponds well to the lean edge of HRR
profile, for noy+ and HRR between 20 and 80% of their peak values. In contrast, the
profiles of mole fractions of OH* in non-premixed CH, flames do not correlate as
well with HRR [126], although this may be an artefact of comparing OH* mole frac-
tions [126], rather than number density [135]. Alternatively, the good agreement be-
tween OH* and HRR in ethanol flames [135] may be due to reactions involving the
OH functional group in ethanol. This does not preclude the effectiveness of ngg-
as an identifier of HRR, however, both studies showed that locations of peak OH*
concentrations coincide with peak flame T [126, 135]. These results show that high
concentrations of OH*, may be used as a diagnostic to identify regions of peak T in

non-premixed flames with hot oxidants.

3.3.5 Response of Lift-off Height to Changes in Coflow

The effect of ambient conditions and oxidants near the boundary between the au-
toignitive and MILD combustion regimes has been studied chemically [117, 131],
and in non-premixed flame conditions [23, 33, 35, 37, 83, 87, 135]. Observations
of flames in the transition between these regimes show that the lift-off heights of
non-premixed flames do not exhibit continuous, monotonic trends, but demon-
strate behaviours which are yet to be explained.

The visual lift-off height of flames in the transition to the MILD combustion
regime has been defined as both the height of the first distinguishable chemilumi-
nescence and the transition from strong to weak chemiluminescence intensity [83].
This results in a range of lift-off heights which indicate the low heat-release regions
corresponding to the weak OH tail, and the weak-to-strong transition point [83]. Al-
though the mechanisms behind the formation and location of this transition point
have not been identified, it has been seen in CH4 and C,H,4 flames issuing into hot
coflows with more the 6% O, (by volume) [83, 86].

The lift-off height of non-premixed flames (of a given fuel) in hot coflows is a
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function oxidant temperature, composition and the underlying flow-field. Flames
in the MILD combustion regime have been reported as both lifted [21-23] and at-
tached [83, 86], based on the first distinguishable chemiluminescence from long ex-
posure photographs (taken with or without filters centred about blue CH* emissions
at 430 nm [44]). In configurations with visually attached MILD flames, this region
of low chemiluminescence intensity diminishes with the transition to the autoigni-
tive flame regime, such that regions of low chemiluminescence intensity can not be
seen to extend to the jet exit plane, regardless of exposure time [83]. This was used to
provide a minimum estimate of lift-off height, with Medwell & Dally [83] providing

a range of visual lift-off heights for flames in different coflows.

Increasing the temperature of a mixture increases its reactivity, decreasing its
Tign [83]. Subsequently, increasing the coflow temperature for an autoignitive jet
flame results in a decrease in lift-off height [83]. This may be attributed to increased
reactivity of the fuel and oxidant mixture [83]. Increasing the coflow temperature
of an attached MILD jet flame, in contrast, has been seen to result in the onset of
visual lift-off, suggesting a transition into the autoignitive flame regime [83]. Simi-
lar, unstable regions have been seen in recirculating furnaces between conventional
and MILD combustion operating modes [43, 134]. The mechanisms behind this be-
haviour are still yet to be identified, although it has been hypothesised that they are
the combined result of chemical and physical (fluidic and thermal) effects [83].

The behaviour of jet flames has been studied in hot coflows with 3-21% O, [21-
23, 83, 86]. Observations of flames in hot coflows with 3-5% O, have suggested
that MILD jet flames initiate at the jet exit plane and very gradually intensify with
downstream distance [83, 86]. Increasing oxygen concentrations (to ~ 6% O3) re-
sults in the flames appearing lifted above the jet exit plane, and the appearance
of a weak-to-strong transition in chemiluminescence well above the jet exit plane
[83]. Further increases in the oxygen concentration in the coflow, monotonically re-
duce the height of this visual transition point above the jet exit plane [83]. The non-
monotonic behaviour of flames in hot coflows of combustion products with 3-12%
O, is seen for laminar or turbulent, NG or CyH,4 flames in coflows with temperatures
of 1100-1500 K [83]. Similar behaviour has been seen in independent studies of lam-
inar flames in electrically heated, air/N, coflows [21-23]. In these studies, flame of
different fuels exhibited two distinct, linear trends in lift-off height for MILD flames,
and autoignitive tribrachial flames [21-23]. In both regimes, lift-off height was seen
to change linearly with rf gn X U0 Yo [21-23], and MILD combustion was recorded
for oxidants with less than 10% O, for CH, flames, and less than 6% O, for C,Hy

flames [21]. This critical O, concentration decreased further for larger hydrocarbon
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fuels [21], but was not greatly affected by the addition of H, [23]. This demonstrates
the changes the flame structure and ignition behaviour of flames in the transition

between the MILD and autoignitive combustion regimes.

Two independent bodies of experimental work have identified different flame
structures corresponding to a transition between MILD combustion and autoigni-
tive flames [21-23, 83, 86]. Despite differences in configurations, both bodies of
work identified similar conditions for the transition between combustion regimes
[21-23, 83], which are consistent with numerical studies under different config-
urations [35, 126]. Research into the transition between MILD and autoignitive
combustion has highlighted the distinct behaviours and characteristics of flames
in both regimes. The studies have, however, been undertaken in a range of con-
figurations, with hot oxidants produced through lean combustion (with excess O»)
(83, 86], electrical heating of diluted air [21-23] or numerical idealisations of either
[33, 35, 37, 124]. Although these differences have been noted previously [126], the
effects of the inherent differences between combustion products, and heated and
diluted air have not been studied in non-premixed combustion in the transition
between the MILD combustion and autoignitive combustion regimes, which may

impact the validity of these comparisons.

Combustion products may include a multitude of different reactant, product
and intermediary (minor) species at steady-state or in chemical equilibrium. In
lean mixtures, excess amounts O, from the reactants remain throughout the com-
bustion process, and are present at steady-state along with the major hydrocarbon
combustion products H,O and CO,. In addition to these major species, combustion
products also include small concentrations of minor species which may be on the
order of parts-per-million, -billion or less. The effects of major species concentra-
tions have been studied in premixed [118-120] and non-premixed [127] configura-
tions. These studies showed that increasing the ratio of CO, to H,O in the oxidant
stream decreases the peak flame temperature and overall reactivity [118-120, 127],
which serves to enhance CH3 recombination [119]. This chemical effect dominates
the physical effects (due to changes in properties such as density and heat capacity)
in turbulent, non-premixed flames in the MILD combustion regime [127], however
this study did not extend to similar cases in the autoignitive combustion regime
[127].

Intermediary combustion species found in hot combustion products are not
easily controlled experimentally, and their importance as boundary conditions are

often neither reported nor discussed, despite their importance in flame stabilisation
[11, 40, 45, 46,51, 52,62, 81,94, 103, 127, 131]. Previous studies of NO [11, 40, 45, 46],
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N,O [11], OH [81, 84], CH,0 [70, 81], H» [131], CO» [120, 127] and H>0, [70] doped
flames have investigated the effects on ignition and temperatures in different con-
figurations and conditions, however these have not investigated whether concen-
trations of species at levels expected in combustion products at equilibrium can re-
sult in a shift between the MILD and autoignitive combustion regimes. Of these
species, OH has been used to define weak-to-strong transition points in a JHC
burner [86], but is not seen upstream of turbulent flames in high-temperature air
coflows with the same fuel [137]. It has also been shown that OH may significantly
reduce ignition delay in a premixed reactor when added in small concentrations
[81, 84], however the impact of this species in equilibrium concentrations in non-
premixed combustion near the transition between MILD and autoignitive combus-
tion is yet to be assessed.

Despite a large body of already-existing research, the structure of flames and
the effects of the ambient environment on flame stabilisation, near the transition
between the MILD and autoignitive combustion regimes are still not well under-
stood. An improved understanding of both of these will improve the understanding
of processes which dominate MILD and autoignitive combustion, and their relative

importance for the purposes of scientific research and engineering design.

3.4 Jet Flame Modelling in MILD Combustion

Numerical studies of MILD and autoignitive combustion have investigated practical
and fundamental characteristics of ignition and flame structure [3-5, 15, 18, 25, 26,
29, 32, 33, 37, 47, 48, 55, 56, 72-76, 78, 88-93, 101, 102, 123, 127, 131, 132, 137, 138].
Numerical studies of turbulent flames in the MILD combustion regime have pre-
dominantly used experimental data in order to assess the importance of appropri-
ately modelling chemical kinetics and boundary conditions [3, 4, 12, 25, 26, 47, 55,
74, 76] or validate turbulence-chemistry interaction model parameters for low Da
and Re; flames [5, 29, 55, 56, 102]. Several studies have, however, used detailed
measurements from a selection of CH,4/H, flames in a JHC burner [28] as validation
cases prior to undertaking parametric studies or detailed investigations into flame
structure [1, 51, 57, 72, 73, 75, 101, 103, 127, 130]. These studies, as well as similar
DNS investigations of the same conditions in different configurations [50, 51], have
focussed on CH4/H; jet flames in 1300-K coflows. These coflow-stabilised flames
are likely to be attached to the jet exit plane [9, 82] (despite being reported to exhibit
a “slight” lift-off from a limited set of photographs [28]), as a result of significant
preferential diffusion [74] and high-temperature (T 2 1120 K) H, branching reac-

tions [38]. In contrast, numerical studies of ethylene-fuelled flames in a JHC burner
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have not previously been able to replicate the weak-to-strong transition and visual
lift-off of flames in hot coflows [123, 131]. Accurate prediction of this critical fea-
ture of the flames in the transition between the MILD and autoignitive combustion
regimes is, however, crucial for using CFD to assess — and predict — the structure of

flames in hot coflows.

3.4.1 Modelling Jet Flames with the Eddy Dissipation Concept

A significant body modelling work exists with a focus on turbulent jet flames in a
JHC burner configuration [3-5, 25, 26, 29, 47, 49, 55, 56, 72-76, 101, 102, 123, 127,
132]. Turbulent flames stabilised in a JHC configuration have Da ~ 1 [57, 102], as
indicated in Figure 2.2. Accordingly, studies of these flames in RANS simulations
have overwhelmingly used the eddy dissipation concept (EDC) combustion model
[3-5, 25, 26, 29, 47,49, 72-76, 101, 102, 123, 127, 132], for its inherent ability to model
finite-rate chemistry and molecular species transport, for reasons previously dis-
cussed in §2.3.4. Work focussing on Dutch natural gas (DNG) [29] and CH4/H> [3-
5, 72-76, 102] flames in JHC burners have identified a need to modify the constants
in the standard EDC combustion model of Magnussen [68, 69]. These studies have
suggested either the modification of model constants [3, 4, 29, 72-76] or, more re-
cently, extension of the EDC model to account for local extinction [5] or low Re;
[102].

Studies by Aminian ef al. [4] and Shabanian et al. [123], based on an earlier in-
vestigation on studies of a JHC burner with a DNG jet flame by De et al. [29], found
that increasing C; in the EDC model to 1.5 [4] or 3 [123] provided better agreement
to measurements from a JHC burner [28, 86]. The notable difference between the
two aforementioned studies is the fuel involved, with Shabanian et al. [123] investi-
gating CoH,-based fuels as opposed to CHy-based fuels in De et al. [29] and Aminian
et al. [4]. As a result, Shabanian et al. [123] used significantly more detailed chemi-
cal models, which are generally accepted to increase accuracy at the cost of com-
putational expenditure [26, 47]. This study [123] also compared the accuracy of
a flamelet model and a composition probability density function (PDF) transport
model [110] which offers a more elaborate description of reacting species concen-
trations at a higher computational cost (refer to §2.3.4).

The EDC studies of Aminian et al. [4] and Shabanian et al. [123] were based on
the result of De er al. [29] that increasing the EDC parameter C; or decreasing C¢
improves the agreement of the models with experimental measurements. Both of
these changes from the default values reduce R; (see Equation 2.16), in agreement

with the observation that the relatively low temperatures and oxygen dilutions of the
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MILD combustion regime result in decreased chemical reaction rates [48, 55]. These
modifications of the standard EDC model act to improve the predictions of lift-off
[29], although this was not particularly apparent by setting C; = 3 for C,H4-based
fuels in a JHC burner [123]. Aminian et al. [4] further justify the modification of C;
(inversely proportional to R; from Equation 2.16), by stating that the homogeneity
of the MILD reaction region invalidates the assumption that species do not react
beyond the confines of fine structures, and that increasing residence times acts to
compensate for this. The ratio of chemical and fluid residence times was similarly
cited by De et al. [29] as a reason for unreliability of the EDC model for flows with
low turbulence. De et al. [29] showed that the standard value of C; was unreliable
for flows with k%/(ve) (which was erroneously defined as Re;) approximately less
than 65, or Re; approximately less than 30. Decreasing the Cs parameter decreases
the reactions zones in the fluid model, restricting interactions between species and
slowing the reaction rates. This emulates smaller interaction regions that could
be expected of less reactive species, as would be found in MILD combustion with
Damkoéhler number (Da) of the order of unity. It is apparent from Equation 2.16
that the effects of C; are highly coupled with the fluid flow factors, v, € and k and
their effects may behave differently at different locations within the flame as char-
acterised by Re;. The effects of alternate values of C; appears to be a weakness in
the literature concerning simulating MILD combustion, hence more research is re-
quired to generate an accurate model required to provide further understanding of

this combustion regime.
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Abstract

Moderate or intense low oxygen dilution (MILD) combustion has been the subject of numerous studies in
recent years. An issue remains, however, in the definition of the boundaries of the MILD combustion regime
with respect to non-premixed configurations without predefined reference temperatures. A flamelet definition
is applied to non-premixed configurations to better understand the MILD combustion regime and classify
previous experimental investigations. Through a simplified analysis, a new definition for the non-premixed
MILD combustion regime is derived. This new definition is a function of initial and final temperatures, and
the effective activation energy of an equivalent one-step chemical reaction. This inherently agrees with the
features of the premixed flamelet definition and provides insight into previous attempts to reconcile premixed
and non-premixed classifications of MILD combustion. Previously studied turbulent flames are classified
using the new definition of MILD combustion and are compared to experimental observations. The new
definition of MILD combustion is subsequently compared to the ignition characteristics of opposed-flow
ethylene flames, showing good agreement. Finally, transient flamelets are solved for a modelled flow-field
to successfully reproduce non-monotonic trends in the lift-off that is observed experimentally in a series of
MILD and autoignitive, turbulent ethylene flames in hot, diluted coflows.

© 2016 by The Combustion Institute. Published by Elsevier Inc.

Keywords: MILD combustion; Non-premixed flames; Lifted flames; Autoignition; Flamelet theory

1. Introduction

Moderate or intense low oxygen dilution
(MILD) combustion features reduced pollutant

* Corresponding author at: School of Mechanical En- CmiS_SiOIlS and efﬁgiency impr0V§metS over con-
gineering, The University of Adelaide, South Australia, ventional combustion [1]. Operation in the MILD,
5005, Australia. Fax: +61 8 8313 4367. or flameless, combustion regime is generally

E-mail address: m.evans@adelaide.edu.au (M., achieved by burning fuel in hot, low oxygen en-
Evans). vironments. This reduces chemical reaction rates,
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ignition or extinction points [5,9-11]. This defini-
Nomenclature tion leads to a criterion for premixed MILD com-
bustion, which, assuming constant specific heat at
o Heat release parameter constant pressure, may be approximated as [1]:
X Scalar dissipation rate
AT Temperaturlz increase Eers/(RT;n) = 4(1 + T/ AT) ()
1) Reaction rate where R is the universal gas constant and E.y is
P Density the effective activation energy of an equivalent one-
T Non-dimensional time step reaction. This definition separates gradually
0 Non-dimensional temperature igniting MILD flames from conventional autoigni-
D Jet exit diameter tive flames, which feature ignition and extinction
Da Global Damkéhler number points on the S-shaped curve. This is consistent
Eyy Effective one-step activation energy with the “flameless” description of MILD combus-
R Universal gas constant tion [1,5]. The two alternate premixed classifica-
r Radius (cylindrical polar coordi- tions of MILD combustion both propose distinct
nates) definitions of the MILD regime, based on a critical
Y Turbulent Schmidt number temperature, Ty, [1] or the global ignition process,
T Temperature Eqr [5].
U Jet bulk velocity relative to coflow The definition of MILD combustion based on
velocity the S-shaped curve has previously been applied in
X Axial distance from jet exit plane analytical [9] and numerical [10,11] studies. A pre-
. vious analytical study combined the monotonic S-
Subscripts shaped curve with a pre-defined quenching temper-
0 Reference Valqe ature, to enforce an extinction condition [9]. The
b Fully burnt mixture S-shaped curve concept has additionally been used
coft Coﬂow_condltlop_s to classify results in a numerical study, with extinc-
ex Extinction condition . tion disappearing with sufficient preheating and di-
ign Stquy-statg autoignition condition lution [11].
n Initial conc.lmon. Experimental studies of non-premixed ethy-
mr Most reactive mixture lene (C,H,) flames in a jet-in-hot-coflow (JHC)
st Self—lgpltlon _conqmon burner indicate that apparently attached flames un-
st Stoichiometric mixture dergo gradual ignition in low oxygen coflows, cor-
u Unburnt (fresh) mixture responding to MILD combustion [12,13]. Increas-

resulting in distributed reaction zones as opposed
to the high temperature peaks in conventional
flames [1]. As a result, jet flames in the MILD
regime feature a global Damkohler number (Da)
near unity, such that finite-rate chemistry becomes
important [2,3]. Despite numerous investigations
into the unique characteristics of MILD combus-
tion, the boundaries of the MILD regime have
not been thoroughly defined in non-premixed
configurations.

Ignition and combustion stability of the MILD
combustion regime have been investigated experi-
mentally [4] and numerically [4-7] in premixed re-
actors [1]. These analyses have been based on initial
temperature (7},) and temperature increase (A7),
relative to a self-ignition temperature (7;) [1]. This
T, is defined as the minimum inlet temperature
required for ignition in a perfectly-stirred reactor
(PSR) within one second [1]. This definition has
since formed the basis of premixed [4-6] and non-
premixed [8] analyses of MILD combustion.

The MILD combustion regime in a premixed re-
actor has been defined independently to T; [1,5].
By this definition, MILD combustion implies that
the S-shaped curve of temperature as a function of
the characteristic time is monotonic, and without

ing oxygen concentration leads to a transition to a
conventional autoignitive flame structure [12—-14].
Both flame structures were observed by Medwell
et al. [12] in two flames meeting the PSR definition
of MILD combustion, despite their different igni-
tion characteristics.

The numerical investigation of MILD combus-
tion in a JHC configuration added “quasi-MILD”
and “MILD-like” regimes [8] to the PSR definition
of Cavaliere and de Joannon [1]. Both regimes keep
the condition AT < T;, however, the former de-
scribes cases requiring forced ignition and the latter
does not meet the imposed “low oxygen dilution”
criterion [8]. Neither [8], nor the subsequent chemi-
cal kinetics analysis [6] offer further distinctions be-
tween MILD combustion and these two regimes.
These classifications expand the PSR definition,
however are unable to distinguish gradual MILD
combustion from conventional autoignition.

The definitions of MILD combustion based
on temperatures are not consistent between
premixed and non-premixed configurations.
The current work aims to use an idealised,
one-dimensional flamelet analysis to define
non-premixed MILD combustion without the
requirement for composition-dependent reference
temperatures, by including a fuel-specific E..
This definition is based on the S-shaped curve
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concept [5,9] which is applied to non-premixed
configurations through analysis similar to that by
Pitsch and Fedotov [15]. This new definition for
non-premixed MILD combustion is quantified
through an opposed-flow flamelet analysis, to
produce a criterion for non-premixed MILD com-
bustion, which is compared to premixed regime
classifications. This definition is subsequently
used to classify previous experiments, and com-
pare flamelet simulations to new experimental
observations in a JHC burner.

2. Numerical analysis
2.1. Non-premixed flamelet analysis

The one-dimensional, opposed-flow flamelet
equations for a non-premixed system with an irre-
versible, one-step reaction were analysed by Pitsch
and Fedotov [15]. This analysis couples the reaction
rate (w), scalar dissipation rate (x), mixture frac-
tion (£) and normalised time (7). At stoichiomet-
ric conditions (s?), the flamelet solution was shown
to yield the following equation relating normalised
temperature (0,) and x along the S-shaped curve
[15]:
db;

d‘; + (Xt / X51.0)0st — w(05) =0 (2

with = (T — T, ,)/AT and:

> (I —a)exp(By — B)
I —a(l —6y4)

1 — Qrt
Xexp (—a,B m) 3)

w = Da(l - Gst)

where « = AT, /T, is the heat release parameter,
B = E.rsr/(RTy ) is the activation temperature ra-
tio, u refers to the unburnt (fresh) mixture, b indi-
cates fully-burnt, 0 indicates a reference value and
Da is constant for any given fuel and oxidant com-
bination. Differentiation of Eq. (3) with respect to
0, at steady-state, produces the condition for turn-
ing points in the S-shaped curve ( % = 0), on the
interval 0 < 6, <1:

c=B*+68+1)a>—(68—-2)a+1>0 4)

Satisfying this condition implies turning points ex-
ist in the curve x, versus 6y, corresponding to ig-
nition (ig) and extinction (ex) given by:

1+ @+ B)a+c!?
202+ (14 Ba)

If 0 ion and O, ., are real, the S-shaped curve fea-
tures autoignition and extinction. If these are com-
plex, ¢ < 0, then yx,, versus 0, is monotonic, indi-
cating MILD combustion [5]. Finally, negative val-
ues indicate no physical solution.

93121_

est,ex > Gst,ign (5)

2.2. S-Shaped curve generation

Sixty-three S-shaped curves with C, Hy fuel were
simulated in FlameMaster [16]. The FlameMaster
code uses a finite difference method solved on an
adaptive mesh with a second-order, implicit back-
ward difference formula. These S-shaped curve so-
lutions were used to form a map of Oy ex — Oy, ien
(see Eq. (5)), with MILD combustion identified if
Ost.ex — Ost.ign Was zero or could not be evaluated.
Oxidisers ranged from 1000 K to 1600 K, at in-
tervals of 100 K, and composed of 2-15% O, by
volume, at increments of 1% from 2-9% and then
every 2% to 15%. The oxidisers consisted of 10%
H,0 and 3% CO,, balanced by N, [12]. These were
solved using the C1-C3 sub-mechanism from the
December 2014 version of the detailed POLIMI
mechanism for hydrocarbon combustion [17].

2.3. Transient flamelet analysis

The ignition of MILD and conventional
autoignitive flames was analysed using two-
dimensional profiles for Z and x. This procedure
is similar to previous analyses of turbulent jet
flames using transient, opposed-flow flamelets
[18]. A conical potential core was imposed for the
mixture fraction with a length of 7 x/D. Further
downstream (x/D > 7), the Z profile was taken
from the self-similar analysis by [19]:

x/D < 7:
I, R(x) <0
O+ R,0P/4) Y R(x) =0

(6)
X/D>7-:

_ 70 (1+2S5c)D (1 . [ynF)‘”"

32 (x + x0)(pops)? 4
where y = [3 x 70?/(64p,)]"* [19]; n = r,D/(x +
xo) [19]; xo = [70/32(1 + 2S¢, )ps — 71D; R(x) =
[1 —x/(7D)]/2 and:

[r, — R(x)]D
x +[1 = x/(7D)]xo

— 1/2
r,=D" <2 / r’dr’) (8)
0 Pcofl

with S¢, = 0.71 [19]. Values of D = 4.6 mm,
po = 126 kgm®, p,s = 031 kg/m® and
ps = 0.20 kg/m? and 1y = 15.2 m/s were taken from
experimental conditions. Density was taken to be
the linear mixture of the fuel and oxidant streams.
Finally, the profile of x was taken as [18,20]:

2

R, (x) = (7)

dz

x = uy/(355¢,D)(po/p)* o
Tp
Fuel and oxidiser streams were matched to the cur-
rent experimental C,H, flames in 1250-K coflows
of 3%, 6% and 9% O, by volume with Z; = 0.01,

©)

Tdtp://dx.doi.org/10.1016/j.proci.2016.06.013

Please cite this article as: M.J. Evans et al.,, Classification and lift-off height prediction of
non-premixed MILD and autoignitive flames, Proceedings of the Combustion Institute (2016),




JID: PROCI

[m;June 15, 2016;7:32]

4 M.J. Evans et al. | Proceedings of the Combustion Institute 000 (2016) 1-8

AT/T,

0 :
500 1000

No Non-Premixed Solution

1500 2000 2500

in

Fig. 1. Combined regime map for MILD combustion according to three different definitions: PSR [1] (blue), premixed
flamelet [5] (green), and non-premixed flamelet (red). With Ty; = 1000 K, E ¢ = 1.67 x 108 J/kmol [1land Ti, = Ty y.(For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

0.02 and 0.03, respectively. Flames with hot oxidis-
ers initially ignite at the most-reactive mixture frac-
tion (Z,,,) < Z, with the maximum reaction rate
[21]. Although Z,, is not strongly dependent on
X, higher x increase ignition delays [21]. Changes
in the reactant streams may shift Z,, and the ig-
nition location, resulting in significantly different
ignition delays. The flamelets were solved using
the USC-II C1-C4 chemical kinetics mechanism
[22]. A stoichiometric flamelet velocity described
the downstream motion of Z, in time [18], based
on a self-similar jet velocity profile [19]. Higher val-
ues of Z, are closer to the faster fuel jet, and hence
have higher flamelet velocities. The stoichiometric
flamelet velocity was subsequently used to remap
times to corresponding x/D for analysis.

3. Experimental details

Chemiluminescence images were taken of C,Hy
flames in a previously studied JHC burner [12].
Chemiluminescence of OH* is spontaneous UV
emission from excited OH. The peak intensity of
OH* concentration has been shown to correspond
to peak flame temperatures in laminar flames [11].
Imaging of OH* chemiluminescence may be there-
fore used to qualitatively identify the highest tem-
perature regions of a flame.

Fuel issues from a 4.6-mm diameter central jet
at a Reynolds number near 10,000 into 2.8 m/s
coflows with measured coflow temperatures (7.z)
of 1250 K and 3-11% O,. These coflows also in-
clude 10.7% H,O and 3.6% CO, by volume, bal-
anced with N,. These compositions are similar to
previous experiments [12], which are used for the
C,H, regime map. This configuration provides a
controlled environment for approximately 100 mm

downstream of the coflow exit plane. Flames are
imaged using a pco.pixelfly camera with a Lambert
Instruments intensifier. An f-number 3.5, UV trans-
missive lens is fitted with a 310 nm optical filter with
a bandwidth of 10 nm. Mean images are formed
from a series of 50 images, each taken with a gate
time of 1 ms and corrected for background.

4. Results and discussion
4.1. MILD combustion definitions

Difterent definitions of MILD combustion are
shown overlaid in Fig. 1. The values of T}; = 1000 K
and E,; = 1.67 x 10® J/kmol (40 kcal/mol) are
chosen from reference [1]. The blue region indi-
cates the PSR definition of Cavaliere and de Joan-
non [1], bounded by AT < Tg; the premixed S-
shaped curve definition of Oberlack et al. [5], where
Eq. (1) holds, is in green; and the current non-
premixed study, where the condition in Eq. (4) is
not met, is shown in red. The overlap between the
domains indicates that both gradual ignition and
conventional autoignition flame structures exist
within the boundaries of the PSR defined regime.
This indicates that the PSR regime includes flames
featuring instabilities due to local autoignition and
extinction, and those which are devoid of local
extinction or sharp peaks in flame temperature,
which are consistent with the physical description
of MILD combustion [1]. This is consistent with
previous experimental investigations of ethylene
3% O, and 9% O, oxidants which exhibit signifi-
cant differences in structure [12], despite both con-
ditions meeting the PSR definition of MILD com-
bustion [1]. The PSR definition simply limits the
maximum flame temperature to 7, + T;, whereas
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the definitions based on the S-shaped curves in-
dicate the shift from gradual ignition to autoigni-
tion. The maximum flame temperature of the S-
shaped curve-based MILD regimes, however, in-
crease with T7,, highlighting inconsistency between
AT =Ty, — Ty, < T and the flame ignition
characteristics. This supports the use of the new
MILD combustion definition for predicting igni-
tion behaviour of non-premixed flames.

Combustion is apparent well below the pre-
defined T3, = 1000 K PSR threshold [1] shown
in Fig. 1. This region exhibits what Wang et al.
[6,8] term “quasi-MILD” combustion, which re-
quires an external ignition source. This indicates
MILD combustion occurring under forced ignition
[6,8], in contrast to the T;, > T requirement of
the PSR definition [1]. In this sense, the new MILD
definition predicts “quasi-MILD” behaviour sug-
gested by Wang et al. [6,8]. The region of “MILD-
like” combustion [6,8] cannot, however, be deter-
mined from this generalised figure which makes no
reference to oxygen levels.

Of the flamelet regimes in Fig. 1, the non-
premixed MILD regime allows for greater A7 com-
pared to the premixed case for most 7},. At higher
T;,, however, the non-premixed limit begins to ap-
proach a limiting value whilst the maximum A 7/Tj,
for the premixed MILD regime continues to in-
crease. Additionally, the analysis features a region
of low AT/T;, where a non-premixed solution does
not exist. These effects demonstrate the differences
between premixed and non-premixed flames, de-
spite qualitatively similar trends and descriptions
of MILD combustion. These different trends show
that for a given fuel of some E,, there is a limiting
value of AT/T;, for non-premixed MILD flames
which does not exist in premixed configurations.

4.2. Non-premixed regime maps

The MILD regime map in Fig. 1 may be ex-
panded to arbitrary fuel and oxidant combinations
on the o and B axes. The regime diagram in Fig. 2
shows shaded contours of 6, ;,, defined by Eq. (5),
in the three distinct regions for different fuels with
specific Ey.

A selection of experimental cases are included
in Fig. 2 to classify flames as either MILD or
autoignitive flames. E,; is taken to be 2.51 x
10% J/kmol (60 kcal/mol) [23] for all cases using
CHy-based fuels. These are HM1-3 cases using a
CHy-H, blend [24], the Delft JHC (DJHC) using
Dutch natural gas [25], the F1, F4 and F7 cases
using pure CHy [26] and CHy-air flame of Cabra
et al. [27]. One set of data for pure C,H, fuels
is included [12] with E,; = 1.26 x 10% J/kmol
(30 kcal/mol) [28]. The classification of the HM1-
3 flames agrees with previously simulated S-shaped
curves, which indicate autoignition in the two cases
with the greatest %O, coflows [10]. The cases for
oxidants with 3% O, in the studies from Med-

Auto-Ignition

0.6

0.4
Combustion Solution 0.2
0 0.5 1 0
a= AT/Tstb
® HMI1-3 [24] ¢ DJHC-1 & -V [25]

A F1, F4 & F7 [20] CHg-air [27]
® 3% & 9% Og; CoHy [12]

Fig. 2. Normalised autoignition temperature, 6, g, for
a range of « and 8 and showing experimental cases with
coflow O, concentrations as percentage of volume.

well et al. [12] and Dally et al. [24] are within the
MILD regime, whereas the remaining flames with
oxidant O, ~ 7-10%, are autoignitive. This is con-
sistent with the experimentally observed structures
of these flames [12,24-27]. This is in spite of some
of these flames [12,25] meeting the PSR conditions
of MILD combustion [1].

The regime diagram in Fig. 2 separates MILD
and autoignitive flames and may be used to predict
the structure of flames from evaluation of the ini-
tial mixing temperature 7%, ,, adiabatic flame tem-
perature T, , and E, for a given fuel. This regime
map shows the limited achievable range of « with
almost constant B using CHy/air coflows [25,26].
Both the HM1-3 and C,Hy, sets of flames, ignite at
almost constant 7, , with varying concentrations
of O,. This highlights the necessity of studying ig-
nition in coflows with different fuels and diluents
which can access a wider range of operating condi-
tions [12,24].

The regime diagram in Fig. 2 shows a region
of significant temperature increase followed by au-
toignition (0, ;4» > 10%), which may be indicative
of the “transitional” flames described by Medwell
etal. [12]. The width of this region increases with S,
implying precursor reactions with significant heat
release are more prominent for high g, or low T, 5.
Additionally, increasing 7, , with constant AT re-
sults in lower 8. This shows that MILD combustion
is most readily achievable for high Ty, ,, however
may be achieved at any T, , with sufficiently low
AT, consistent with the premixed definition [5] and
the regimes of Wang et al. [6,8].

Figure 3 presents regimes of stoichiometric
ethylene combustion as a function of oxidant
O, molar concentration and initial mixture tem-
perature. This figure shows a pair of previously
studied flames [12], and flame conditions to be
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Fig. 3. Contours of 6y cx — Oy,ign for CoHy flamelets on
T.op and O, axes, with the boundary between MILD and
autoignition regimes (¢ = 0) from Eq. (4).

examined in the next section. The line of ¢ = 0
(see Eq. (4)) with E,; = 1.26 x 10® J/kmol [28] is
plotted over these contours, and shows very good
agreement in the location of the MILD combustion
regime boundary. Discrepancies in the lower-left
corner of the figure are due to small 0y oy — Oy jon <
100 K. These ignition events are the result of two-
stage ignition processes not captured by the cubic
S-shaped curve of the analytical model. In these
flames, autoignition occurs after significant, grad-
ual increases in temperature, which are reminiscent
of gradual MILD ignition. Additionally, this may
be indicative of non-unity Lewis number effects in
the flamelet analyses, neglected in deriving ¢.

The good agreement between regime bound-
aries in Fig. 3 implies that both autoignition and
MILD combustion may be analysed with single-
step reactions. In such analyses, different condi-
tions and chemical pathways could be accounted
for with rate coefficients which are functions of the
fuel and oxidant compositions, and the local mix-
ture fraction. This is in contrast to previous mod-
elling of similar flames which stressed the impor-
tance of multi-step kinetics [2]. These results sug-
gest the potential effectiveness of one-step reaction
models, using functions as rate coefficients, near the
limits of autoignition.

4.3. Chemiluminescence of jet flames

Chemiluminescence of excited hydroxyl from a
series of turbulent C,H, jet flames issuing into hot
and diluted coflows are shown in Fig. 4. The regime
diagram in Fig. 3 indicates that the flames issuing
into the 9% and 11% O, coflows should be autoigni-
tive, with the remainder in the MILD regime. These
images show strong OH* emissions near the base of
the autoignitive flames which are not apparent in
the MILD flames. The OH* signal may be used as
a qualitative indicator of regions of peak tempera-
tures [11]. Well-defined lift-off heights of 8 mm and

60—
50—
40—
IS
20—
10—
: 3 4 5 6 9

min T ] max

11

Fig. 4. Images of OH* emissions from turbulent C,Hy
flames in 1250-K coflows with different %O, (by vol.) av-
eraged over 50 x 1 ms images. The height is given in mil-
limetres, with the lower edge of the images at the jet exit
plane. Images are 16 mm x 60 mm and corrected for back-
ground.

20001
1800
~ 1600
<
= 1400
12001
1000 Il Il Il Il
0 1 2 3 4 5
2z,
3% Oz | —1.00 --480 ---5.00
t (ms) 6%O2 | —1.00 --260 ---5.00
9% O2 | =—1.00 --2.00 ---5.00

Fig. 5. T'vs. ZIZ,, profiles of transient flamelets at differ-
ent times for CoHy fuel in 1250-K coflows.

11 mm (x/D = 1.7 and 2.4) are seen for the flames
in 11% and 9% O, coflows, with less distinct lift-
off heights of approximately 14 mm (x/D = 3.0)
in 5% and 6% O, coflows. No OH* chemilumines-
cence is detectable below these points for any cam-
era and intensifier exposure times. Chemilumines-
cent emissions are discernible in the 3% and 4% O,
cases from 11 mm downstream of the jet exit, fol-
lowing adjustments of the colour-scale (not shown
for brevity). Below these locations, any OH* emis-
sion is below the measurement threshold of the
equipment. This trend in lift-off heights demon-
strate gradual ignition in MILD combustion in low
O, coflows, and the transition to conventional au-
toignition with increasing O, concentration.

4.4. Transient flamelet analyses

Transient flamelet profiles of the MILD and au-
toignitive flames from Fig. 4 are presented in Fig. 5.
These results indicate that all flames begin to ignite
at approximately 1.2 ms. This corresponds to ini-
tial ignition at 1.6, 1.8 and 2.0 x/D in the 3%, 6%
and 9% O, coflows respectively, after this time is
remapped to x/D using the stoichiometric flamelet
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Fig. 6. T vs. Z profiles of transient flamelets at different
times for CoHy fuel in 1400-K coflows.

velocities for the respective values of Z, [18]. The
increasing heights with increasing O, are due to
Z shifting towards regions of higher yx, delaying
ignition. Following initial ignition, the flamelet in
the 9% O, coflow reaches its maximum tempera-
ture by 2 ms, which is remapped to x/D of 2.6.
This is shorter than the 6% O, case which takes
2.6 ms, corresponding to x/D of 2.7. The 3% O,
case does not reach a steady temperature until ap-
proximately 5 ms, at x/D of 3.0, undergoing a sig-
nificantly more gradual ignition process. These re-
sults replicate the experimentally observed trend,
where the maximum chemiluminescence of flame
in the 6% O, coflow appears higher than that in the
9% O, coflow and the flame in the 3% O, coflow ini-
tiates gradually, initially appearing closest to the jet
exit plane. This is representative of the MILD com-
bustion behaviour in the 3% O, case transitioning
to autoignitive behaviour in the 9% O, case.

The effects of increased temperature on MILD
flame stabilisation were assessed using transient
flamelets with 1400-K oxidants. Fig. 3 indicates
that all of these flames are within the MILD com-
bustion regime. Temperature profiles from the tran-
sient analyses are shown in Fig. 6 with lines on
each plot indicating increments of 0.10 ms from
0.25 ms to 1.35 ms. The profiles indicate ignition
initiating after approximately 0.5 ms, 0.4 ms and
0.35 ms in the 3%, 6% and 9% O, oxidants, respec-
tively. Flame temperatures reach steady-state val-
ues by 1.65 ms, 1.05 ms and 0.65ms, at 1.9, 1.7 and
1.3 x/D, in the 3%, 6% and 9% O, oxidants, respec-
tively. This shows that increases in coflow O, de-
crease the heights of both the initial ignition and
the distance to reach a steady temperature and do
not indicate any non-monotonic trend in lift-off
height. In contrast, the flames in 1250-K coflows
exhibit increasing heights before initial temperature
increases with increasing O, concentration, demon-
strating the effects of temperature, coupled with
the imposed Z and yx fields. In the cooler 1250-K
coflow, Z,,, shifts towards Z, in regions of higher

x and lower velocity (described in the analysis of
Fig. 5). Lower x at Z,, allows the flame in 3%
O, coflow to stabilise closer to the jet exit plane
than in the 6% O, case. With the increase to 9%
O,, the increased reactivity at Z,,. overcomes higher
x and the flame-base moves closer to the jet exit
plane, as seen experimentally. This suggests that the
non-monotonic trend in lift-off height seen experi-
mentally indicates Z,,, shifts away from the coflow,
into the high shear mixing layer, where autoigni-
tive flames ignite more readily than MILD flames.
This additionally explains the wider reaction zones
under MILD conditions seen in previous work at
lower temperatures [12], as the burning mixtures
are confined by the low Z flammability limit and
the high x turbulent mixing layer.

5. Conclusions

A new non-premixed definition for MILD com-
bustion, based on an equivalent activation energy
rather than prior assessment of a reference tem-
perature, was derived and shown to be consistent
with previous experimental observations of grad-
ual ignition. This definition incorporates, and con-
solidates, previous definitions of the MILD com-
bustion conditions and the suggested combustion
regimes which exhibit similar ignition behaviours.
The new definition has shown good agreement
with steady-state flamelet simulations, demonstrat-
ing better agreement than previous classifications
between the simulated and predicted boundaries
between the non-premixed MILD and autoignitive
regimes. These boundaries show that non-premixed
MILD combustion is achievable by minimising the
overall temperature increase, or increasing initial
temperatures and may be achieved following forced
ignition.

Time-averaged chemiluminescent images of a
series of flames showed that autoignitive flames ex-
hibit peak temperatures at the flame-base, in con-
trast to the gradual ignition predicted and observed
in MILD jet flames. Transient flamelet modelling
indicated that the shift in ignition location from
regions of low scalar dissipation rate towards the
jet shear layer is responsible for the observed non-
monotonic trend in flame lift-off heights. This shift
towards shear layer is driven by decreasing temper-
ature and increasing oxidant O, levels. This may
also explain the decreasing reaction zone width
in the transition to conventional autoignition.
These results provide a better understanding of
the boundaries and stabilisation of non-premixed
flames in, and near, the MILD combustion regime.
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stream. Tribrachial spontaneously-igniting flames are, in contrast,
relatively resilient against changes other than temperature and 02 level.
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Abstract

The moderate or intense low oxygen dilution (MILD) combustion regime offers reductions in pollutant
emissions and improvements in efficiency. The implementation of MILD combustion in non-premixed sys-
tems, however, still requires a significantly improved understanding of the effects of the oxidant stream
composition in both the MILD combustion regime, and in the transition from MILD combustion to
conventional spontaneous-ignition. New experimental observations of laminar flames in the transition
between MILD combustion and conventional spontaneous-ignition demonstrate a non-monotonic change
in lift-off height with changing oxidant Oy concentration. This occurs in conjunction with a transition
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study of two-dimensional flames near this transition is performed with a detailed kinetic mechanism,
using the laminarSMOKE code, to complement these experimental observations and provide insight into
the chemical structure of flames with a hot and diluted coflow. The simulated flames are compared to
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behaviour under similar conditions, however comparisons between experimental observations and simu-
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1. Introduction

Requirements for improved efficiency and reduced pollutant emissions have driven research into novel
combustion systems. Potential applications for new combustion technologies range from more fuel-efficient
industrial furnace applications [1], to low-emissions aero-engines [2]. One aspect of research into this con-
temporary problem, explores combustion stabilised through exhaust gas recirculation (EGR) [1, 3, 4],
staged combustion [2, 5], or the recirculation of hot combustion products in confined burners [6-8]. Fun-
damentally, these systems may be described as non-premixed combustion with hot and diluted oxidants.
One proposed technology to meet the targets for next-generation combustion systems, is moderate or
intense low oxygen dilution (MILD) combustion [9].

The MILD combustion regime offers both reduced pollutant emissions and improved thermal efficiency
over conventional combustion [1, 9]. Characteristic features of MILD combustion — otherwise referred
to as “flameless oxidation” or “colourless” combustion — include low peak temperatures, low luminosity,
reduced thermal gradients, and reduced soot production compared with conventional combustion [9]. The
MILD combustion regime has been successfully implemented in furnaces [1, 3, 10], and similar combustion
regimes consisting of a fuel stream issuing into a hot, low oxygen environment have been suggested for
further applications [2, 11-14]. Such configurations have been the foci of recent research [15-18] to better
the understanding of the boundaries of MILD combustion, and the sensitivity of flame behaviour and
structure to operating conditions, required for future applications of MILD combustion.

Significant experimental research into non-premixed MILD combustion has been undertaken using
jet-in-hot-co-/cross-flow (JHC) burners [16-25]. These experiments have focussed on understanding the
ignition and stabilisation of simple hydrocarbon fuels with combustion products used to produce hot,
low oxygen environments encountered in EGR, and required for MILD combustion. These experimental
studies have used different combinations of laser diagnostics, photographs and chemiluminescence imaging
to reveal the structure of MILD jet flames, and have been supplemented by computational investigations
[26-30].

Combustion under MILD conditions has been previously described as exhibiting gradual ignition, in
both a spatial and temporal sense, without a distinct flame base [22, 23, 27-31]. This configuration
has been specifically studied in the context of combustion of fresh fuel with a hot [oxidant], diluted
oxidant (HODO) stream [32, 33] providing increased initial enthalpy to the reactant mixture [34], and
extending the flammability limits [35]. This is consistent with studies of combustion in porous media
[36]; confined, swirl-stabilised flames [37, 38] (where flames are stabilised through recirculation of hot
combustion products) [8, 39]; and insights into bluff-body flames [40]. Research into these combustion
applications [36, 40] are consistent with fundamental studies of opposed-flow flames, which suggested
that CH4 flames could not be extinguished by decreasing Os concentrations in HODO streams in excess
of approximately 1550 K [35]. It has been concluded that laminar MILD counterflow CHy flames are
stabilised due to partial premixing from the diffusion of O9 from the oxidant stream into the fuel through
reaction zone weakening [26]. Although this explains the presence of CH20 near the jet centreline in
flames in JHC burners [22, 41], it cannot be concluded that the diffusion effects are unilateral or that the
mechanism for stabilising flames in the MILD combustion regime is a direct result of the diffusion of Oq

into the fuel alone.
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Conventional autoignition of non-premixed flames has, similar to MILD combustion, been studied in
JHC [12, 15, 20, 21, 42-45] and vitiated coflow burner (VCB) [46-48] configurations. Although most
of these experimental studies investigated non-premixed turbulent flames, laminar ‘autoignitive’ flames
in hot and vitiated coflows have been observed to have distinct, lifted, tribrachial flame bases [20, 21,
49]. This phenomenon of tribrachial flames has been used to describe non-premixed ‘autoignition’ in
experimental studies [50-52] and has been discussed at length (with detailed figures) elsewhere [49, 53, 54].
This work will use the terminology ‘spontaneous-ignition’ [55] to describe the ignition of an arbitrary
mixture (outside of the MILD combustion regime), which may or may not be affected by the transport
of combustion precursors or products from other parts of the reaction zone.

Methane (CHy) and ethylene (C3Hy4) have been the subject of studies of the ignition and structure of
laminar [21, 56] and turbulent [15-17, 19, 22, 23, 42—44, 46-48, 57] flames in hot and diluted (HODO)
coflows. Identifying the ignition process of these fuels is critical for understanding the combustion of larger
hydrocarbons under MILD combustion conditions, with CoHy found in significant quantities in both rich
and lean regions of more complex hydrocarbon flames, encompassing “layers” of acetylene (CoHs) and
CHy [58]. Both MILD combustion and conventional spontaneous-ignition require hot environments to
stabilise jet flames, generally considered to be above a pre-defined autoignition temperature [9]. Despite
the similarities in the conditions for spontaneously-igniting flames and MILD combustion, the two regimes
have been shown to feature very different ignition characteristics and flame structures: experimentally
[18, 22, 23, 30, 59]; in zero-dimensional reactors [60]; one-dimensional flame analyses [16, 28-31, 61]; and
direct numerical simulations of reaction zone structures in EGR configurations [62-64].

At a given oxidant temperature, increasing the concentration of coflow O results in a shift from
spatially gradual ignition of MILD combustion towards lifted, spontaneously-igniting flames with a well-
defined flame-base [18, 22, 23, 30]. This transition away from the MILD combustion regime, has been
described both as a transition to an edge flame stabilised at a triple point in non-premixed laminar flames
[20, 21], and the initiation of a region of net negative heat release rate across the reaction zone [32]. This
transition away from the MILD combustion regime has also been described (in homogeneous reactors) as
the conditions where methyl (CHs) oxidation becomes dominant over recombination [61].

Laser-based imaging of turbulent, lifted, CoH, flames has been unable to identify any evidence of
tribrachial structures, although such structures may collapse due to interactions with turbulent vortices
[22]. Observations of such structures would facilitate comparisons against separate studies of laminar
flames [20, 21], which exhibit a transition between two distinct flame behaviours with changing coflow
Os levels, similar to the turbulent flames [20-23]. The differences between laminar and turbulent flow
regimes demonstrate the need for a systematic experimental and numerical investigation into the structure
of laminar flames, without the effects of turbulence, in both the MILD and conventional spontaneous-
ignition regimes.

Minor species, such as OH, are inherent in hot coflows due to the presence of combustion products.
Such minor species cannot be easily controlled experimentally and are neither generally reported as
boundary conditions nor taken in account during discussion of experimental observations or computational
modelling. However, some previous studies of flames with hot and diluted oxidants have indicated the
importance of precursor and radical species to flame stabilisation [17, 41, 48, 65-73]. Previous studies have

investigated the addition of species such as NO [65-68], NoO [66], OH [17, 74], CH2O [17, 75], Hy [72],
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CO; [73, 76] and H204 [75] on flame ignition and temperature, across a range of different configurations
and conditions.

The formation of OH upstream of a visually defined flame base has previously been observed in CoHy
flames in a JHC burner [22]. Additionally, low concentrations of OH have been shown to significantly
reduce ignition delay times when added to a premixed reactor [17]. To complement these findings, a
previous investigation of equilibrium OH concentrations (~10 ppm) in a turbulent flame issuing into
a hot coflow with 9% O demonstrated negligible effects in Reynolds-averaged Navier-Stokes (RANS)
simulations [74]. The small impact of equilibrium OH was in agreement with the premixed reactor
simulations of CHy flames, which showed only slight reductions in ignition delay for oxidants with less
than 10 ppm of OH [17]. The RANS study, however, did not investigate other fuel mixtures or coflows
with as little as 3% O (by volume) [74].

Improved understanding of MILD combustion is critical for its implementation in practical combustion
systems. This study builds on the understanding of the effects of oxidant oxygen concentration and
oxidant temperature in the transition to MILD combustion by further investigating the effects of coflow
composition on flame stabilisation in, and the transition to, the MILD combustion regime. This study
presents experimental observations of laminar flames in a JHC burner to establish a distinction between
the MILD and conventional spontaneously-igniting combustion regimes. In the numerical component of
this work, the use of two-dimensional, laminar simulations to predict the structure of previously measured
turbulent flames [19] will first be assessed. The effects of including equilibrium levels of OH in the oxidant
description on the structure of CH, and CoH, flames issuing into hot and diluted environments will then
be evaluated to determine whether equilibrium amounts of minor species must be accounted for in MILD

combustion for future practical systems.

2. Methodology
2.1. Experimental details

Photographs and chemiluminescence images were taken of laminar natural gas (NG) (292% vol. /vol.
CH4) and CoHy flames in a JHC burner, which has been used for previous studies of turbulent flames
[17, 22, 23, 57]. More recently, the same burner was used for studies of pre-vaporised ethanol flames [18].
This burner features a 4.6-mm diameter central fuel jet which issues into a hot coflow of products from
a premixed burner upstream of the jet exit plane. The central jet pipe is in excess of 100 diameters long,
to ensure fully-developed pipe flow.

Bulk velocities of both the jet and coflow were held at 2.4 m/s throughout this study. The jet
flowrate was controlled using a rotameter, whilst coflow flowrates were controlled using Alicat mass flow
controllers with a specified accuracy of less than 1%. Coflows were produced using a premixed flame
of Ho, NG, O3 and Ny, in order to emulate environments encountered using EGR. The coflows are at
temperatures (Teop;) of 1250 K, 1315 K and 1385 K, and 3-9% Oz by volume. Heat loss was minimised
by encasing the external faces of the burner in fibrous insulation. Coflow compositions include 10.7%
H50 and 3.6% CO3 by volume, and they are balanced with Ny, similar to previous studies [18, 22, 57].
These flame conditions are summarised in Table 1. This configuration provides a controlled environment
to approximately 100 mm downstream of the coflow exit plane. Beyond this distance, entrainment of

surrounding air creates a condition where the local environment is not defined.
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Table 1. Fuel and oxidant stream compositions (as percent vol./vol.) and temperatures (K) used for experiments. All
streams are held at 2.4 m/s.

Coflow streams

description | composition Teopr (K) O, Ny COy H,0
3% Os NG, CyHy 1250, 1315, 1385 3.0 82.7 3.6 10.7
6% O» NG, CyHy 1250, 1315, 1385 6.0 79.7 3.6 10.7
9% 04 NG, CoHy 1250, 1315, 1385 9.0 76.7 3.6 10.7

Case Fuel stream

Chemiluminescence images were taken of NG and CoHy flames. Chemiluminescence imaging of OH*
was performed at 310 nm. Flames were imaged using a pco.pixelfly camera with a Lambert Instruments
intensifier. This was fitted with an f43.5 UV transmissive lens and a 310 nm optical filter with a
bandwidth of 10 nm. Mean images were formed from a series of 50 images, each taken with a gate time
of 1 ms and corrected for background.

Photographs were taken using a Canon EOS 60D SLR camera fitted with a 50 mm, fx1.8 lens at f/4
using manual white balance. Photographs show the first 120 mm downstream of the jet exit plane and,
hence, the top region of each photograph cannot be considered as coflow-controlled. All photographs of
NG flames, and CoHy flames issuing into coflows with 3% Os, were taken with 4 s exposure times with
ISO 100. The photographs of CoHy flames issuing into coflows with 9% O, were taken with exposure
times of 0.5 s to avoid saturation near the flame base. Further analysis of the flame photographs used
the inverse of the blue channel of the images, this is taken to be indicative of (blue) chemiluminescence

of CH* around 430 nm [77].

2.2. Numerical approach

Two-dimensional simulations of CH4/Hy, CHy and CoHy flames were performed using the lami-
narSMOKE code [78, 79]. The simulated flames are similar cases to those investigated experimentally.
These numerical cases feature different flow-fields and geometries to the experiments. Accordingly, the
simulations cannot be directly compared to the experimental observations, but are designed to focus on
the chemical aspects of flame structure to complement the experiments.

The laminarSMOKE code is a CFD solver, based on the OpenFOAM platform, for multidimen-
sional laminar reacting flows specifically conceived for detailed kinetic mechanisms incorporating the
OpenSMOKE++ libraries [78-80]. The laminarSMOKE code is based on the operator-splitting method,
and is discussed extensively elsewhere [78, 79], as is the object-orientated OpenSMOKE++ framework
[80]. Flames were simulated using laminarSMOKE version 0.15, with OpenFOAM version 2.2.0 used to
solve the fluid flow-field. The approach and mesh in these simulations are similar to a previous study of
the non-premixed ignition delay of CoHy in hot and diluted coflows [29]. One advantage of the planar,
coflowing, laminar configuration is the very low strain rates between the fuel and oxidant streams (due
to the absence of velocity deficits or curvature effects). Therefore, data taken at any horizontal sample
height of a completely burning flame represents a steady-state, low strain-rate, opposed-flow laminar
flame. Data along any of these sample heights should, therefore, be identical in mixture-fraction-space.
The domain size was chosen to capture the mechanics of visual lift-off phenomena observed in Figs. 2-4
(should they be an artefact of the combustion chemistry alone). The measurement height of 30 mm was
subsequently chosen as it was estimated to correspond to interesting phenomena near the bases of the

experimental flames (discussed later in §3.1). Additionally, this measurement height was sufficiently far
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Fig. 1. Two-dimensional, planar domain and mesh for non-premixed, laminar flame simulations. Dimensions are given in
millimetres.

downstream of the inlet to allow for mixing of the fuel and oxidant streams, and for the stabilisation of
all but one case (discussed later in §4.2).

Cases were run on a single node of an AMD-Opteron cluster, with each node having 48 logical
processing cores and 128 GB of both physical and virtual memory. The flow-field was solved using
a second-order upwind numerical scheme, with first-order, bounded, implicit time-stepping. Similarly,
species transport was solved using an implicit Euler method [80]. Species transport is calculated based
on multicomponent diffusion coefficients, based on the molecular theory of gases, and includes the Soret
effect. Chemical kinetics were solved using the RADAUS5 solver, which is an implicit Runge-Kutta method
of order five. Residuals at each step met a relative tolerance of 10~7.

The computational domain represents a planar jet with a coflowing HODO stream and is shown in
Figure 1. This domain extends 70 mm downstream (in the Y-direction) with a total width of 40 mm
separated into the two equally sized inlets. The fuel inlet is on the X-axis for negative values of X, and
the oxidant inlet on the X-axis for positive X. The thickness of the wall between the two streams (in a
physical burner) was neglected. The X and Y extents of the domain were varied to ensure that any effects
of the boundaries were negligible and the results were independent of the domain size. The domain is
meshed by 18 000 elements, with 150 uniformly-spaced stream-wise elements, and with 120 elements in
the transverse direction, with finest grid spacing at the fuel/oxidant interface and an expansion ratio of 2
from the largest to smallest elements. This was selected for all cases following a grid independence study.

Fuel and oxidant enter the computational domain with uniform velocities of 1 m/s, where the different
compositions of these streams are given in Table 2. The concentrations of OH given in Table 2 were
evaluated through chemical equilibrium calculations, which result in the major oxidant species being
produced at the oxidant temperature. Simulations were run until steady-state with transient time-steps
of the order of 10 us. Such small time steps were necessary due to the numerically stiff chemical kinetics
required for the problem, with a maximum Courant number of 0.05 enforced for each simulation time-
step. Each chemistry step took approximately 1.85 s of CPU-time to converge. The simulation approach
was validated against experimental data of the HM1-3 flames measured by Dally et al. [19], which has
been used as validation data for numerous modelling studies [81-87].

The GRI-Mech 3.0 kinetics mechanism was used for the chemistry in all of the simulations [88]. The
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Table 2. Fuel and oxidant stream compositions (as percent vol./vol. except for HM1-3 flames, which are as percent mass)
and temperatures (K) used for simulations, all fuel streams are at 305 K.

Case Fuel stream Oxidant streams
description | composition Teopr (K) 0O, Ny COx* Hy0* OH (ppm)®

3% Oq CH4, CoHy 1100, 1300, 1500 3 84 3 10 8

6% Oo CH4, CoHy 1100, 1300, 1500 6 81 3 10 9

9% O CH4, CoHy 1100, 1300, 1500 9 78 3 10 9
HM1¢ [19] | 1:1 CH4/H, 1300 3 85 6.5 5.5 -
HM2¢ [19] | 1:1 CH4/H, 1300 6 82 6.5 5.5 -
HM3¢ [19] | 1:1 CH4/H, 1300 9 79 6.5 5.5 -

2CO2 and H20 concentrations were swapped to test the effects of CO2 to H2O ratio (see §4.4).
bsimulations performed with and without OH, with Ny adjusted to keep the sum of concentrations at 100% (see
§4.2).

“coflow concentrations given as percentage mass rather than percentage volume.

GRI-Mech 3.0 mechanism has previously shown good agreement with the significantly more detailed C1-
C3 kinetics mechanism of Ranzi et al. [89] in qualitatively describing the reaction zone profile of CoHy
flames in MILD and lifted, spontaneously-igniting turbulent jet flames [90]. Both of these mechanisms
feature similar pathways for non-premixed combustion of CoHy and dilute oxidants, as described in a
previous modelling campaign [90]. This finding was verified in this study with both mechanisms producing
almost identical temperature profiles and qualitatively similar profiles of hydroxyl (OH), formaldehyde
(CH50) and hydroperoxyl (HO3) 30 mm downstream of the domain inlet (not shown for brevity).

3. Experimental Observations
3.1. Ezperimental observations of laminar flames

Figures 2 and 3 show images of six, laminar NG and CoH,4 flames, respectively. These are labelled as
flames (a)-(f) for both fuels. The jet and coflow bulk velocities were held constant at 2.4 m/s, resulting
in similar flow-fields for all flames. The coflow temperature and Og level were varied independently. The
flames presented were stabilised in 1250-, 1315- and 1385-K coflows, with 3-9% O4 (refer to Table 1). No
indication of NG flames were observable in the 1250-K coflows, irrespective of Oy content, although CoHy
flames could be stabilised. This is consistent with CoHy4 being significantly more reactive than NG. This
is further evidenced by the decreased lift-off heights of all CoHy flames in comparison to NG flames.

Photographs of the flames in Figs. 2 and 3 are divided vertically along the jet centreline. The left-hand
side of each image is a raw photograph of the laminar flame, however the low luminosity of the flames in
coflows with 3% Oa, and the limited dynamic range of the images, make the base of these flames difficult
to distinguish (particularly NG flames (a) and (d) in Fig. 2). The right-hand side of each photograph
has therefore been altered to show only the blue channel of the original image, in inverse grey-scale.
The intensity of these ‘inverse-blue’ images is taken to be indicative of CH* chemiluminescence (centred
about 430 nm), in locations where the photographs of the flames indicate a blue colour (hence, a region
devoid of soot). The complementary photographs and inverse-blue images allow for easier identification
and comparison of the flame base shapes and structures.

The inverse blue images of NG flames (a)-(c) in Fig. 2 appear to show that the maximum lift-off height
occurs in the 6% Os coflow. This trend is consistent with previous observations of NG flames in hot and

diluted (HODO) coflows [23]. The non-monotonic change in lift-off height with changing coflow O levels
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3% 6% 9% 3% 6% 9%

1315 K 1385 K
min | O max

Fig. 2. Laminar NG flames in the JHC burner showing visible chemiluminescence in coflows of different temperatures and
oxygen concentrations. The right-hand side of each photograph shows only the inverse of the blue channel, to better show
the effect of coflow on lift-off height. The lower edge of the images is at the jet exit plane. Images are 50 mm X 120 mm,
with 4 s exposure with an fx1.8 lens at f/4 and ISO-100.

(a) (b) (c) (d) (e) (f)
3% 9% 3% 9% 3% 9%
1250 K 1315 K 1385 K

min | T max

Fig. 3. Laminar CoHy flames in the JHC burner showing visible chemiluminescence in coflows of different temperatures and
oxygen concentrations. The right-hand side of each photograph shows only the inverse of the blue channel, to better show
the effect of coflow on lift-off height. The lower edge of the images is at the jet exit plane. Images are 50 mm X 120 mm,
with an fx1.8 lens at f/4 and ISO-100. Exposure times for flames in coflows with 3% Oz is 4 s, and 0.5 s for flames in
coflows with 9% Oa.

indicates a difference in the flame stabilisation mechanism between laminar NG flames in 1315-K coflows
with 3% O, and those with 6% O, or greater.

The shape of the bases of the flames issuing into coflows with 3% O, differ from those in coflows
with more than 6% Oy (Figs. 2 and 3). The images of chemiluminescence of flames issuing into coflows
with 3% Oy indicate significantly reduced spatial gradients than those in the coflows with 9% O, which
feature very distinct flame bases with very well defined stabilisation heights. Flames in coflows with 6%
O, have similar bases to those in 9% Og, but appear more lifted (in all cases).

The NG flame (a) in the 1315-K coflow with 3% O features a broader flame base than any other flames
in Figs. 2 or 3. This is in contrast to the significantly narrower base of NG flame (d), stabilised in a 1385-
K coflow with the same O3 level. This demonstrates that the NG flame base shape and spatial gradients
of chemiluminescence are significantly affected by the coflow temperature, although this is not seen for
CoHy flames across different temperatures. These observations suggest similar stabilisation mechanisms
between all the NG flames issuing into 1385-K coflows, independent of oxygen concentration, but a
different mechanism for the NG flame in the 1315-K coflow with 3% Oj. These effects of temperature
on the structure of CHy flames will be simulated numerically (refer to §4.5) to compare the chemical

structure of these flames.
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Fig. 4. False-colour, time-averaged, intensified OH* images of laminar NG flames (right-hand side), presented with the
inverse of the blue channel of photographs (left-hand side). Flames issue into hot coflows of 1315 K with different O2
concentrations (given in percentage volume). Images of OH* were taken with 2 ms exposure time, are 16 mm x 120 mm
and the lower edge of the images is at the jet exit plane. Photographs are taken from Fig. 2, originally 50 mm X 120 mm,
with 4 s exposure with an f41.8 lens at f/4 and ISO-100.

3.2. Comparison of visible and UV chemiluminescence imaging

The relative strength of OH* chemiluminescence has been identified as an indicator of peak temper-
atures in non-premixed hydrocarbon flames in, and in the transition to, the MILD combustion regime
[18, 91]. Images of OH* chemiluminescence of NG flames issuing into 1315-K coflows are shown in Fig. 4,
next to the inverse-blue images of the same flame. Images of OH* have been reversed about the jet
centreline and are presented in false colour.

The OH* images indicate a more spatially distributed ignition process in the 3% Os case (Fig. 4).
These figures demonstrate that the temperature of the CHy flame in the 3% O4 coflow increases gradually
with downstream distance, without a clear flame base defining a lift-off height. This is consistent with
previous descriptions and definitions of gradual ignition in MILD combustion [22, 23, 27, 28, 30, 31].
Comparisons between the inverse-blue and OH* imaging both indicate the same trends in flame shape
and spatial-gradients of chemiluminescence, suggesting that the inverse-blue images may be used as a
surrogate for locating the peak flame temperatures.

As the oxygen content in the hot coflow increases, the flame bases become more well-defined and the
OH* chemiluminescence becomes more intense (see Fig. 4). This suggests a different structure between
NG flame (a), and NG flames (b) and (c). This analysis, however, uses line-of-sight measurements of
chemiluminescence. As such, it cannot provide insight into the structure of the reaction zone through
a cross-section of the flames. The differences between the flame structures in coflows with different O9
levels, along with the inability to derive further insight from the current observations, further support

the need for the investigation of this transition through numerical simulations.

4. Simulations of Laminar Flames with Hot Coflows
4.1. CHy/Hsy flames with hot and diluted coflows

Laminar flame simulations have been compared, in mixture-fraction-space, to experimentally mea-
sured profiles of temperature and species in turbulent flames, to better understand flame structure and
behaviour [19, 46]. Figure 5 shows a comparison of data extracted from laminarSMOKE simulations
against those from experimental measurements of turbulent flames studied by Dally et al. [19], with

conditions summarised in Table 2. The data from the simulations are taken at 30 mm downstream from
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overlaid with solid curves from laminarSMOKE. The vertical line indicates the stoichiometric mixture fraction.

the domain inlets and are representative of data in mixture-fraction-space at other downstream locations
following initial ignition. This suggests a stable, developed flame in each case at this axial location.
These data are in reasonably good agreement with each other, with the simulated data falling within the
experimental data set measured in the turbulent jet flames [19]. The discrepancies between the simulated
data and experimental measurements are not unexpected. Some potential reasons for this are: physical
effects such as different strain rates and turbulent fluctuations, or omission of effects such as heat loss
and turbulent mixing, although this is not an exhaustive list.

Figure 6 shows the OH, CH20O and HO- distributions in the simulated, laminar HM1 and HM3 flames
(see Table 2). The species concentrations in each case demonstrate the effect of the oxygen concentration
on the overall structure of the flame. The relative distributions of OH, CHy0, HO4 are similar in both
the HM1 and HM3 flames (Fig. 6). The build-up of CH30 has been shown to be important in CHy
combustion [41, 48], whilst HOj is a precursor in the combustion of Hy [92]. Both flames indicate a build-
up of HOy and CH3O precursors on the fuel-rich and -lean wings of the flames. The build-up of CH50
is much less significant in the HM1 case, with peak concentrations of CH;O on the lean-side of the flame
an order of magnitude less than in the HM3 flame. The concentrations of HO5, however, are of similar
magnitude for both flames, on both sides of the reaction zone. Conversely, the peak concentrations of
CH,O on the lean side of the flames are significantly less than those on the rich side. The lean CHO
peak suggests carbon transport across the reaction zone as a result of diffusive mixing, similar to the Oq
diffusion into the fuel stream which has been shown in previous work [26].

The presence of precursors on either side of the OH region suggests two separate locations of heat
release across the flame. This heat release is due to lean, exothermic reactions between OH, H and HOs,

specifically, in the HM1 (3% O2) case:
e H+ Oy + H,O = HO,; + Hy0,
e OH 4+ HO2 = Oy + H30,
e H + HO, = 20H,

e H+ Oy + Ny = HO3 + Ny,
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and, in the HM3 (9% Oa) case:
e OH + HO, = O, + H,0,
e H+ Oy + H,O = HO2 + H0,
e 20H (+M) = O + H,0 (+M) [backwards],
e OH + Hy02 = HO2 + H50.

These reactions are exothermic in the forwards direction, unless explicitly indicated otherwise. The
increase in available O5 in the HM3 case promotes the backwards reaction-rate of OH + HOy = O3 + H2O
and 20H (+M) = O + H,0 (+M), and decreases the influence of the (forward) third-body reaction
involving No: H + Oy + N3 = HOs + Ns. For both cases, heat release in the rich region of the flame
is dominated by the reaction: H + CHs (+M) = CH,4 (+M). The net reaction rate is forwards, and is
exothermic, in the HM1 case, but has an endothermic effect in the HM3 case. Additionally, OH x CH,O
is often regarded as a marker for heat release rate (and HCO) in non-premixed flames [26, 91, 93, 94].
Reactions which contribute most to the positive heat release rate near the stoichiometric mixture are, for
both flames, OH + Hy = H + Hy0 and H + OH (+M) = H20 (+M). Profiles of the relative contributions
of heat release in these flames, and their net reaction-rates, are included as §S1 in the Supplementary
Data, showing the dominant reactions responsible for heat release in rich, lean and near stoichiometric
regions of the steady-state flame. Note that these regions degenerate under these hot oxidant conditions
to produce a bimodal heat release zone at steady-state conditions. The presence of precursor wings either
side of the peak OH indicates that these flames exhibit tribrachial flame structures [51], which have been
associated with spontaneously-igniting flames [20, 21]. This is consistent with a previous simulation of
a similar configuration, which indicated that the “primary flame reaction zone” of a tribrachial CHy-air
flame coincides with the region of peak HO5 in stoichiometric and rich mixtures, although these regions
do not align in the lean wing of the flame, suggesting that the region of HO5 may be indicative of heat
release in these flames [95].

Tribrachial spontaneously-igniting flames have demonstrated different trends and appearance to edge
flames without triple points in coflows with reduced Og concentrations [20, 21]. This has led to the clas-
sification of edge flames without triple points in HODO coflows as lean flames with MILD combustion
[20, 21, 49], and without a “conspicuous transition” between ignition and propagation [49]. The de-
scription of non-premixed MILD reaction zones as having a single peak in heat release rate is consistent
with another description of non-premixed MILD combustion, as having no regions of net negative heat
release rate [32]. This combined classification of both HM1 and HM3 as conventional spontaneously-
igniting flames is in direct contrast to their classification as combustion in the MILD regime based on
low luminosity and temperature profiles [9, 19]. The former reaction zone structure description of MILD
combustion is, however, based on lifted flames which do not include Hy in the fuel stream (which may
result in flame attachment [96]), whereas the latter definition is based on a well-stirred reactor analysis

that cannot account for non-premixed flame structure [9)].

4.2. Structure of CHy flames with hot and diluted coflows

Results of simulations of the laminar CHy4 flames with 1300-K coflows, with and without equilibrium

concentrations of OH, are shown in Figs. 7-9. The plots in Fig. 7 show profiles for flames with coflows
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Fig. 6. Distributions of OH, CH20 and HO> in laminar CH4/H> flames (1:1 vol.) with coflowing oxidiser streams specified
in Table 2.

with 3, 6 and 9% Os, whereas distributions of species and temperature presented for coflows with 3
(Fig. 8) and 9% (Fig. 9) O2. The 6% O case is omitted as the results are qualitatively very similar to
the flame with the 9% O coflow. The detailed composition of each oxidant is given in Table 2. Figure 7
shows plots of species and temperatures profiles 30 mm from the jet exit plane. Left- and right-hand
columns in Figs. 8 and 9 present images of the whole domain, neglecting and including equilibrium OH
in the coflow description, respectively.

The plots in Fig. 7 and images in Figs. 8 and 9 show the effects of coflow Og level on CHy flames. The
species and temperature distributions in these figures demonstrate the different structures of flames in
1300-K coflows with 3 and 9% Os. The flame in the coflow with 3% O, appears lifted from inspection of the
left-hand column of images in Fig. 8. The lift-off of this flame is confirmed by the profiles in Fig. 7, which
show the absence of any OH or temperature increases 30 mm downstream of the domain inlets. In this
case, the flame does not reach a completely burning state at any point within the computational domain,
and as such the steady-state cannot be represented with data along any cross-section. Nevertheless,
Fig. 7 reveals the distribution of species during the initial stages of ignition, and is well situated to
provide insight into the relevance of different intermediate and radical species in the precursor pool. This

shows a significant build-up of the CH2O and HO precursor species 30 mm downstream, which precede
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the flame-base, consistent with previous studies [48, 97]. This is in contrast to the flame in the coflow
with 9% Oy which appears to have a lift-off of less than 1 mm (seen in Fig. 9).

The build-up of precursor species may be used to interpret the structure of the CHy reaction zones.
At steady-state, the dominant exothermic reactions (in the forwards direction) shared by both the CHy

flames with 1300-K coflows with 3 and 9% O, are:

.O‘FCH:')‘:‘H+CHQO7

H + CH; (+M) = CH, (+M),

OH+H2;‘H+H20,

OH + CO = H + COq,

OH + CH>O = HCO + H»O.

The relative importance of these reactions rates do not change at steady-state (that is, infinitely far
downstream) with the inclusion of equilibrium OH in the coflow, however with the increase from 3 to 9%

O5 in coflow:

e H+ Oy + HO = HO2 + Hs0,

e CH + H,O = H + CH:0,

e OH + HOy = Oy + Hy0
become more important, whilst,

e OH + CH, = CHj3 + H,O0,

e 2CH; (+M) = CqoHg (+M),

e O+ CHs; =H+ Hy + CO

become less influential. This is due to the increased availability of Oy and higher temperatures in the reac-
tion zone, and the subsequently decreased concentrations of CHg in the shift away from MILD combustion.
Additionally, at steady-state, three distinct regions of heat release (rich, lean, near-stoichiometric) are
identifiable with the 9% O, oxidant stream, whereas the peaks of these profiles collapse towards the stoi-
chiometric mixture fraction with oxidants with 3% Oaz. In the former (9% Os) case, heat release rates in
richer mixture fractions are dominated by the endothermic (reverse) reaction H + CHs (+M) = CHy (+M).
In contrast, the dominant heat release reaction is exothermic (forwards reaction of 2CHg (+M) = CoHg (+M))
for rich mixtures with an oxidant with 3% Os. In this 3% O, case, there is no indication of negative heat
release rate in the rich mixture, consistent previous descriptions of MILD reaction zones [18, 32]. Profiles
of these heat release rates in mixture-fraction-space, and their net reaction-rates, are included as figures
in §S1 of the Supplementary Data.

The structure of CH4 flames in the 1300-K coflow without minor species may be inferred from Fig. 7
and the left-hand column of images in Figs. 8 and 9. The left-hand column in Fig. 8 indicates only a
single peak in either CHyO or HO, distributions around the region of OH in the reaction zone of the

CH,4 flame in the coflow with 3% O,. This suggests that the flame with the 3% O, oxidant is an edge
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Fig. 7. The effects of including equilibrium OH in the coflow description. Plots show profiles of CHy flame temperature (in
Kelvin), OH, CH20 and HO> mass fractions against X (refer to Fig. 1) 30 mm downstream of the inlet plane, for 1300-K
oxidants with 3, 6 and 9% Oz (vol./vol.) (see Table 2).

flame, without a triple point, which has been previously used to define non-premixed MILD combustion
in laminar coflows [20, 21, 49].

In contrast to the flame in the 3% O coflow, both lean and rich peaks in the CH5O distribution are
seen for the flame with the 9% O oxidant stream (see Figs. 7 and 9). This suggests partial premixing
through diffusion of oxygen into the fuel stream (as identified previously [26]) and carbon into the oxygen
stream. This double CH20 peak suggests that this is a triple flame, which stabilises through conventional
spontaneous-ignition [20, 21].

The differences in structure between the simulated CH, flames in 1300-K coflows with 3 and 9% O
demonstrate a similar transition in flame structure to the experimental observations in §3.1. This is in
agreement with previous studies hypothesising different stabilisation mechanisms in a JHC burner config-
uration [23], suggesting this may be a transition from MILD reaction zones to conventional spontaneously-
igniting flames with tribrachial flames bases.

A dominant single peak is seen in the HOq distribution of Fig. 9, rather than dual peaks as seen in
the HM1-3 cases in Fig. 6. This suggests that the strong HO2 peaks are evidence of the fuel Hs reaction
pathway in the HM1-3 flames. A significantly smaller HOs peak on the rich side of the reaction zone
supports the classification of the CHy flame as a tribrachial flame.

The plots in Fig. 7 demonstrate the effects of including equilibrium concentrations of OH in the
simulated coflow. Peak values from these plots are summarised for comparison in Table 3. It is apparent
from Table 3 that the inclusion of equilibrium concentrations of OH has the most significant effect in the
case of the 3% Oy coflow. This is confirmed in Fig. 7 and comparisons between the left- and right-hand
columns in Figs. 8 and 9. These show that the CH4 flame in the coflow with 3% O, becomes much more
intense with addition of equilibrium OH, although the effect is negligible on flames in coflows with more
than 6% Os. Additionally, the inclusion of equilibrium OH in the oxidant description had a negligible
effect on CoHy flames in the same configuration and 1100-1500-K coflows (not shown for brevity). This
result shows that a detailed description of the oxidant is critical in simulations of CH4 flames in HODO
configurations. For this reason, all simulations presented hereafter include equilibrium concentrations of

OH.

14
99



T

T

T

T

T

T

70
60
50
E 40
E
S 30
20
10
0

70

60
50
E 40
> 30
20
10

0

70

60

50

E 40
E

S 30

20

10

0

70
60
50

E 40

£

> 30
20
10

0
-20 10 0 10 20 -20 -10 0 10 20
(mm) X (mm)

no OH incl. OH

Fig. 8. Temperature and species mass fraction distributions in CHy4 flames stabilised in 1300-K coflows with 3% Oz
(vol./vol.), neglecting (left) and including (right) equilibrium OH in the coflow description.

The inclusion of minor species has little effect on the intensity, lift-off, or structure of CH, flames in
coflows with more than 6% O,. The inclusion of equilibrium OH causes the CH, flame in the 3% O
coflow to ignite much closer to the domain inlet (refer to Fig. 8). This ignition is gradual and does not
suddenly initiate at a distinct location, consistent with previous phenomenological descriptions of MILD
combustion [22, 23, 27, 28, 30, 31, 91]. This is a result of increased precursor formation due to the added
OH, resulting in large peaks of CHyO and HO,. Unlike the 6% and 9% O, cases, these precursors are
confined to single peaks in the CH4 flame in the coflow with 3% Os. These single peaks, and unchanged
profiles of heat release rate (see §4.2) indicate that this is still a MILD reaction zone despite the inclusion

of equilibrium OH, promoting oxidation of the methyl radical, and resulting in OH production initiating
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Table 3. Effects of equilibrium OH concentrations on a planar, laminar CHy4 jet with a 1300-K coflow, 30 mm downstream
from the inlet.

% Oo Without minor species in coflow With equilibrium OH
(mol/mol) | Yen,0lpeak  Yom|peak  Tpeak(K) | Yom,0lpeak  YoH|peak  Tpeak(K)
3 1.0x107%  1.5x107° 1300 1.1x107%  2.7x107* 1425
6 9.0x107° 9.4x107* 1691 8.5%x107° 9.5x107* 1693
9 9.8x107°  1.9x1073 1878 9.0x107°  1.8x1073 1878

much closer to the domain inlet plane. The same effects were seen with super-equilibrium concentrations
of OH of 80, and 800 ppm (10 and 100x equilibrium levels), although the latter resulted in an attached
flame. Accounting for equilibrium OH in the oxidant does not change the qualitative structure of the
CH, flame in the coflow with 3% O, and is still consistent with the previous classification as a MILD
flame [20, 21].

Figure 9 indicates the tribrachial structures of CHy flames in coflows with 6 and 9% O, at 1300 K.
These flames feature precursor wings on either side of the reaction zones. Investigation of the CHO
and HOs production rates and diffusion fluxes in the 9% Os case indicates that these precursor wings
are the result of downstream transport from the precursor pool near the domain inlet. These results are
presented as images in §S2 of the Supplementary Data, showing broad regions of CH,O diffusion, but
only single peaks of CH2O formation, across the reaction zone.

The precursor wings in the tribrachial CH, flames indicate a build-up of precursors in the initial
precursor pool. The transport of species from this pool across the reaction zone indicates that not all
the precursor species are consumed below the flame base. This is consistent with the previous analysis
of reaction zone weakening resulting in Oy transport under high strain rates in opposed-flow flames [26].
In contrast to the dominant transport of Os in the fuel stream, these coflow conditions lead to a partial
premixing effect by transporting oxygen into the fuel stream, and carbon and hydrogen into the oxidant
stream as radicals. This is consistent with the transport of fuel and coflow species in the preheating
zone of non-premixed spontaneously-igniting flames, which becomes more important with slow chemical
time-scales [95], such as those previously identified in MILD combustion [98].

The peak concentration of the precursor species in the 3% O case exceeds those for higher O3 levels
at the 30 mm downstream location in Fig. 7. Despite their differences, the similar magnitudes are
consistent with measurements of CH,/Hy flames [57] and previous simulations of opposed CHy flames
[26]. By including equilibrium OH, similar to concentrations expected experimentally, in the 3% Os case,
the peak concentration of OH in Fig. 7 increases by over a factor of 100, and results in HCO concentrations
comparable to the 6 and 9% O cases (not shown for brevity).

In the 3% O case, the equilibrium concentrations of OH react directly with CHy to form CHj in lean
mixtures. The OH continues to react with CHs to directly form CHs(S), HoO, CH50 and atomic H.
Additional CH20 and CO is produced via CH3(S). Atomic H reacts with Oz and HoO to form additional
OH and HO,. The formation of HOg is further enhanced via OH recombination (through the pathway:
OH — Hy05 — HO3). These processes increases HO5 in the reaction zone by nearly an order of magnitude
(recall Fig. 7). Supporting results of this description from rate of production and sensitivity analyses are
included in §S3 of the Supplementary Data.

In rich mixtures HO4 reacts directly with CH3 to form CH3O which is the main precursor to CH,O
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Fig. 9. Temperature and species mass fraction distributions in CHy4 flames stabilised in 1300-K coflows with 9% Oz
(vol./vol.), neglecting (left) and including (right) equilibrium OH in the coflow description.

in the flame. This reaction pathway promotes short ignition delays and increased consumption of Oq
prior to thermal runaway [99], decreasing CHjs recombination to CoHg [61]. This is consistent with the
dominant CHg3 consumption path identified in a previous study of a tribrachial CHy flame [95], and a
study of CHy/air mixtures in a 900-K simulated homogeneous reactor. These studies suggested the same
effect when lean and stoichiometric mixtures were doped with either HoOo or CH5O at concentrations
between 0.1% and 3.0% [75]. The concentrations of HoO2 and CH5O in the latter study [75] far exceed
their equilibrium values, with equilibrium mole fractions of HyO5 on the order of 107 and CH,O on
the order of 10722, Their results indicated, however, the impact of these species on the ignition delay

of a homogeneous mixture of hot CHy/air is qualitatively similar to the results seen in this study when
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accounting for equilibrium OH in the simulation of CH4 with a 1300-K coflow with 3% Oy [75]. The
effect of OH inclusion is less prevalent in the 6 and 9% O cases or at higher temperatures, in which the
CHjs radical is more readily oxidised by the increased concentration of oxygen, and is less susceptible to
recombination [61, 100]. These results highlight the critical importance of the inclusion of OH in ignition

analyses and modelling of MILD CH,4 combustion.

4.3. The effects of oxidant composition on CyHy flames

The reaction zone structure of CoHy flames in 1300-K coflows with 3 and 9% O, is significantly
different to CHy flames. Figures 10 and 11 show temperature and species distributions in two-dimensions
and at a height of 30 mm respectively. Noticeably, lean peaks of CH5O are not as prominent in the CHy
flames (refer to Fig. 7), but in contrast, feature two similar-sized peaks of HO5 on the rich and lean wings
of the reaction zone. These profiles are similar in shape for reaction zones with coflows with both 3 and
9% Os, in contrast to the differences seen experimentally (see Fig. 3), suggesting that these flames may
be significantly dependent on the underlying flow- and mixing-fields. This is consistent with an analysis
of ethanol flames in the transition between MILD combustion and conventional spontaneous-ignition [18],
and supports defining the boundaries of non-premixed MILD combustion in terms of both oxidant and
flow-field characteristics.

The double peaks of HO5 suggest tribrachial structures in the CoHy flames. This is indicative of free
H from the rich side of the flame, from the decomposition of CoH4 to CoHz and CoHs, and eventually to
CH50 and HCCO. The exothermic reactions which dominate this positive heat release in the rich regions
of the flame are associated with this decomposition of CoHy in the flame with 9% Os in the oxidant,
whilst heat release from the forwards reaction H + CHz (+M) = CHy (+M) is significantly promoted
in the 3% Oz case — dominating heat release rates in the rich side of the reaction zone. The (forwards)
reaction H + Oy + HoO = HO3 4+ H>O is responsible for heat release on the lean side of the reaction
zone in both cases, however the forwards reaction OH + HO5 = Oy + H5O is promoted in the 9% O,
case. Profiles of heat release rate for these flames, and relevant net reaction-rates, are included as figures
in §S1 of the Supplementary Data.

Distributions of HO2 and CH5O precursors in CoHy flames are shown in Fig. 10. These images do not
appear to indicate any significant build-up of CH50 on the lean side of the reaction zone. This suggests
that oxygen is transported into the fuel stream, as previously identified [26], but carbon is not transported
into the oxidant stream, as seen with the CH4 flames. The absence of the CH5O intermediary species in
the lean wing of these flames suggests that, unlike the CH4 flames, diffusion across the reaction zone is
unilateral.

The absence of dual CH20O peaks serves to explain why triple flame structures could not be seen in
experimental measurements at the base of turbulent CoHy flames in 1100-K coflows [22], despite being
observable in CHy flames in a similar configuration [48]. At the time, this was explained as the possible
compression of the triple flame structure due to turbulence, such that the lean CH;O wing became
undetectable [22]. The current results, however, suggest that HO2 is the more important precursor in
CoHy ignition in hot and diluted coflows.

The HO, species has been shown to be an important precursor in CoHy combustion in hot air [92] and,

from the current study, in diluted oxidants. This increased concentration of HO5 is due to H abstraction
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in the initial stages of CoHy ignition (with CoHy — CsHz — CoHs [90, 101]). This produces HOq
through the reactions between H or Hs released from the fuel and Oy from the oxidant stream, whilst
the endothermic process of H abstraction from CyHg is responsible of significant negative heat release
on the rich side of the reaction zone. Although the different pathways in CoHy ignition have previously
been assessed in hot and diluted coflows [90], the current work shows the relative importance of HO5 and

CH2O in the stabilisation of CoHy flames through H/Hy and CyHs reaction pathways, respectively.
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Fig. 10. Temperature and species mass fraction distributions in CoHy flames stabilised in 1300-K coflows with 3 (left) and

9% (right) O2 (vol./vol.). Both cases include equilibrium OH in the coflow description.

4.4. The effects of relative oxzidant C/H concentration on CHy flames
The oxidants in Figs. 7-9 include 10% H2O and 3% COs by volume. Swapping these concentrations,
to 3% Ho0 and 10% COs, has a significant effect on the temperature profile of the flame in the 3% O4
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Fig. 11. The effects of coflow temperature on CoHy flames. Plots show profiles of flame temperature (in Kelvin), OH,
CH20 and HO2 mass fractions against X (refer to Fig. 1) 30 mm downstream of the inlet plane, for 1300-K oxidants with
3 and 9% Oz (vol./vol.) (see Table 2).

case, but results in a negligible difference in the 9% Os case (shown in Fig. 12). This change in HoO to
COg ratio results in a 6% increase in mean molecular weight of the oxidant, but a negligible change in
heat capacity. This change will therefore only exhibit a minimal physical effect (due to changes in heat
capacity and momentum) on the flames. This change also affects the species profiles in the 3% O case
more than the 9% O case (included as figures in §S4 of the Supplementary Data).

Increasing the relative concentration of COs in the oxidant causes a significant decrease in peak
temperature of the MILD reaction zone in the coflow with 3% Os. The causes of this effect have been
studied in previous investigations into MILD combustion in homogeneous [76, 102, 103] and non-premixed
[73] configurations. These studies found that increased concentrations of COg in MILD combustion lead to
reduced reactivity [73, 103] by enhancing the CH3 recombination pathway, particularly at temperatures
above 1250 K [103]. Additionally, COs competes with O and CH4 for H consumption through the
reaction COy + H = CO + OH [76, 104], reducing reaction-rates, although this was studied in CH4/O4
systems which are “highly diluted in CO3” [76] with more than 75% COg [104]. In the current study,
however, the major diluent in all cases is No, which would reduce the relative influence of this reaction.
This is consistent with the conclusion drawn from analyses of CHy/Hy flames in coflows with 3% O,
where this chemical effect was demonstrated to be more significant than the physical effect of increasing
COg concentrations [73].

The CH, flame with the coflow with 9% O- is not as significantly affected by the change in HoO to
CO; ratio as the 3% Oq case (see Fig. 12). Under these conditions, there is a slight decrease in flame
temperature on the lean side of the reaction zone accompanied by a decrease in OH concentration. The
change in HyO to CO4 ratio does not have a significant impact on the rich side of the reaction zone (refer
to Fig. 12 as well as the figures in §S4 of the Supplementary Data). This indicates that the rich chemistry
is not greatly affected by the change in oxidant C/H ratio, suggesting that the COy transported into the
fuel stream is not present in sufficient quantities to effect H abstraction from CH4 or CH3 recombination.
Further to this, the recombination of CHj is less influential on the combustion process in the (tribrachial)
9% O4 case than the (MILD) 3% Os case, as discussed in §4.2 and in previous studies [61].

The combined results highlight the sensitivity of the MILD combustion of CHy to oxidant compo-
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Fig. 12. The effects of changing HoO and COz concentrations in the coflow from 10 and 3% to 3 and 10% (vol./vol.),
respectively. Plots show profiles of CH4 flame temperature (in Kelvin) against X (refer to Fig. 1) 30 mm downstream of
the inlet plane, for 1300-K oxidants with 3 and 9% Og2 (vol./vol.) (see Table 2).

sitions, in stark contrast to the tribrachial spontaneously-igniting flames. These results reinforce the
previous conclusion from S4.2 that oxidant compositions must be accurately described in attempts to

understand the structure of non-premixed, MILD CH, reaction zones, and in their subsequent modelling.

4.5. Effects of oxidant temperature on CHy and CyHy flames

Simulations of CH, flames in §4.2 show that the composition of 1300-K oxidants have a significant
effect on reaction zone structure in the MILD combustion regime. Figure 13 shows differences between
CH,4 flames with different oxidants at 1300 and 1500 K with either 3, 6 or 9% O,. No ignition occurred
with 1100-K oxidants for any diluted O level.

The profiles of CH20 in Fig. 13 show that only the CH4 flame with the 1300-K oxidant with 3%
Oy has a non-tribrachial, MILD reaction zone structure. CH,4 flames with this oxidant composition
transition from MILD to tribrachial structures as oxidant temperature increases from 1300 to 1500 K.
This is consistent with the experimental observations of flames in coflows below 1500 K, shown in Fig. 2.
Such a change in structure was not seen in CoHy flames, where the HODO coflow temperature did not
change the location(s) of peaks in species profiles (see Fig. 11). This indicates that the presence of MILD
reaction zones in CHy combustion is confined to a very limited range of oxidant temperatures and Oq
levels, as has been previously been noted for the MILD combustion regime [20, 21, 56].

Simulations of non-premixed CH, flames with HODO coflows demonstrate two distinct reaction zone
structures. Despite this, each CHy flame exhibits temperature increases below its stoichiometric self-
ignition temperature [9, 105]. This supports the conclusions of de Joannon et al. [27, 32, 106], Ye et
al. [18], Evans et al. [30] and Medwell et al. [105] that an appropriate definition of MILD combustion
in non-premixed HODO configurations cannot be based on temperature alone, but should incorporate
both thermal and chemical structure elements of MILD combustion. Although this is directly relevant
to the analysis of non-premixed, lab-scale flames [19, 22, 23, 26, 42, 57], it is not the focus of this work

to consolidate the regime descriptions proposed in these studies.

5. Conclusions

Analysis of experimental photographs and simulations have investigated differences between MILD
reaction zones and conventional spontaneously-igniting flames in hot and diluted (HODO) coflows, with

the following conclusions:
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Fig. 13. The effects of coflow temperature on CH4 flames. Plots show profiles of flame temperature (in Kelvin), OH,
CH20 and HO2 mass fractions against X (refer to Fig. 1) 30 mm downstream of the inlet plane, for 1300-K oxidants with
3 and 9% Oz (vol./vol.) (see Table 2).

e Only one of the simulated CH, flames investigated (1300-K oxidant with 3% Os) meets the cri-
teria for MILD combustion as an edge flame without a triple point [18, 21, 32|, consistent with

experimental observations.

e Classifications of simulated CoHy flames as MILD or tribrachial are inconsistent with experimental

observations.

e Changing in relative C/H concentrations in HODO coflows affects the intensity of MILD reaction

zones more than conventional spontaneously-igniting flames.

e Equilibrium levels of OH (<10 ppm) significantly increase the reactivity of MILD, CHy reaction
zones — resulting in the attachment of the reaction zone and increasing peak temperatures — but

not tribrachial CHy or CoHy flames or steady-state, opposed-flow flames.

e The HO; radical is a more appropriate indicator of a tribrachial structure for non-premixed CoHy

flames in HODO coflows than CH5O.

The conclusions highlight the importance of the oxidant description in numerical simulations of MILD
CH4 combustion. They imply that the transition between the MILD and conventional spontaneously-
ignitive combustion regimes is dominated by temperature and oxidant O, levels, despite the remainder

of the coflow composition having a significant impact on the intensity of MILD reaction zones.
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In the continual effort to reduce emissions and improve efficiency, moderate or intense low-oxygen dilution
combustion has been suggested for aeroengine applications. This new application of moderate or intense low-oxygen
dilution combustion requires further insight in applying the knowledge from conventional analyses of well-mixed
systems to non-premixed flames. The ignition of ethylene, a key species in hydrocarbon oxidation, is simulated in
simplified combustion systems with three different hot oxidants using detailed chemical kinetics. Zero-dimensional
batch reactors, one-dimensional opposed-flow flame simulations, and planar two-dimensional laminar coflowing slot
flame simulations are used to compare different ignition metrics across the autoignitive and moderate or intense low-
oxygen dilution combustion regimes. It is found that the autoignition of ethylene with hot air may be described in two
dimensions as the intersection of a critical hydroxyl fraction and the most reactive mixture fraction. Although this
provides a reasonable prediction of the flame base for ignition with hot air, this becomes less reliable in the approach to
the moderate or intense low-oxygen dilution combustion regime. For the cases in, and in the transition to, the
moderate or intense low-oxygen dilution combustion regime, a good agreement is seen between a 10 K rise above the

oxidant temperature and the onset of strong chemiluminescence seen experimentally.

Nomenclature
U, = mean jet exit velocity
AT = temperature increase
hion = flame base lift-off height
0-D = zero-dimensional batch reactor
1-D = one-dimensional opposed-flow flame
2-D = two-dimensional laminar flame
T = temperature
Y = mass fraction
Z = fuel mixture fraction
¢ = equivalence ratio
Tign = autoignition delay
Subscripts
coflow = relative to the coflow
max = maximum value (in time)
st = stoichiometric condition

I. Introduction

HE focus toward high-fuel-efficiency low-emissions systems
for modern aeroengines presents numerous design and scientific
challenges for researchers in the implementation and understanding
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of combustion. One proposed method to achieve these targets is
through the implementation of two-stage combustion systems incor-
porating moderate or intense low-oxygen dilution (MILD) combus-
tion [1]. The MILD combustion, or flameless oxidation [2], regime
has been described as combustion occurring in distributed reaction
zones of hot and diluted mixtures. Under these MILD conditions,
combustion does not occur in intense flame fronts but rather in
reaction zones with significantly reduced temperatures [1], thermal
gradients [2-4], and resistance to high strain rates without extinction
[5-7]. The subsequent advantages of MILD combustion therefore
include increased thermal efficiency, more complete combustion,
reduced carbon monoxide (CO) and nitrogen oxides (NO,)
emissions, negligible direct combustion noise, and soot and pollutant
elimination [1].

Moderate or intense low-oxygen dilution combustion bears several
similarities with autoignitive flames, which occur in higher-oxygen
environments than MILD combustion [8] and are encountered in gas
turbine combustors and diesel engines. Both combustion regimes
require elevated temperatures, exceeding some autoignition
temperature, for flame ignition and stabilization, and have both
been studied experimentally in jet-in-hot-coflow (JHC), or vitiated
coflow, burners [4,9-22]. The stabilization of turbulent, autoignitive
jet flames in hot-air coflows has additionally been studied through
direct numerical simulations (DNS) [23-26]. Autoignitive flames are
reported to be sensitive to small variations in ambient conditions [27],
and therefore may not provide the same efficiency and reduced
pollutant benefits as MILD combustion.

The reduced oxygen content in the hot coflows required for MILD
combustion results in reduced chemical reaction rates compared to
conventional flames [28,29]. This effect complicates the turbulence—
chemistry interactions within the flame, and their coupling presents
significant challenges for numerical predictions of flame behavior. In
such conditions, chemical reaction rates cannot be assumed to be
infinitely fast but occur over similar timescales to the turbulence
flowfield, such that the Damkohler number (Da) is of order unity
[30]. These comparable timescales cannot be accounted for by simple
combustion models, and they require computationally expensive
finite-rate chemistry modeling [28]. Detailed finite-rate chemistry in
zero- and one-dimensional simulations are therefore used to provide
insight into the differences and boundaries of the MILD combustion
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regime. Correlations between these types of simulations and the
ignition behavior of jet flames in the transition between the MILD
and autoignitive combustion regimes will assist in classifying and
evaluating ignition characteristics under different ambient, or operat-
ing, conditions.

Current distinctions between autoignitive and MILD flames have
been based on the visual appearance of jet flames [4,18], the rate of
the ignition process in an ideal premixed flame [7], or the temperature
increase in an ideal well-stirred reactor [1]. These definitions have
been used to distinguish the two different regimes based on different
ignition process and flame properties in different configurations.
These different flames display distinct visual characteristics in JHC
configurations, with faint MILD flames appearing to initiate and
stabilize close to, or at, the fuel jet exit plane — upstream of stronger
chemiluminescence [18]. This is in contrast to conventional
autoignitive flames, which are stabilized by the rapid ignition of
isolated reacting kernels and their combination to form a flame sheet
[15]. Identifying the onset ignition in models of both of these different
combustion regimes with a robust metric therefore presents a chal-
lenge for comparison with experimental observations and numerical
investigations. The ignition of reactive mixtures occurs at some most
reactive mixture, which is the most reactive combination of the
temperature and fuel-to-oxidant ratio [15]. This has been shown to be
the mode of ignition for the turbulent DNS comparison case [24] and
for MILD combustion of 1:1 methane (CH,) and hydrogen (H,) jets
[26]. The basis for this paper is the study of autoignitive flames,
where the initial temperature exceeds the autoignition temperature of
the mixture, and this work will be applicable to applications where
this is the case. The identification of the stabilization location and
ignition delay (z;,y) for both of these types of flames is critical for the
understanding of the behavior of flames in hot, vitiated environments.

The onset of autoignition has previously been defined in batch
reactors by thermal runaway, which may be indicated by the maxi-
mum rate of temperature increase (7’| ;) [20,31] in the reactor. Peak
concentrations of the hydroxyl (OH) radical and the maximum rate
of OH production (¥oy|max) have additionally been used in batch
reactor simulations to complement the measure of T|,,,.,. These two
measures both indicate highly reactive points in time during ignition,
and hence are expected to give similar results for autoignition delay.
These two measures are not universal for all flame conditions, and
thus discrepancies may occur, such as in the event of two-stage
ignition. In non-premixed flames, threshold levels of the OH radical
in experiments [10,32] and DNS [24] have been used to identify
autoignition, whereas small increases in temperature (A7) have
previously shown correlations between CH* in a jet-stirred reactor
[33-36]. The validity and appropriateness of these common criteria
used to define ignition delay, however, are yet to be assessed across
different flames across the MILD and autoignitive regimes. This
study will compare these different criteria in an idealized batch
reactor; a one-dimensional laminar, simulated opposed-flow flame; a
two-dimensional laminar, non-premixed coflowing flame; and
between the three different configurations. The purpose of the
simulations chosen is to gradually increase the complexity of the flow
physics (from isolated batch to coflowing streams), and this mixing
process is captured (with minimal strain rate) in the two-dimensional
(2-D) simulation. Finally, these criteria are compared against
estimates of ignition delay in experimental observations [18] and
DNS [24] to find a suitable measure for estimating autoignition in
simplified kinetic simulations for comparison to real flames.

II. Methods and Models

A. Case Descriptions

The fuel of interest in this work is ethylene (C,H,). Ethylene has
been the subject of investigations in a variety of different heated
coflows from 3 to 21% oxygen (O,) [18,24] and is recognized as a
key species in the oxidation of larger hydrocarbon fuels. The three
cases investigated are chosen for qualitative comparison with previ-
ously published experimental [18] and turbulent DNS [24] studies of
ethylene-fueled flames. The DNS study used a 22-species skeletal
mechanism with mixture-averaged transport properties based on the
kinetic theory of individual gases [24,37]. Both of the previous
studies featured ethylene-based jets at Re = 10,000 issuing into hot,
laminar coflows with bulk flow velocities approximately 10% of the
mean jet exit velocity. The chemical compositions and temperatures
of the three cases under investigation are provided in Table 1, and they
are expected to encompass jet flames from the MILD combustion
regime (3% O, coflow) to autoigniting, lifted flames (21% O,
coflow). The intermediate case (9% O, coflow) represents an auto-
igniting jet flame near the suspected boundary of the MILD combus-
tion regime, which has been experimentally observed to contain
features of both MILD and autoigniting jet flames [4,18].

The combustion of ethylene is modeled using two forms of the
C1-C3 submechanism—for fuels containing 1 to 3 carbon atoms
(C)—from the July 2014 version of the detailed mechanism devel-
oped at Politecnico di Milano (POLIMI) for hydrocarbon combustion
[38]. In this study, the full 106-species submechanism is used for the
zero- and one-dimensional calculations. A second 31-species skeletal
mechanism is for used the two-dimensional non-premixed simula-
tions to reduce the required computational time. This significantly
reduced mechanism is generated using a combined chemical reduction
approach, based on a reacting flux analysis [39]. The OpenSMOKE++
suite [40,41] and the laminarSMOKE reacting flow solver based on the
OpenFOAM framework [42,43] are used to simulate the complex
chemical kinetics of ignition across a wide range of operating
conditions. The OpenSMOKE-++ suite is a collection of zero- and one-
dimensional reacting flow solvers that may be used to efficiently model
a range of laboratory combustors, such as batch well-stirred reactors
and laminar opposed-flow flames [40,41].

B. Premixed Analysis

This study uses a series of batch reactors for each flow case of
different fuels and oxidants, referred to in the following sections as
the zero-dimensional (0-D) analyses. The idealized zero-dimensional
batch reactor represents a constant-volume combustion chamber with
a homogeneous mixture of fuel and oxidant at given initial
conditions. The following analysis of the flame base as isolated batch
reactors may be considered as a simplified analogy to fluid kernels
formed through turbulent mixing between the coflowing fuel and hot-
air streams, neglecting heat transfer and diffusion between the sur-
rounding fluids.

For each different fuel and oxidant case, a series of batch reactors is
prescribed with unique mass fractions of fuel (Z). The mixture frac-
tions are then expressed in terms of the stoichiometric mixture
fraction (Z) for the particular fuel and oxidizer combinations. In this
manner, the initial batch reactor temperature may be described as a
function of the equivalence ratio (¢), which is equal to one at stoichio-
metric conditions. The relationship between (Z) and (¢) in a given
reactor is given in Eq. (1), such that

Table1l Fuel and oxidant stream compositions (as percent volume per volume) and temperatures (in
Kelvin) used for batch reactor, opposed-flow, and two-dimensional simulations of C,H4 combustion for
comparison against previous experiments [18] and DNS [24]

Fuel stream

Oxidant stream

Case description Ty, K CoHy Ny Tepions K Oy

N, CO, H,0 Stoichiometric mixture fraction

3% O, [18] 300 100 0 1300
9% O, [18] 300 100 0 1300
21% O, [24] 550 18 82 1550

84 3 10 0.010
78 3 10 0.030
79 0 0 0.274
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The individual values of ¢ describe unique batch reactor initial
conditions for a given case and Z. For each reactor, the ratio of the fuel
and oxidizer species are directly specified by ¢. The values of ¢ in
these individual batch reactors range from 0.05 to 2 in increments of
0.05. Subsequently, the initial reactor temperature is defined as the
mixed temperature of the two streams in the same ratio. As a result,
the high temperature of the oxidant streams implies higher temper-
atures for leaner reactors, with values of ¢ closer to zero. The higher
temperatures in lean reactors promote increased reaction rates and, as
such, they may react faster than stoichiometric mixtures at some
“most reactive”” mixture fraction.

C. Non-Premixed Analyses

Simulated opposed-flow flames facilitate the analysis of the fuel
and oxidant streams in non-premixed conditions, and they will be
referred to as the one-dimensional (1-D) analyses. This approach
has successfully been used to compare experimentally measured
turbulent flame compositions to simulated opposed flames at low-
to-moderate strain rates [9,14]. The opposed-flow flame model
simulates the centerline of an axisymmetric non-premixed flame
supplied by laminar counterflowing jets of fuel and oxidant, with
strain rates of 55-60 s~! at the stagnation plane [44]. These rela-
tively low strain rates are similar to those previously found to show
best agreement with previously studied turbulent flames in a JHC
burner [4,13]. It has previously been shown that the flame structure is
insensitive to strain rate in this range [20], whereas high strain rates
have been shown to significantly increase ignition delay [15].
Additionally, this low strain rate reduces the physical differences
between opposed-flow flames and both the batch reactor and the
coflowing, laminar simulation analysis, which was designed for
minimal strain rates between the two streams. Species diffusion
transport is based on the molecular theory of gases, and it includes the
Soret effect. These cases are initialized with a steady-state non-
reacting mixture, which is then used as the initial profile for transient
ignition. The initial field is assumed to be unreacted, as this is
consistent with the lifted flame behavior of these flames, such that fuel
and oxidizer are mixed before the initiation of combustion, via auto-
ignition. In contrast to the series of premixed batch reactor simulations,
this model adds complexity through species mixing effects from strain
and diffusivity, which affect species residence times and local con-
centrations. To compare the results of the opposed-flow flame to the
batch reactors, each of which has an individual value of Z, the mixture
fraction at every point in the spatial and temporal domain is evaluated
through Bilger’s formula [45]. This formulation of a local Z allows for
the analysis of non-premixed flames in terms of a local mixture
fraction, and hence a local ¢ that can account for diffusive mass
transfer.

The two-dimensional simulations were performed using the
laminarSMOKE code [42,43], referred to as the 2-D analyses. The
laminarSMOKE code is a computational fluid dynamics (CFD)
solver, based on the OpenFOAM platform, for multidimensional
laminar reacting flows specifically conceived for detailed kinetic
mechanisms incorporating the OpenSMOKE++ libraries [42,43].
The computational domain for the 2-D simulation used to assess the
validity of the zero- and one-dimensional analyses is shown in Fig. 1.
The domain extends 5 mm downstream (in the Y direction) and is
4 mm wide, with two 2 mm inlets where fluid enters the domain with
uniform velocities of 10 ms™'. This results in very small, bulk
velocity components in the transverse direction, minimizing any
velocity-induced strain between the two streams. The domain is
meshed with 16,000 elements, with a uniform streamwise element
length of 25 ym and a mean transverse element length of 50 um.
Simulations were run until steady state with transient time steps on
the order of 0.1 us. Such small time steps were necessary due to the
numerically stiff chemical kinetics required for the problem, with a
maximum Courant number of 0.05 enforced for each simulation time
step. These flames add yet another spatial dimension to the flame
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Fig. 1 Planar computational domain for the two-dimensional
laminarSMOKE simulations used in this study.

analysis, simulating real laminar flames and providing further insight
into practical flames without the effects of turbulence.

D. Description of Ignition Criteria

Autoignition has previously been assessed via several different
criteria in different studies of turbulent jet flames, although these have
not been directly compared for different cases. The measures of
ignition compared in this work are 1) a set increase in local temper-
ature above the local initial conditions (AT); 2) a temperature
increase of 10 K (AT .yp0w = 10 K) above the initial oxidant stream
temperature (T o1y ) [36]; 3) the maximum rate of change in temper-
ature (T'|;n,x) [20,31]; 4) the maximum rate of hydroxyl production
(Youlmax); and 5) a critical value of OH mass fraction (Yop),
previously taken as 2 x 107 [10].

The time-derivative-based metrics of the maximum rate of change
in temperature and OH production are only evaluated in the closed O-
D systems, which assume no transport of species through diffusion or
convection. Local AT increases are not used in the two-dimensional
non-premixed analyses, as these metrics cannot easily be identified in
a physical flame. The scalar thresholds are set in each 0-D series and
assessed in the context of an opposed-flow flame and non-premixed
coflowing flames. In the batch reactor series, 7;g, is estimated by
evaluating the time derivatives of temperature and Y oy, with ignition
defined as the point in time when these derivatives reach their
maximum value during the simulation. The threshold values of Yy
and AT are then selected such that they provide the best agreement
with the corresponding time-derivative-based ignition indicators.
Comparisons between the zero- and one-dimensional ignition results
facilitate the identification and description of an ignition point at the
stabilized flame base of the 2-D simulation. Autoignition delay is
additionally compared with the reported liftoff height (/i o) of the
previous experimental and turbulent DNS studies by approximating
Tign 8 h oy normalized by the mean jet exit velocity (Uy), such that

Tign = hLOH/UO )

The comparisons to the turbulent DNS and experimental observa-
tions through Eq. (2) are only a first-order approximation to the
ignition delay time in the absence of flowfield velocity measure-
ments. The liftoff heights in the turbulent DNS study range from four
to seven slot widths, whereas liftoff in the experimental flames is less
than two jet diameters. In all cases, the turbulent flames are stabilized
before the end of the jet potential core. In all cases, the liftoff height is
within or close to the potential core and, over this range, the velocity
decay is sufficiently small to be neglected for the purposes of
this study.

III. Results and Discussion
A. Analysis of a Diluted Ethylene Flame in a Hot-Air Coflow

The ignition of diluted ethylene in hot air has been previously
studied through DNS to investigate the structure of typical auto-
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ignitive, hydrocarbon flames [24,25]. This simulation investigated
the autoignition of a turbulent ethylene slot flame, diluted with 82%
nitrogen (N,) by volume, at 550 K in a 1550 K air coflow. This study
found isolated kernels of autoignitive mixture occurring in the
mixing layer and combining downstream to form a continuous
turbulent flame front. Based on these stream conditions, the initial
temperature profile of the diluted ethylene and hot-air streams for the
individual 0-D reactors is shown in Fig. 2. This figure shows the
increased temperature of the lean mixtures in the reactor, with
increased fractions of hot oxidant in the reactors of reduced ¢.

The ignition delays of diluted ethylene in hot air for different ¢ in
0-D reactors, and subsequently different reactant temperatures, are
shown in Fig. 3. This figure shows the ignition delay 7;,, assessed
through four different metrics of T, and Y op|max, With Yoy and
AT subsequently chosen for best agreement. The most reactive
mixture is identified using the time-derivative metrics as ¢ ~ 0.25,
which results in the minimum value of 7j,,. The features of these
curves were subsequently matched using scalar thresholds of Yoy =
2x 1073 and AT = 200 K to give Tign Of 0.030-0.032 ms. Compar-
ison to the original turbulent DNS results indicate the validity of these
values, with a 200 K increase in mean temperature at the liftoff height
corresponding to ignition kernels with ¥y between 1.5 x 1073 and
2.5 x 1073 [24]. The previous turbulent DNS gives an estimated
range of 0.039 < 7, < 0.069 ms [24], which is slightly in excess of
the minimum predicted g, in this study. The underestimation of ;,
by this simplified analysis may be explained by diffusive mass
transfer in the jet mixing field, the finite mixing time between the
streams, heat transfer, and non-zero strain rates that are all inherent in

Temperature, T(K)

Equivalence Ratio, ¢

Curve times (ms)
=0 =0020 =0.03 =007 =0.120 0.180

= = steady state

Fig. 4 Transient temperature profiles of a 1-D flame with diluted
ethylene and hot air.

the original DNS. The data in Fig. 3 show excellent agreement
between the two derivative-based metrics for ¢ at ignition and near
stoichiometry. The agreement between the four metrics does not hold
for very lean or rich mixtures, away from ¢ = 1. In these regions, at
least one of the scalar metrics of Yoy and AT fail to predict ignition,
as they do not achieve the set threshold values. This is an indication
that the simple scalar metrics may not be able to identify ignition in
very lean or very rich mixtures where there is some increase in
temperature and OH production.

Figure 4 shows the transient temperature profile of the ignition of
1-D opposing, laminar 550 K diluted fuel and 1550 K coflow air
streams. Ignition is defined using the criteria that Yo = 2 x 1073,
which shows excellent agreement with the time-derivative-based
markers of thermal runaway in the 0-D analysis. The 1-D simulation
has a strain rate of approximately 55 s~!; however, similar results
(not shown for brevity) are found for a strain rate increased by a factor
of five. The ignition delay of 0.038 ms indicated in Fig. 4 is slightly
longer than that predicted by the 0-D simulation but very close to the
minimum z;g, of 0.039 ms determined by the turbulent DNS [24]. The
minor discrepancies between the 1-D simulation and the turbulent
DNS [24] are due to the different configurations, and therefore
different strain rates across the reaction zone. These are similar to
previous comparisons of 1-D flames against experimental data
[9,14], verifying the use of these simulations for predicting turbulent
flame behavior.

Table 2 summarizes the minimum global 7, for both the 0-D
and 1-D simulations calculated using a variety of different criteria.
This table includes 74, corresponding to the different ignition criteria
visualized in Fig. 3 and from previously published studies
[10,20,31,32,35,36]. The table features a 10 K temperature increase
above that of the coflow AT 0w, Which has previously been used to

Table 2 Ignition delay 7y, corresponding to different combustion
criteria in different fundamental reactors:

Criterion 0-D batch reactor gy, ms  1-D opposed flame 7, ms:
Ty 0.031 N/A
Y on | max 0.032 N/A
You =2x1073 0.032 0.038
You = 1.6 x 1073 0.030 0.036
You = 2% 107% 0.016 0.021
AT =200 K 0.029 0.034
AT oo = 10 Ko 0.017 0.021

“Note three-dimensional DNS estimates 7, of 0.039-0.069 ms [24].
YPreviously published metric [20,31].

°N/A does, indeed, denote "not applicable.”

9dPreviously published metric [10,32].

“Previously published metric [35,36].
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define a minimum temperature increase for MILD combustion
[35,36]. This is in contrast to the 200 K local AT, which demonstrated
good agreement with thermal runaway for isolated 0-D reactors in
Fig. 3. The combination of 0-D and 1-D simulations of z;4, indicate
the validity of describing autoignition in the most reactive mixture
occurring at ¢ = 0.27 and a set level of Yoy. Additionally, the
metrics of Yo = 2% 107 and AT 50, = 10 K, which have both
been used for correlation with the minimum threshold of CH*
chemiluminescence in simple hydrocarbon flames [10,32,34-36],
are in very good agreement with each other for both the 0-D and 1-D
flames but are not in agreement with the other metrics or the DNS
findings.

Figures Sa—5c show results of the 2-D simulation of the diulted
C,H,; fuel jet with a hot-air coflow. These figures show the
characteristics of the coflow flames to complement the 0-D and 1-D
simulations. Figure 5a shows isocontours of ¢ and Yqy. These
contour lines are overlaid on the shaded region of T > T.yow+
AT io0ws that is, T > 1560 K. This is adjacent to Figs. 5b and Sc,
which show contours of the formaldehyde CH,O mass fraction
(Ycn,,)» which is an important combustion precursor species for
flame stabilization in hot coflows [4,13,14,20]; and the magnitude of
the temperature gradient vector (|VT|), respectively. The ignition
point is defined as the intersection of the isocontours ¢ = 0.27 and
You = 2 x 1073, as previously identified in the 0-D simulation. This
intersection is marked in Fig. Sa, and it is the most upstream point on
the Yo = 2 X 1073 isocontour, which supports the choice of this
location as the flame ignition point. This point is located 0.28 mm
downstream of the inlet boundary, corresponding to zig, of 0.028 ms
after normalization by the bulk flow velocity. This is in reasonably
good agreement with the 0.030—0.032 ms from the 0-D simulations;
however, it is somewhat less than the 0.038 ms predicted by the 1-D
flame. This is due to the equal and parallel inlet velocities, eliminating
velocity-induced strain between the fuel and oxidant. These results
support the use of simple 0-D reactors, rather than 1-D simulations,
for the initial estimation of ignition delay in non-premixed systems
with low velocity-induced strain rates.

; You=5x10° 2x107® YCHZO
1x10°® 0.0011
0.001
5x10* | 0.00075
IS
€
(s}
2x10* 0.0005
\\H %0.00025
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a) b)
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= 5.8x10°
54)(106
2x106
0

©
Fig. 5 Contours of a 2-D ethylene flame with high-temperature air
coflow.
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The identified ignition point corresponds to a region of high |VT]|,
shown in Fig. Sc. This gradient of the T contour closely follows the
shape of the Yy contours on the lean side of the flame. The most
upstream location of T > Teopiow + AT cofiow indicates a i, of
0.015 ms and correlates to rapid consumption of the CH, O precursor
species and significant heat release. This point is in good agreement
with 7j,, based on AT 0y, Which is evaluated in the 0-D simula-
tions. This demonstrates a gradual temperature rise associated with
precursor buildup before thermal runaway is observed in the 0-D
simulations downstream. This phenomenon indicates that this system
features two distinct metrics that may be taken as autoignition delay:
one associated with a global temperature rise (AT ;of0y) and the other
associated with thermal runaway (7’| ,,,« ), located by a combination of
¢ and a chosen Ygy.

B. Ethylene Fuel and 1300-Kelvin Oxidizer with Nine-Percent Oxy-
gen

Previous experimental studies of the transition from autoignitive to
MILD flames have focused on the liftoff and autoignition of ethylene
fuel jet flames [4,18]. The ignition of 300 K ethylene and hot com-
bustion products with 9% O, at 1300 K has previously been assessed to
belong to the autoignitive flame regime, experimentally appearing as a
lifted flame [18]. Calculated ignition delays for this case are shown in
Figs. 6a and 6b for 0- and 1-D simulations, respectively. The analysis of
the 0-D simulations shows that, with the exception of AT, ignition is
predicted in mixtures of ¢ = 0.35 — 0.45 with 7,4, of 0.17-0.19 ms,
which is an order of magnitude slower than the diluted ethylene and
hot-air flame. Despite the poor agreement between A7 = 350 K and
the time derivative at low and high ¢, this choice of AT best follows the
shape of the T, and Yoyl curves near the minimum Tign- The
scalar value of Yoy = 1.4 X 1073, however, demonstrates a superior
estimation of 7, reasonably followmg the profile of Yoy for
0.30 < ¢ < 1.75. The scatter seen in very lean mixtures, approxi-
mately ¢ < 0.25 in this case, is due to very gradual ignition processes,
which do not have distinct ignition events. Under these circumstances,
the detection of ignition by either 7|, or Yoy is very sensitive to
numerical differentiation with respect to time. Points in this region are
not of significant interest, as they are too lean, and not sufficiently
reactive, to result in combustion. Figure 6a repeats the absence of a Y o
threshold for high ¢, previously observed in Fig. 3, as the required
concentrations of OH are not produced during ignition. Additionally,
the disagreement between 7|, and all other measures becomes
significant for ¢ < 0.5, where the four different metrics deviate
significantly. This corresponds to a less rapid temperature increase
after the initial precursor buildup during the OH production phase. This
is the result of a two-stage ignition process where the maximum
production rate of OH no longer occurs at the same time as T|max This
has the effect of shifting the peaks of T and YOH away from each other
in very lean mixtures but does not have a significant impact on the
minimum ignition delay time.

The value of 7;,, predicted by the 1-D flame, shown in Fig. 6b, is
significantly longer than evaluated in the 0-D analysis. This figure
indicates a slow initial reaction followed by thermal runaway after
0.23 ms, after which the system approaches steady-state temper-
atures. This is indicative of the “transitional behavior” previously
seen in ethylene flames in 1100 K coflows with 9% O, [4]. In this
case, thin regions of OH are recorded upstream of the visible, strongly
reacting the flame base [4]. In both this intermediate 1-D flame and
the diluted ethylene/hot-air flame, ignition occurs at ¢~ 0.25 in
accordance with the Y oy threshold metric matched to the peak Y OH-
In contrast, the AT criterion (not shown graphically) indicates
ignition at ¢p = 0.47 for the 9% O, case and 0.20 for the diluted
ethylene/hot-air flame. This is consistent with the disparity noticed in
the 0-D analysis of the 9% O, case, presented in Fig. 6a, where the AT
metric also predicts ignition at higher values of ¢. Significantly, this
indicates the peak threshold of Y oy occurs significantly later than the
rise in temperature rather than being equivalent markers of ignition as
the flame approaches MILD conditions.

The values of 7, from 0-D and 1-D simulations are summarized in
Table 3. This table displays the good agreement between Yoy =
2x 107 and AT 0w = 10 K between the two different reactors.
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Fig. 6 Zero- and one-dimensional analyses of ignition delay of ethylene
at 300 K and combustion products with 9% O, at 1300 K.

This indicates that these metrics are resistant to the effects of strain
and heat transfer, which is inherent in the 1-D flame but absent in the
isolated 0-D reactors. These values may be compared to experi-

Table 3 Ignition delay 7;,, corresponding to different combustion
criteria in different fundamental reactors with streams of ethylene at
300 K and combustion products with 9% O, at 1300 K

Criterion 0-D batch reactor 7y, ms  1-D opposed flame 7;y,,, ms
T|n1ax‘ 0.17 N/A
Y ot max 0.19 N/A
You = 1.4x1073 0.19 023
You =2x 107 0.14 0.16
AT =350 K 0.20 0.26
AT coiow = 10 K¢ 0.092 0.098

“Previously published metric [20,31].
YPreviously published metric [10,32].
“Previously published metric [35,36].
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Fig.7 Contours of a 2-D ethylene flame with a 1300 K coflow with 9% O,.

mentally observed liftoff heights based on CH* measurements [18]
after normalization by the bulk jet velocity through Eq. (2). The
ignition delay defined by CH* in the experimental flame ranges
between 0.17 to 0.22 ms [18]. It is evident from Table 3 that the time-
derivative-based metrics derived from temperature and Y o are both
able to provide estimations of time for the minimum visual liftoff seen
experimentally. Noticeably, however, there is a significant difference
between the AT ,q0,, and the Yoy = 2% 10~ thresholds, which
have both previously been proposed as locations for the minimum
CH* threshold [10,32,35,36]. The best agreement between the
metrics and experimental observation in either reactor, is given by the
You = 1.4 x 1073 criterion chosen to match 7T, for ¢ near one.
Figures 7a—7¢ show results from a 2-D simulation of the ethylene
fuel and 9% O, oxidant in a non-premixed coflowing configuration.
The figures present isocontours of Yoy plotted with lines of constant
¢ and contours of AT 6y = 10 K, Yy, O and | VT, respectively.
The intersection of the lines ¢p = 0.4 and Yo = 1.4 x 1073 occurs
3.7 mm downstream of the inlets. This region is associated with a
high-temperature gradient that, unlike the temperature gradients in
Fig. 5c, does not follow the contours of Yoy. The disparity between
the temperature gradients and contours of Yoy is similar to the
diverging trends at ignition noted in Fig. 6a, in contrast to the
exceptional agreement between criteria in Fig. 3. In Fig. 7a, the first
temperature increase of AT .y, = 10 Kinitiates in a richer mixture
than predicted in 0-D simulations, 1.6 mm downstream of the domain
inlets. This indicates an ignition delay of 0.16 ms, which is in very
good agreement with the minimum value of observed visual liftoff
corresponding to 0.17 ms [18]. These correlations support the global
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Fig.8 Zero- and one-dimensional analyses of ignition delay of ethylene
at 300 K and combustion products with 3% O, at 1300 K.

temperature increase definition of ignition as a measure of the
chemiluminescent flame base [34] in preference to a Yy threshold
[10]. The increase in temperature occurs far upstream of the 0-D
defined ignition point without significant | VT, in accordance to the
arrested temperature increase in the 0-D simulations. The combined
contours indicate that the initial less-intense ignition reactions occur
shortly following the presence of CH, O into the lean mixture, beyond
which the first instance of autoignition flame occurs.

C. Ethylene Fuel and 1300-Kelvin Oxidizer with Three-Percent
Oxygen

Turbulent jet flames in hot coflows with as little as 3% O,
have been studied extensively as examples of MILD combustion
[4,6,9,13,18-20,22,28]. This classification has been based on low
maximum temperatures in stoichiometric 0-D simulations [1],
combustion without the presence of sudden extinction conditions [7],
and experimental observations of very faint flames with indistinct
flame bases [4,9,18]. Figures 8a and 8b show the ignition of ethylene
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and combustion products with 3% O, at 1300 K in 0-D and
1-D simulations. Figure 8a shows good agreement between the two
time-derivative-based metrics and the scalar criterion Yoy =
2.5 x 10~* over most of the ¢ domain, centered near ¢ = 1. The mass
fraction of Yoy does notreach 2.5 x 10~* within a 100 ms simulation
time, for rich and very lean 0-D reactors. The T'|acs Yom|max, and
Y oy ignition criteria result in 7j,, of 0.29-0.46 ms across a range of ¢
from 0.1 to 0.25. In these simulations, the T|,,,, criterion exhibits a
minimum range for 7;,, and a plateau above ¢ > 1.5. The AT =
75 K metric predicts smooth changes in 7y, over the entire range;
although it exhibits a significantly flatter curve than the other 7y,
criteria and overpredicts ¢ at ignition. This is consistent with similar
features observed in Fig. 6a, indicating that local values of AT
demonstrate deteriorating agreement with T, and Youlmax
profiles in the transition to MILD combustion.

Transient temperature profiles from a 1-D simulation of ethylene
with a 3% O, oxidant at 1300 K are shown in Fig. 8b. This plot
indicates a very slow, lean ignition after 0.614 ms at ¢ = 0.086. This
is both significantly slower and leaner than predictions from the 0-D
analysis. The temperature profiles, additionally, increase steadily
with a less well-defined ignition location or time of thermal runaway.
This is in agreement with the relatively flat z;,, versus ¢ curve
indicated by the AT in the 0-D analysis. The temperature increases in
the 1-D flame are more distributed than in the isolated 0-D reactors,
due to diffusion between different local mixture fractions over
timescales on the order of g, which blurs the standard definition of
combustion. These features are consistent with MILD combustion
being defined as distributed reactions without distinct ignition or
extinction conditions [7]. The rate of temperature increase in this
condition is not homogeneous; however, the transient solution tends
toward an almost uniform temperature at steady state. At steady state,
there is a less than 50 K difference between any mixtures in the
range 0.20 < ¢ < 4.25.

Measures of autoignition in this flame and the corresponding 0-D
reactor are summarized in Table 4. This table summarizes the relevant
ignition metrics for fuel and oxidant streams of ethylene at 300 K and
combustion products with 3% O, at 1300 K, respectively. Noticeably,
there is poor agreement between the 0-D and 1-D values of 7, as
defined by Yoy = 2% 107 and AT 0 = 10 K, which was not
seen in the previous cases. These values may additionally be
compared to the experimental observation of a strong CH* transition,
normalized to 7, of 0.44 ms using Eq. (2) after an extended, faint
flame base [18]. This experimental value is in very good agreement
with the 0-D prediction of Yoy|max (taking the minimum of the
continuous curve), Yo = 2.5 % 107, and AT = 75 K. The experi-
mental value is, however, significantly greater than the time of Ty,
which was not observed for the previous cases and indicates
significant reactions occurring before this transition point. In this
regard, the ¥ oy | max metric appears to be a more appropriate measure
of ignition than T, in a 0-D reactor for the prediction of experi-
mentally observed liftoff or ignition transition. The best agreement
between the metrics and experimental observation, in either simula-
tion, is similar to the 9% O, case, given by the minimum in the curve
of Yoy chosen to match T, for mixtures near stoichiometry.

Table 4 Ignition delay 74, corresponding to different combustion
criteria in different fundamental reactors with streams of ethylene at
300 K and combustion products with 3% O, at 1300 K

Criterion 0-D batch reactor 7jy,, ms  1-D opposed flame 7;g,, ms
T:|mux‘ 0.29 N/A
Yo lmax 0.32¢ N/A
You =2.5x107* 0.46 0.61
You =2x 10" 0.43 0.55
AT =75K 0.46 0.47
AT oow = 10 K¢ 0.30 0.19

“Previously published metric [20,31].
YPreviously published metric [10,32].
“Previously published metric [35,36].
9This point at ¢ = 0.10 lies below the curve predicting Tign Of 0.46 ms.
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Figures 9a—9c show results from a 2-D simulation of the ethylene
fuel and 3% O, oxidant in a non-premixed coflowing configuration.
These images show significant similarities to those in Figs. 7a and 7b;
however, they indicate much weaker reactions before autoignition.
These figures clearly show the broadened reaction zone predicted
under MILD conditions with decreasing O, levels [6]. Figure 9a
demonstrates a further shift of 7 > T yg0w + AT cofiow aWay from the
Yoy isocontours in comparison to previous cases. In this case, the
initial ignition point defined by 7T > T onow + AT cofiow li€S ON
¢ = 0.5, with the most upstream point of the nearest Y oy isocontour
initiating at ¢ = 0.15. These values of ¢ are not in good agreement
with the predictions from the 0-D and 1-D models, with ignition in the
2-D simulation occurring under richer conditions. This flame exhibits
a slow OH production before the initial location of T > T 0w +
AT .onow Without, however, a significant increase in temperature
gradient, seen in Fig. 9c. This could be indicative of the MILD
reaction zone, with fuel conversion without a strong flame front.
Finally, the autoignition delay defined by the liftoff height defined
by AT coiow = 10 Kis 0.42 ms. This is in very good agreement with
the first region of strong CH* occurring after approximately 0.44 ms
in experimental flames with the same stream compositions [18].
This would indicate a visible flame front in regions where
You > 2 X 1073, which has previously been used as a lower limit for
an autoigniting, lifted flame [10,32]. This OH threshold, like the
previously defined threshold of Yo = 2.5 X 1074, does not however
occur at any point within the computational domain, whereas the
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Fig.9 Contours of a 2-D ethylene flame with a 1300 K coflow with 3% O,.

presence of both OH and CH, O indicates flameless combustion well
below the visible, or thermal, flame base.

IV. Conclusions

Criteria for ignition in autoignitive and MILD flames have been
compared in simplified reactors, using the metrics of temperature rise
(local AT and AT yf0w) and Yoy and their time derivatives T and
Yon. These different criteria were assessed as markers of ignition
in simplified simulations of autoignitive and MILD flames. Good
agreement was seen in the case of an autoignitive, diluted ethylene
flame with a hot-air oxidant between all the different metrics in 0-D
batch reactor simulations. In contrast, there were significant dispa-
rities in the local AT metric and the other criteria for the autoignitive
ethylene flame with 9% O, oxidant, as well as MILD ethylene flame
with 3% O, oxidant. In these reduced O, cases, the use of 7 and Yoy
as an ignition metric was not suitable for predicting 7;g, in very lean
mixtures. The slower, more uniform temperature increase of the
MILD flame, however, resulted in the prediction of a very lean, most
reactive ¢ and much slower zjg,.

Matching a threshold value of Yy to thermal runaway for ¢ near
one provided a good estimate of 7;4, in the most reactive fuel and
oxidant mixture in each case. Extension of the simulations to two-
dimensional laminar simulations demonstrated that the 0-D analysis
could identify an appropriate flame base for an autoignitive ethylene
flame in heated air based on a Y gy threshold and ¢. Such agreement
was not seen in a similar analysis of ethylene flames in, or in the
transition to, the MILD combustion regime with 3 or 9% O, oxidants.
In these two cases, the point where AT ;p0 = 10 K demonstrated
good agreement with the visual liftoff and transition based on
previous CH* measurements. .

The results promote the use of a Y o threshold, matched to Y o for
¢ near one, to predict 7y, through analysis of a series of 0-D batch
reactors. Additionally, a 10 K increase above the coflow temperature
is shown to be a more appropriate marker of chemiluminescence in a
two-dimensional laminar diffusion flame. The results indicate the
appropriateness of these ignition metrics for comparison between
simulations and experimentally observed flame bases of turbulent
autoignitive or MILD jet flames.
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Moderate or intense low oxygen dilution (MILD) combustion has been established as a
combustion regime with improved thermal efficiency and decreased pollutant emissions,
including NO,. and soot. MILD combustion has been the subject of numerous experimental
studies, and presents a challenge for computational modeling due to the strong turbulence-
chemistry coupling within the homogeneous reaction zone. Models of flames in the jet in
hot coflow (JHC) burner have typically had limited success using the eddy dissipation con-
cept (EDC) combustion model, which incorporates finite-rate kinetics at low computational
expense. A modified EDC model is presented, which successfully simulates an ethylene-
nitrogen flame in a 9% O; coflow. It is found by means of a systematic study in which
adjusting the parameters C; and Cg from the default 0.4082 and 2.1377 to 3.0 and 1.0 gives
significantly improved performance of the EDC model under these conditions. This modified
EDC model has subsequently been applied to other ethylene- and methane-based fuel jets
in a range of coflow oxidant stream conditions. The modified EDC offers results compara-
ble to the more sophisticated, and computationally expensive, transport probability density
Sfunction (PDF) approach. The optimized EDC models give better agreement with experi-
mental measurements of temperature, hydroxyl (OH), and formaldehyde (CH;0) profiles.
The visual boundary of a chosen flame is subsequently defined using a kinetic mechanism
Jor OH* and CH*, showing good agreement with experimental observations. This model also
appears more robust to variations in the fuel jet inlet temperature and turbulence intensity
than the standard EDC model trialed in previous studies. The sensitivity of the newly mod-
ified model to the chemical composition of the heated coflow boundary also demonstrates
robustness and qualitative agreement with previous works. The presented modified EDC
model offers improved agreement with experimental data profiles than has been achieved
previously, and offers a viable alternative to significantly more computationally expensive
modeling methods for lifted flames in a heated and vitiated coflow. Finally, the visually lifted
flame behavior observed experimentally in this configuration is replicated, a phenomenon
that has not been successfully reproduced using the EDC model in the past.

Keywords: Eddy dissipation concept (EDC); Jet in hot coflow (JHC) burner; Lifted flames; Moderate or intense
low oxygen dilution (MILD) combustion; Turbulent flames
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INTRODUCTION

The moderate or intense low oxygen dilution (MILD) combustion regime offers
improved thermal efficiency and reduction of nitrogen oxides (NOy) pollutants and soot,
facilitating lower fuel consumption and cleaner exhaust gases (Cavaliere and de Joannon,
2004). A characteristic of the MILD regime is a distributed, homogeneous reaction zone,
without flame temperature peaks and reduced pressure variations. Under these conditions,
the Damkdohler number (Da) is near unity in the reaction region (Galletti et al., 2007), indi-
cating that both chemical and turbulence time scales are important in describing the MILD
regime. A number of experimental studies into the mechanics of the MILD combustion
regime have been performed using simplified jet flames in low oxygen, heated coflows. The
jet in hot coflow (JHC) burner, shown in Figure 1 and described by Medwell et al. (2007),
consists of a central jet emanating into a coflow of combustion products. The 4.6-mm-
diameter central jet of the JHC burner issues into an 82-mm-diameter concentric coflow of
combustion products from an up-stream secondary burner. The JHC burner has been used
to provide experimental data for numerous fuel and Reynolds number combinations (Dally
et al., 2002; Medwell and Dally, 2012; Medwell et al., 2007, 2008; Oldenhof et al., 2010,
2011, 2012), as has the similarly configured vitiated coflow burner (VCB) (Cabra et al.,
2002, 2005; Gordon et al., 2008).

Numerous computational studies of the JHC burner have been made using Reynolds
averaged Navier—Stokes (RANS) modeling (Aminian et al., 2011, 2012; Christo and Dally,
2005; De et al., 2011; Frassoldati et al., 2010; Gao et al., 2013; Mardani et al., 2011, 2013;
Wang et al., 2013) and large-eddy simulations (LES) (Afarin and Tabejaamat, 2013; Thme
and See, 2011; Thme et al., 2012; Kulkarni and Politke, 2013), focusing on CH4/H, fuel
cases. Subsequent findings of these studies have been extended by recent modeling efforts

" Fuel jet (94.6mm)

¥ Coftow (@82mm)

20l gl Perforated plate

Porous bed

Secondary
burner inlets(x4)

Jet cooling inlet

Fuel inlet

Figure 1 Schematic of the JHC burner used for MILD combustion experiments.
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of the more complex C,Hy-based fuel experiments (Shabanian et al., 2013). This work, tri-
aling a number of different turbulence and combustion models, found best agreement with
the experimental results of Medwell et al. (2008) using the modified standard k-¢ (SKE)
turbulence model of Dally et al. (1998) and a modified eddy dissipation concept (EDC)
finite-rate reaction model with the parameter C, increased from the default 0.4082 to 3
(Shabanian et al., 2013). The modified SKE and modified EDC model combination gen-
erally agreed well with the experimental data; however, in most cases, the temperature
distributions modeled downstream of the jet were in excess of those measured and the radial
peaks in minor species distributions were not accurately predicted (Shabanian et al., 2013).
These simulations also did not exhibit any lifted behavior, in contrast to the C,Hy4-based
flames measured by Medwell et al. (2008). The particle density function (PDF) modeling
approach of Shabanian et al. (2013) was, however, in good agreement with this apparent lift-
off phenomenon not captured by the computationally cheaper EDC model, especially in the
C,H4 /N, fuel case. The good agreement of PDF models with experimental measurements
from the JHC is consistent with RANS modeling efforts of the VCB (Cabra et al., 2005;
Cao et al., 2005; Gkagkas and Lindstedt, 2007; Gordon et al., 2007; Masri et al., 2003;
Najafizadeh et al., 2013; Ren and Pope, 2009). In light of the limited success of the RANS-
EDC models, the objective of this article is to systematically determine an approach for
improving the performance of CFD modeling to capture lifted jet flame behavior in a heated
coflow using the ANSYS FLUENT 14.0 software package. The commercial FLUENT
14.0 code was adopted in the absence of any suitable alternative research code with sim-
ilar capabilities, appropriate for modeling turbulent flames in the MILD regime without
requiring excessive customization. The desire to develop the capabilities of RANS-EDC
modeling of these flames is driven by the desire for reduced computational cost.

Flames in the transition to MILD combustion have been reported as appearing visu-
ally lifted in the JHC burner for ethylene (C,Hy4)-based fuel streams (Medwell et al.,
2008). Long exposure images of such flames, shown in Figure 2, demonstrate the apparent

C,oH,
(1.5sec) (1.5sec) (15sec) (15sec) |(1.5sec) (1.5sec) (1.5sec) (15 sec)
3% O, 9% O,
MILD Transitional

Figure 2 Visual comparison of different C;Hy-based flames at Rejee = 10,000 in the JHC burner up to 300 mm
above jet exit plane, showing heights in millimeters; labeled with exposure times and O, coflow conditions.
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visual lift-off of these transitional flames in comparison to MILD flames. Despite visually
resembling lifted flames, laser diagnostic imaging has revealed the occurrence of reac-
tions upstream of the apparent lift-off height, as evident by measurements of formaldehyde
(CH;0) and the hydroxyl radical (OH) (Medwell et al., 2008). This is the case for C,Hy,
C,Hy/air, and C,Hy /N> fueled jet flames with Rejec = 10,000 in a 1100 K, 9% O, mol/mol
coflow. Simplified one-dimensional (1D) modeling of these flames indicates that, despite
the depleted oxygen concentration in the oxidant stream, under these conditions O, pene-
trates across the reaction zone to the fuel-rich side, which facilitates a radical pool build-up
(Medwell et al., 2009). This observation is consistent with previous observations in sim-
ilar lifted flames in a hot and vitiated coflow (Gordon et al., 2008). These flames present
a particularly interesting test case for investigating the finite-rate chemistry effects under
depleted oxygen conditions. Such effects have been modeled using 2D PDF models (Cabra
et al., 2005; Cao et al., 2005; Gkagkas and Lindstedt, 2007; Gordon et al., 2007; Masri
et al., 2003; Najafizadeh et al., 2013; Ren and Pope, 2009) and 3D direct numerical simu-
lations (DNS) (Kerkemeier et al., 2013; Luo et al., 2012; Yoo et al., 2011). The objective
of this article is to improve the performance of the computationally cheaper RANS-EDC
models for lifted flames in a heated and depleted oxygen environment.

MODEL DEVELOPMENT
Domain and Boundary Conditions

The computational domain for the JHC burner was chosen to be a 2D rectangular
region downstream of the jet plane exit. The geometry for this study was based on com-
putational domains previously employed in similar studies of the JHC burner (Frassoldati
et al., 2010; Shabanian et al., 2013). The study of MILD combustion using the JHC burner
is only valid where the fuel jet is entrained by the controlled coflow, up to ~100 mm (or
~22 jet diameters) downstream of the jet exit plane, after which the ambient air becomes
influential. The near jet region is therefore the focus of the modeling effort for optimization
of the EDC model, with the focus of the work targeting the relationships between empirical
parameters in the model and their effect on species reaction rates. The 400 mm (~85 jet
diameters) downstream extent of the computational domain from the jet exit plane cap-
tures the experimental measurement locations of 30 mm (Dally et al., 2002) and 35 mm
(Medwell et al., 2008) downstream of the jet exit plane. Although the radiation model
has previously been shown to have a negligible effect on these essentially soot-free flames
(Aminian et al., 2011; Frassoldati et al., 2010; Mardani et al., 2010; Shabanian et al., 2013),
the ‘P1’ radiation model was implemented to retain accuracy at a minimal computational
cost. The simplest implementation of the ‘P1’ model assumes a basic grey-band model for
gases with constant absorption and scattering coefficients.

The boundaries of the domain were a combination of walls, pressure outlets, velocity
inlets, and the axis of cylindrical symmetry through the center of the coaxial jets. Adiabatic,
no-slip boundaries were used to describe the pipe walls in the JHC burner. Pressure outlets
specify the ambient surrounds to be simplified air, with 21% O, and 79% N, mol/mol,
at zero gauge pressure and a temperature of 300 K. A coflowing wind tunnel velocity of
3.3 m/s was also included in models of the flames measured by Dally et al. (2002). The
computational domain was divided into a structured, quadrilateral, computational mesh
with 53,610 elements based on mesh independence studies using the C,Hy and C,;H4/H;
fuel cases and additional meshes of 149,060 and 251,916 elements.
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Previous attempts to model combustion in JHC burners have used experimentally
measured inlet profiles (De et al., 2011), assumed constant velocity across the domain inlet
(Aminian et al., 2012; Frassoldati et al., 2010; Shabanian et al., 2013), or modeled the jet
and coflow exit profiles (Christo and Dally, 2005; Mardani et al., 2011). Previous modeling
of the C,Hy4-based JHC flames made the assumption of constant velocity profiles, although
did not investigate any sensitivity to inlet boundary conditions (Shabanian et al., 2013).
For the current study the fuel pipe geometry was computationally modeled separately as
a constant 4.6-mm-diameter tube, 100 diameters in length, in order to ensure fully devel-
oped flow in the pipe. This was modified to 4.25 mm for the Dally et al. (2002) simulated
cases for consistency with the experiments. To determine the coflow velocity profile, an
additional model of the secondary burner and outer annulus was generated, with the flow
emanating with a uniform velocity of combustion products at the perforated plate 160 mm
upstream of the coflow exit plane.

Turbulence and Turbulence-Chemistry Interaction Models

The modified k-¢ turbulence model is adjusted from the standard k-¢ model by chang-
ing the common default value of C;, from 1.44 to 1.6, as recommended and verified
for 2D axisymmetric flows (Dally et al., 1998). The anisotropic Reynolds stress model
(RSM), featuring the same modification to Cj., has been previously verified for non-
reacting jets (Dally et al., 1998) and was also implemented in selected cases for comparison.
In modeling the MILD regime in the JHC burner, simple global-chemistry and scalar-
based combustion models are unable to provide the accuracy of the more sophisticated
eddy dissipation concept (EDC) combustion model (Christo and Dally, 2005; Shabanian
et al., 2013). The EDC model allows for the implementation of finite-rate chemical kinetics
mechanisms, such as GRI-Mech 3.0 (Smith et al., 2000). A reduced, 36 species, form of
the GRI-Mech 3.0 kinetics mechanism, excluding N-O reactions, was used after a similar
GRI-Mech 3.0 mechanism demonstrated success in CHy-based fuels in the JHC (Christo
and Dally, 2005) and good agreement with a separately reduced kinetics scheme for both
CHy- (Frassoldati et al., 2010) and C,H4-based fuels (Shabanian et al., 2013).

Analysis of excited, chemiluminescent species and the effect of minor species in
the coflow required the use of additional kinetic mechanisms. Additional reactions for the
excited species mechanism was implemented using a combination of kinetics rates and
reactions (Elsamra et al., 2005; Hall and Petersen, 2006; Hidaka et al., 1985; Petersen
et al., 2003; Tamura et al., 1998) and a 50-species modified GRI-Mech 3.0 mechanism
was used for the inclusion of minor species in the coflow. OH* and CH* denote excited
OH and CH molecules, respectively, and emit light in the blue and ultraviolet regions of
the light spectrum upon relaxation to their ground states. Therefore, concentrations of the
excited CH* species indicate a blue colored flame, and the lack of CH* in regions with OH
species concentration may be interpreted as evidence of MILD (flameless) combustion. The
distributions of these excited species were evaluated in post-processing using a combina-
tion of OH* excitation reactions by Petersen et al. (2003) and Hall and Petersen (2006),
CH* reactions by Elsamra et al. (2005), and quenching rates by Hidaka et al. (1985) and
Tamura et al. (1998). The combined mechanism consisted of an additional 21 reactions,
which were chosen to be evaluated in post-processing rather than incorporated into the
existing modified GRI-Mech 3.0 in the interest of brevity. Kinetics post-processing was
employed with the expectation that the populations of OH and CH species would contain
only a negligible fraction of excited molecules, which would therefore have little impact on
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the combustion chemistry. This assumption was later confirmed through inspection of the
results. The effects of minor species were additionally investigated by adding equilibrium
concentrations of OH and NO to the coflow composition, both separately and simultane-
ously, using a further modified 50 species GRI-Mech 3.0 mechanism, which included N-O
reactions while excluding argon and C3H, species. The addition of 0.001% mol/mol OH
and 0.03% mol/mol NO in the coflow, separately and simultaneously, were investigated
for change of peak temperature and apparent lift-off height. The effects of a 1% concentra-
tion of OH in the coflow on the same parameters was similarly considered following recent
work on the effect of minor species in reducing ignition delay (Medwell et al., 2014).

The mean reaction rate in the EDC combustion model, R;, of species i is assumed to
occur only within small turbulent structures, as described by Eq. (1) (Magnussen, 1981).
Both the mean residence time (7*) spent within fine structures with length fraction (£*), are
scaled by C; and C¢, with default values originally derived from an extensive control vol-
ume analysis of isotropic turbulent structures (Magnussen, 1981). The equations defining
* and £* are shown in Egs. (2) and (3), respectively.

pE*) .
i= oo 1) (1
T [1 = ()]
where p is density, Y; the mass fraction of species i in a computational cell, and Y; within
fine scales,

c=c(2)" @

where C; = 0.4082 (default), v is the kinematic viscosity, and ¢ the turbulent dissipation
rate,

vs>1/4 3)

£ =G (k_2
where C¢ = 2.1377 (default) and & is the turbulent kinetic energy. Finally, combining these
equations, the mean reaction rate may be rewritten as:

C: pey3/477!
(e PE v _y.
Ri= [1 C <k2> ] S -7 )

Recent studies (Aminian et al., 2012; Shabanian et al., 2013), based on an earlier investi-
gation on the Delft jet in hot coflow burner (De et al., 2011), found that increasing C; in
the EDC model to 1.5 (Aminian et al., 2012) or 3 (Aminian et al., 2012; Shabanian et al.,
2013) provided better agreement to measurements from the JHC burner.

The results of the Delft jet in hot coflow modeling (De et al., 2011) indicate that these
variations of the standard EDC model act to improve the predictions of lift-off, although
this was not particularly apparent by setting C; = 3 for ethylene fuels in the JHC burner
(Shabanian et al., 2013). This is in agreement with the observation that in the MILD com-
bustion regime there is a decrease in chemical reaction rates (Galletti et al., 2007; [hme and
See, 2011). The modification of C; (inversely proportional to R;, from Eq. (4)) has been
further justified by stating that the homogeneity of the MILD reaction region invalidates
the assumption that species do not react beyond the confines of fine structures, and that
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increasing residence times act to compensate for this (Aminian et al., 2012). The near unity
Damkohler number was similarly cited as a reason for unreliability of the EDC model for
flows with low turbulence (De et al., 2011). It was shown that the standard value of C; was
unreliable for flows with k?/(ve) less than 65 (De et al., 2011). Decreasing the C; param-
eter decreases the reaction zone volume fraction in the fluid model, restricting interactions
between species and slowing the reaction rates (De et al., 2011). In spite of this detailed
discussion, the work of De et al. (2011) does not quantify the effects of changing the param-
eter Cz on species profiles or rigorously investigate the effects of this empirical parameter
on temperature profiles.

The effects of changing C¢ on R; are not immediately apparent due to the strong
coupling of R;, C¢, and the flow variables v, ¢, and k. The relationship can be seen by
taking the partial derivative of R; with respect to Cg, as shown in Eq. (5):

. 302 ()
IR, 2 EE ) R )

This highlights the complex interplay between R;, Cg, and the ratio ve/ k?. In comparison,
Eq. (6) shows the comparatively simple coupling between C; and the rate of change of R;
where:

= (6)

It is hypothesised that decreasing R; would result in a more accurate model, thus a para-
metric study using the combinations of Cz and C; summarized in Table 1, for the case of a
C,H4/N; jet flame with Reynolds number (Reje;) of 10,000 in a 1100 K, 9% O, mol/mol
coflow. The C; parameter was varied with both the default and most successful value of C;
from previous studies of jet flames in the transition to the MILD regime (Aminian et al.,
2012; De et al., 2011; Shabanian et al., 2013) in order to gain an insight into the effect of
each individual parameter on the accuracy of simulation results. The computational results
of species and temperature distributions at 35 mm downstream from the jet exit and any
apparent lift-off indicated from the CH* and OH distributions were then compared to exper-
imental measurements for each combination of parameters and the results of simulations

Table 1 Parameters and values chosen for parametric study,
with combinations of six different C¢ using both the default
(0.4082) and previously most successful value of C; (3.0)

C. C:
0.5
0.4082 0.75
1
1.5
3.0 2.13774
2.5

“Default parameter value.
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Table 2 Fuel jet and coflow stream operating conditions

Composition (% vol/vol)

Composition description Mean inlet

Fuel (temperature) velocity (m/s) CyHy CHy4 N, H,
CyH4 (305 K) 17.7 100 0 0 0
CyH4/H> (305 K) 30.6 50 0 0 50
C,H4 /N> (305 K) 27.3 25 0 75 0
CHy4/H; (305 K) 58.7 0 50 0 50
Coflow (temperature) (0] CO, N, H,O
Y = 3% O, coflow (1300 K)* 32 2.6 3.5 83.9 10
Y = 9% O, coflow (1300 k)¢ 32 7.8 3.5 78.7 10
X =9% O, coflow (1100 K) 2.3 9 3 78 10

“Within a coflowing wind tunnel with air velocity of 3.2 m/s and temperature assumed to be 300 K.
Sources: Dally et al., 2002; Medwell et al., 2008.

using the more sophisticated, and computationally expensive, composition probability den-
sity function (PDF) combustion model using an Euclidean minimum spanning tree (EMST)
mixing model.

The combination of EDC parameters and velocity boundary conditions, which pro-
vided the best agreement to the measurements of the C,Hy /N, flame in a 9% mol/mol O,
coflow, was then compared to other fuel cases, all summarized in Table 2. Note that coflow
compositions specified by mass fraction (Y) correspond to methane-based studies by Dally
et al. (2002), with remaining cases measured experimentally by Medwell et al. (2008).

RESULTS AND DISCUSSION

Results of the parametric study into the effects of C; in the EDC combustion model
were obtained for the C;Hy /N5 in a 9% mol/mol O, coflow. This produced a set of results
from the previously listed parameter combinations for comparison against experimental
temperature, OH and CH,O profiles, in addition to visible lift-off behavior. These results
indicated best agreement using the modified SKE turbulence model (Dally et al., 1998)
and a newly modified EDC model with the parameters C; = 3 and C; = 1, compared to
the default C; = 0.4082 and C; = 2.1377, and recently used modified values C; = 3 and
C: = 2.1377 (Shabanian et al., 2013). The newly modified EDC model required approxi-
mately 1500 CPU hours for an individual computational case using ANSYS FLUENT 14.0.
This lengthy time required for convergence highlights the complexity of using the EDC
model with the modified GRI-Mech 3.0 and a simple, 2D geometry, while the PDF-EMST
model simulations notably required an order of magnitude greater computational time. The
profiles of temperature, hydroxyl (OH), and formaldehyde (CH,O) concentrations of these
selected EDC parameter combinations, and the results of simulation using the PDF-EMST
model, are compared with the experimental data in Figure 3. Both the newly modified EDC
and PDF-EMST models show excellent agreement with the temperature distribution and the
profile shapes of species distributions, despite a significant difference in peak magnitude.
The best agreement with experimental data were found to require fully developed velocity
profiles of the fuel jet at the jet exit. The combinations of developed velocity and uniform
profiles were assessed for the most successful combination in the literature, C; = 3.0 and
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Figure 3 Temperature and species profiles 35 mm downstream from jet exit for CoHs/N, fuel in a 9%
mol/mol O, coflow, showing two modified EDC models, PDF with EMST model and experimental measurements
(experimental data from Medwell et al., 2008).

C: = 2.1377, in addition to C; = 3.0 with C¢ = 1 and C; = 0.4082 with C¢ = 1.5, which
demonstrated the best agreement with experimental measurements among all the parameter
combinations. The influence of the coflow profile, jet turbulent intensity (in contrast to pre-
vious findings for CH4/H; jets (Christo and Dally, 2005)) and variations in jet temperature
~100 K were seen to have an insignificant impact on the shape and magnitude of temper-
ature and species distribution peaks. This could imply that the optimized EDC parameter
combination of C; = 3 and C¢ = 1 offers a more robust model, or that the effects of turbu-
lence intensity on the axisymmetric C,Hy-based jets are less significant than the effects on
CH,4/H; when issuing into a heated coflow.

With apparent lift-off height an interest for investigation of flame stability and
autoignition, the CH* distribution was compared to visual measurements by Medwell et al.
(2008). The initial downstream formation locations of CH* were then subsequently used to
define the visible flame base for further analysis and comparison with experimental cases
(Medwell et al., 2008). The combination of C; =3 and C¢ = 1 demonstrated the best
agreement with visual lift-off height while maintaining a reaction zone near the jet exit,
and is shown using the developed jet and coflow profiles in Figure 4. The simulated num-
ber densities of OH and CH* species are shown for this case in Figure 4, showing both sets
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15 sec
exposure

- >
100 mm

Figure 4 Number densities (in m~3) of OH and CH* species near the jet exit with logarithmic scales compared
to experiment (Medwell et al., 2008). Modeled using the EDC combustion model with C; = 3 and C¢ = 1 for
CoH4 /N> fuel in a 9% O, coflow, appearing to simulate flameless combustion near the jet exit. Model results
show jet and coflow radii, omitted from photographic image.

of results near the jet exit with a logarithmic scales in comparison to experimental observa-
tions. The logarithmic scale was chosen due to the proportional relationship between light
intensity and the total light energy flux squared, and thus preserving a linear relationship
between the logs of the species concentrations and the intensity of the emitted light. Similar
contours were produced using the PDF-EMST model, including the same general features
clearly showing a difference of orders of magnitude between OH and excited species con-
centrations. A difference of several orders of magnitude between the excited and base CH
and OH concentrations additionally justified the assumption that CH* and OH* reactions
may be neglected in determining the overall structure of the flame, and that the time-saving
post-processing stage is an effective means of defining a visible flame boundary. This figure
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clearly demonstrates a transitional flame with a jet flame visually detached from the jet exit
(as indicated by CH"), yet showing evidence of minor species (OH) almost to the jet exit
plane. Such results, clearly replicating the visually lifted description of these flames, have
not been previously demonstrated for this series of cases in the JHC burner using EDC
combustion models, but are consistent with experimental measurements.

The combination of C; = 3 and C¢ = 1 results in better agreement with measured
data than the default EDC parameters, and accordingly replicates the visual lift-off seen
experimentally, which had not previously been achieved for these jet flames using the EDC
combustion model, or any other Reynolds averaged method. These parameters were then
assessed for accuracy in modeling the remaining C,H4, C;H4/H, jet flames in identical
coflow conditions and the CH4/H, flames as listed in Table 2. These results are presented
as Figures 5-7, and demonstrate the good agreement between the C; = 3 and C; = 1 EDC
model and the value of peak temperature in the C,H4 and both CH4/H, flames, and in pre-
dicting the radial location of peak CH,O species for all cases. The newly modified EDC
with C; =3 and C¢ = 1 offers an improved temperature prediction compared to previ-
ously attempted parameter combinations with C¢ = 2.1377 and varying C; (Aminian et al.,
2012). In their comparison of fine-scale time constants, Aminian et al. (2012) found an
‘optimal’ value of C¢ = 1.5 resulting in relative errors in peak temperatures (with respect
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Figure 5 Temperature and species profiles 35 mm downstream from jet exit for C;Hy fuel in a 9% mol/mol Oz
coflow, showing two modified EDC models and experimental measurements (experimental data from Medwell
et al., 2008).
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Figure 6 Temperature and species profiles 35 mm downstream from jet exit for CoH4/H; fuel in a 9% mol/mol
O, coflow, showing two modified EDC models and experimental measurements (experimental data from Medwell
et al., 2008).

to the experimental peak) of 2.0% and 3.7% for the CH4/H, fuel flames in 9% and 3% O,
coflows respectively. In comparison, the new EDC parameter set offers an improved overall
agreement with the two of these peak temperatures with relative errors of 2.7% and 1.7%
for the same CH4/H; fuel flames in 9% and 3% O, coflows, respectively. These errors are
shown alongside other fuel cases in Table 3, which shows significantly better consistency
in prediction of peak temperature for all flames in comparison to previously ‘optimized’
EDC parameters.

The effects of minor species in the coflow were investigated as a possible source of
influence in modeling the visual lift-off of flames in the transition to the MILD regime.
The effect of the alternate 50 species GRI-Mech 3.0 kinetics using the newly modified
EDC, and inclusion of reactions involving nitrogen was a total peak temperature difference
of 11.2 K, demonstrating the robustness of the solution to the inclusion of nitrogen
reactions. Additionally the inclusion of equilibrium OH and NO did not significantly
increase the peak temperatures 35 mm downstream or alter the apparent lift-off, resulting
only in 0.3 K and 12.4 K increases, respectively, and 12.5 K when both were included.
These results justify the removal of N-O reactions in the GRI-Mech 3.0 mechanism and
the simplification of the chemical composition at the coflow boundary. The increased
concentration of 1% OH, however, resulted in an increase in peak temperature of 65.5 K at
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Figure 7 Temperature and species profiles 30 mm downstream from jet exit for CH4/H, fuel, showing modified
EDC models with C; = 3 and C¢ = 1 (lines), and experimental measurements (markers) for 3% and 9% mass O,
coflows (experimental data from Dally et al., 2002).

Table 3 Comparison of relative error in peak temperatures at 30 (CH4/H, flames only) or 35 mm downstream
of jet exit plane, as a percentage of experimental peak temperature (Dally et al., 2002; Medwell et al., 2008),
coflows contain 9% mol/mol O, unless stated otherwise (Aminian et al., 2012; Shabanian et al., 2013)

Relative error (%)

EDC parameters CH4/H; (3%)" CH4/H; (9%)° CoHy C,Hy/H, CyHy /N,
C; =1.5¢ 3.7 2.0 — — —

C, =3¢ — 7.9 14.9 9.2 28.6
C,=3,Ce=1°¢ 1.7 2.7 2.7 9.6 3.3
PDF-EMST* — — 10.3 9.6 0.5¢

“CFD results for CH4/H; flames by Aminian et al. (2012); otherwise Shabanian et al. (2013).
bPpercentage coflow O, by mass.

¢Current study.

Note: Dashes indicate no available CFD results.

35 mm downstream of the jet exit plane, and resulted in the flame attaching to the jet exit
plane, eliminating any form of lift-off. This is in accordance with previous findings where
OH at similar concentrations was shown to significantly reduce ignition delay of jet flames
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in a hot environment (Medwell et al., 2014). The newly modified EDC model, in this
sense, behaves as anticipated with altered inlet compositions and verifies the importance
of OH in flame stabilization.

The new, modified EDC under-predicts the number density of OH in all cases except
the C,H4 /N, fuel, where it is in good agreement with the PDF-EMST model. The modeling
deficiencies resulting in under-prediction of OH have previously been seen using the PDF-
EMST model for the C;H,/H; fuel case (Shabanian et al., 2013), and CH4/H, cases
(Aminian et al., 2012; Christo and Dally, 2004), reporting peak magnitudes reduced by
a factor of four in the 3% O, coflow at the 30 mm measurement location with the PDF-
EMST model and a factor of three assigning C¢ = 1.5 (Aminian et al., 2012). These three-
(Aminian et al., 2012) and four-fold errors (Christo and Dally, 2004) are significantly
greater than the factor of two predicted by the newly modified EDC model in the same
fuel case after optimization of both the C; and C; parameters. The normalized OH distri-
bution, however, agrees very well with measurement for the C,H4/N, and both CH4/H,
flames. In comparison, the standard EDC model significantly over-predicts OH concentra-
tions in both the C,H4 /N, and CH4/H; flames. The radial location of peak temperatures are
over-predicted for all cases except the C,Hy /N, fuel; however, this location is very depen-
dent on the choice of turbulence model. The combination of modified RSM and EDC with
C. =3 and C¢ = 2.1377 (not shown) shows excellent agreement with experimental mea-
surements for the CoH4/H, fuel case, but results in significant discrepancies compared to
the C,H4 /N case. This deficiency may therefore be attributed to the modified SKE model,
and hence, implies the need for a more robust 2D turbulence model in order to accurately
capture the detail of temperature and species distributions.

A possible explanation for the improvement of both modified EDC models may be
due to the decreased fine structure sizes for C¢ = 1 and increased residence times more
appropriately emulating the conditions of transitional jet flames in the JHC burner. This
is consistent with reduced temperatures observed in MILD combustion (Cavaliere and de
Joannon, 2004), which are indicative of reduced reaction rates resulting from the low oxy-
gen dilution in the reaction zone. In contrast to conventional combustion, the MILD and,
similarly transitional, regimes may be categorized such that fluid and chemical time scales
are similar and turbulent time scales are reduced compared to conventional combustion.
Similarly, Eq. (3) shows that C¢ is a monotonically decreasing function of the ratio k*/ (ve),
which is, in turn, proportional to the square of the turbulent kinetic energy of the fluid. This
relationship implies that reacting fine structure scales increase in size with less energetic
fluids, resulting in extended residence times in larger fine structures, serving to decrease
the chemical time scale. In such circumstances, the combustion regime of a large control
volume, such as a furnace, would tend towards emulating a well-stirred reactor where all
products are completely mixed. The JHC burner, however, drives fluid motion downstream
of the jet exit and dictates mixing between the ambient temperature, fast moving jet, and
heated, slow, low oxygen coflow. The laminarizing, viscous shear effects between these
streams may result in limited interaction regions between the fuel and oxidizer, reducing
the boundaries for interactions between species while simultaneously increasing the time
a fluid particle is encapsulated within a fine structure. Such viscous fluid effects may not
be captured accurately by the EDC model due its assumption of isotropic Reynolds aver-
aging (Magnussen, 2005), and numerical unreliability at low turbulence (De et al., 2011).
Turbulent fine scales within the flow therefore need to be adjusted, through the parameters
C; and Cg, in order to account for these viscous effects to better predict the mixing and
chemical interactions between species in this region.
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CONCLUSION

Lifted jet flames in a heated and depleted oxygen coflow stream in the transition to
MILD combustion present an interesting test case for models. The use of RANS-based
EDC models is particularly attractive due to the low computation cost yet retaining the
capacity to model finite-rate chemical kinetics. However, previous RANS-EDC modeling
efforts of the JHC burner have failed to accurately predict the experimental observations of
transitional flames. These flames are characterized by measurements of combustion reac-
tions in a region that visually appears lifted. Through a parametric investigation, it has been
demonstrated that adopting the EDC constants C; = 3 and C; = 1 enable the behavior
of these transitional flames to be recreated as shown through CH* contours of a visu-
ally lifted flame. It is also shown that this pair of constants similarly improves the EDC
model capabilities in predicting peak temperatures, OH, CH,O, and temperature profiles
measured experimentally across a range of operating conditions and fuels. Importantly,
the optimized EDC model also shows less sensitivity to boundary conditions, such as jet
inlet turbulence intensity and jet temperature and robustness to the chemical composition
of boundary conditions. The modification of the EDC parameters is physically justifiable
due to the distributed reaction zone associated with MILD combustion, explaining these
improvements in the accuracy of results. These results demonstrate the capabilities of sim-
plified RANS-based models for the modeling of flames in hot and vitiated oxidant streams,
including visually lifted flames in the transition to MILD combustion, which have not been
reproduced previously using an EDC model.
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Abstract

Turbulent flames in the moderate or intense low oxygen dilution (MILD) combustion regime have previ-
ously exhibited less susceptibility to lift-off than conventional autoignitive flames in a jet-in-hot-coflow (JHC)
burner. This has been demonstrated through laser-based diagnostics and examination of CH* chemilumi-
nescence. New experimental observations are presented of turbulent flames of natural gas, ethylene and
blends of the two fuels, in coflows with temperatures from 1250-1385 K and oxygen concentrations from
3-11% (wvol./vol.). Zero- and one-dimensional simulations, as well as turbulent flame modelling, are used to
explain the trends seen experimentally with different coflows and fuels. Numerical simulations using sim-
plified batch reactors and opposed-flow flames demonstrate that blending of methane and ethylene fuels is
most significant near 1100 K. Near this temperature, pure ethylene exhibits a transition between high and
low temperature ignition pathways. Further analyses show that a 1:1 methane/ethylene blend behaves more
like ethylene near MILD combustion conditions, and more like methane in conventional autoignition condi-
tions. Two-dimensional modelling results of the turbulent flames are then discussed and explained in the
context of the simplified reactor results. The flames confined by the lean flammability-limit in the coflow
and high strain-rates in jet shear layer, in agreement with previous work using a semi-empirical jet model.
The two-dimensional modelling is additionally able to qualitatively replicate the trends in lift-off height, with
normalised heat release rate profiles reproducing, and serving to explain, the effects seen in experimental
campaigns.

Keywords: MILD Combustion, Non-Premixed Flames, Lifted Flames, Autoignition, Fuel Blends

1. Introduction

Moderate or intense low oxygen dilution (MILD) combustion has been the subject of previous investiga-
tions due to its potential to reduce pollutant emissions and increase thermal efficiency in practical systems
[1]. This combustion regime has already been successfully implemented in furnaces and burners with strong
recirculation [2-4], and similar systems have been suggested for applications such as gas turbines [5], however
further fundamental understanding is required for MILD combustion in these applications [6].

Previous experimental studies of non-premixed MILD combustion have been undertaken in jet-in-hot-co-

/cross-flow (JHC) burners [7—20]. These studies have investigated the combustion of gaseous, pre-vaporised
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liquid and solid fuels under MILD combustion conditions, and in the transition between the MILD and
conventional autoignitive combustion regimes. Among these, studies of natural gas (NG) and CoH4 have
demonstrated non-monotonic trends in visual lift-off height with changing oxidant Os level [12, 19]. These
trends are evident in laminar and turbulent flames in the transition between MILD and autoignitive com-
bustion regimes, however, the underlying mechanisms behind these trends remain unresolved [12]. The flame
structure and stabilisation mechanisms of non-premixed flames in the transition between MILD combustion
and conventional, lifted, autoignitive flames are not very well understood [12, 19, 21], and exhibit significant
instability and sensitivity to ambient conditions [2, 12, 13, 22].

The ignition of MILD flames has been widely investigated in premixed, homogeneous reactors [23-27].
These studies have used different measures of ignition to define ignition delay, such as the time required
for a 10-K increase above the unreacted mixture temperature [23-25], or the onset of thermal runaway [26—
28]. This initial temperature increase occurs almost simultaneously with thermal runaway in conventional
autoignition, however these do not coincide during the more gradual ignition processes in MILD combustion
[21]. Ignition processes in MILD combustion, have shown good agreement with a 10-K temperature increase
threshold in predicting ignition delay and the onset of chemiluminescence [21, 23-25]. Although simplified
reactors may be used to provide an estimate for the ignition delay of a homogeneous chemical mixture,
neither well-stirred nor plug-flow reactors can provide insight on the effects of mixing, strain-rate or diffusion
encountered in practical combustion systems.

Numerical modelling of non-premixed MILD combustion has been previously undertaken using opposed-
flow simulations to build on the understanding of flame structure and stabilisation. Simplified opposed-flow
flames have previously been used to predict species distributions within turbulent flames in mixture fraction
(Z) space [7, 29], and to explain the distribution of species and heat release rate (HRR) within MILD flames
[30, 31]. This modelling approach has additionally been used to assess the stability [10, 26] and ignition
behaviour [10, 19, 21, 27] of MILD flames. These studies have suggested that MILD flames are stabilised
through partial premixing of Oy into the fuel stream [10], however transient analysis of opposed-flow flames
determined that this simplified configuration is inappropriate for modelling ignition delay [21] without a
reasonable estimate of the underlying physical flow-field [19].

The flow-field of a JHC burner may be modelled using CFD with a Reynolds-averaged Navier-Stokes
(RANS) approach. The RANS approach has been used for the validation and verification of combustion
models, with MILD combustion shown to require finite-rate chemistry modelling due to Damkohler numbers
(Da) of order unity [32, 33]. Several modelling attempts have been made to compare combustion models
against previously obtained experimental results using RANS and the eddy dissipation concept (EDC) com-
bustion model [32-44] or higher-fidelity large-eddy simulations [45-47]. These studies have predominantly
been for model validation or focussed on the structure of the flames downstream. Beyond the coflow-controlled
region, however, the simulated oxidant composition is heavily dependent on the model boundary conditions
and the flame is greatly affected by the entrainment of cold, ambient air [36]. Although RANS modelling
studies with adjusted EDC constants have shown reasonable agreement with experimental data [35, 39, 40],

there has been very little work using this approach to develop understanding of flame stabilisation in the
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MILD combustion regime, or replicating the trends seen experimentally under these conditions [9, 12].

Many studies of MILD combustion have focussed on CH4 — the primary constituent of NG [48], or CoHy
— an important intermediate in the combustion of larger hydrocarbons [48, 49]. Both of these fuels have
previously been studied issuing into identical coflows, suggesting very similar ignition characteristics, however
these were mixed with Hy (1:1 by vol.), serving to stabilise the flames [11]. In the MILD combustion of CHy,
CHj3 recombination serves to slow the overall reaction [25], and non-premixed combustion occurs without any
regions of negative HRR [30]. At temperatures below approximately 1000 K, the ignition delay of CH, has
displayed a negative temperature coefficient (NTC) region due to competition between the CHs pathway and
a preference for ignition via the Hy branching pathway at high temperature [24, 50]. The oxidation pathway
of C3Hy in MILD combustion is through H abstraction to CoHs and then to CyHs [39, 48]. This process
therefore also leads to significant production of Hy at temperatures near 1000 K, similar to the operating
conditions in previous investigations with a JHC burner [9]. The unique environment in MILD combustion
suggests that the Hy ignition pathway may be more pronounced under MILD conditions for both CoHy and
CH,4 combustion.

Both CH4 and CoHy are produced in significant quantities during combustion of larger hydrocarbons [49]
and are key species in combustion systems using combinations of NG and other, larger hydrocarbon fuels.
Blends of CH4 and CoHy have been previously studied numerically and experimentally to assess the chemical
and physical effects on flame speed of mixtures of these fuels at room temperature and ignition delay of
dilute mixtures [51, 52]. Analyses of CHy and CyHy blends have shown that the flame speed of the mixture
is more heavily dependent on kinetic influences than physical effects [52]. Kinetic analysis of different blends
of CHy and CsH, indicates that Co chemistry becomes significant for mixtures with more than 10% CyHy
[51]. The same study found that beyond this concentration, the reaction of CoHy + OH — CoHs + HoO
overwhelms CHy + OH — CHjs + H5O [51]. Further to this scavenging reaction, the reaction of atomic O
with CoHy, has been shown to favour CHjs formation below temperatures near 1000 K [53]. However, it has
not been determined how significant concentrations of Ca-species, or the recombination of CHg in a blend of
CH4 and CoHy fuels, change the flame behaviour during ignition and flame stabilisation in hot oxidants. The
interaction between CHy4 and CoHy under MILD conditions is unknown, although it is relevant for potential
fuel blends of NG and larger hydrocarbon fuels.

Simplified reactors have been used to provide insight into the processes involved in ignition under MILD
combustion conditions, however further work is required to explain the non-monotonic trends in lift-off height
across the boundary of the MILD combustion regime. To meet these needs, this work will investigate trends
from experimental observations and compare them against predictions from simplified reactors and RANS
modelling. This will be used to assess whether trends in lift-off height may be described as the effects
of ignition delay or flame extinction, or whether a more complete description of the flow-field is required.
This study will not only investigate trends in the transition between the MILD and autoignitive combustion
regimes, but will shed light on the ignition features of CHy4/C3Hy fuel blends in a hot and diluted conditions,

to advance the current understanding of ignition processes under MILD combustion conditions.
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Table 1: Experimental coflow compositions (% vol./vol.) and stoichiometric mixture fractions (Zs¢) for different fuel compositions
(ratios by vol.). Coflows are nominally 1250, 1315 or 1385 K.

Oxidiser composition (%) Stoichiometric mixture fraction (Zs;)

02 HQO COQ NQ NG 2:1 NG/C2H4 1:2 NG/CQH4 CQH4
3.0 10.7 3.6 82.7 | 0.009 0.009 0.010 0.010
6.0 10.7 3.6 79.7 | 0.017 0.019 0.020 0.020
9.0 10.7 3.6 76.7 | 0.026 0.028 0.029 0.030
11.0 10.7 3.6  74.7 | 0.031 0.033 0.035 0.036

2. Methods
2.1. Experimental Observations of Turbulent Jet Flames

Photographs were taken of turbulent flames in a jet-in-hot-coflow (JHC) burner, which has been used
widely in previous studies [7-12, 18, 19]. The JHC burner features a fuel jet issuing from a 4.6-mm-diameter
pipe (with a length >100 times the pipe diameter) into a concentric coflow of hot combustion products from an
82-mm-diameter secondary burner. This results in a coflow-controlled environment extending approximately
100 mm downstream. The various compositions of the coflow are given in Table 1. The fuel issuing from the
central jet of the JHC burner is natural gas (NG, >92% CHy), CoHy or a blend in ratios of 1:2 or 2:1 (by
vol.). In each case, the jet has a bulk Reynolds number (Re) of 10 000.

Photographs of turbulent flames in the JHC were taken using a Canon EOS 60D SLR camera, fitted
with a 50 mm, fx1.8 lens. Photographs were taken with manual settings (including white balance), with
the details presented later. Visual lift-off heights were determined by isolating the blue channel of these
photographs, inverting them and identifying an “unequivocal” flame base or a weak-to-strong transition,
similar to method of Medwell and Dally [12]. Additionally, the first instance of chemiluminescence was also
identified from photographs of the same flame. In the absence of soot, the blue channel is taken to indicate

CH* chemiluminescence at 430 nm [54].

2.2. Numerical Simulations of Simplified Reactors and Turbulent Jet Flames

Ignition delays of CHy4, CoHy and CHy/CoHy fuels were evaluated using stoichiometric, constant pressure,
batch reactors using the AURORA routine from the CHEMKIN software package. Ignition delay of these
mixtures was taken to be the time required for a 10-K increase in temperature, based on previous analysis
of premixed reactors [23-25]. The initial temperature is considered to be the oxidiser temperature. This
temperature has been shown to be approximately equal to the temperature of the most-reactive mixture [55]
in CoHy flames with hot and diluted oxidants [21]. The oxidant stream is composed of 3-12% O4 (vol./vol.),
with other species described in Table 2 and with temperature in the range from 1100 to 1500 K. These
compositions and temperatures are similar to those used experimentally in this, and previous [8-12, 18, 19],
studies. Additional calculations were performed to include minor species in the coflow composition, as
previous studies have highlighted the importance of intermediary species as additives and as part of the
oxidant minor species pool [26, 27, 40, 42, 56-59]. In these cases, the oxidants were based on equilibrium
calculations of the coflow stream, with the minor species pool including all species with mole fractions greater

than 10710 (0.1 ppb). The fuel stream is one of either CHy, CoHy or a blend of CH4 and CoHy. This blend
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Table 2: Simulated oxidant streams compositions (% vol./vol.) for simplified reactors and RANS models. Oxidants range from
1100-1500 K, and are 1100, 1300 or 1500 K for opposed-flow flames and RANS models.

Oxidiser composition (%)
O2 H20 CO2 N
3 10 3 84

[§ 10 3 81
9 10 3 78
12 10 3 75

is 1:1 in all analyses except that for Fig. 5, which features pure CHy, a blend with 5% CsHy, and then blends
from 10% CoHy to pure CoHy in 10% increments. All ratios and percentages are given by volume.

Non-premixed opposed-flow flames were simulated using the CHEMKIN OPPDIF routine, with fuel and
oxidiser stream velocities chosen with equal momentum, resulting in a stagnation plane at Z = 0.5. Flames
were initially simulated at low strain-rates which was gradually increased until flame extinction was identified.
The different oxidiser compositions are given in Table 2 and had temperatures of 1100, 1300 or 1500 K.

Reynolds-averaged Navier-Stokes (RANS) modelling of CHy, CoHy and 1:1 CH,/CyHy flames was under-
taken using ANSYS FLUENT 14.5. The current study used the same axisymmetric domain, and turbulence,
radiation and combustion models, which have been described in a previous study to model visual lift-off in
the same burner [40]. The flow-field is modelled using the standard k-e turbulence model with C. modified
to 1.6 from 1.44 [60]. Turbulence-chemistry interactions are modelled using the eddy-dissipation concept
(EDC) combustion model with the constants C¢ and C. modified from 2.1377 and 0.4082 to 1.0 and 3.0,
respectively [40], consistent with previous studies of similar configurations [35, 37-40, 42]. In contrast to the
previous study with the same domain [40], the number of elements in mesh was increased by a factor of four
upstream of the jet exit plane and in the first 40 mm downstream of the jet exit plane, within a radius of
15 mm, to provide better resolution in Z-space. This refined mesh had a negligible impact on the solution in
the refined region or further downstream. The RANS model was used to simulate the same combinations of
fuel and oxidiser as the simplified reactors, with oxidiser compositions given in Table 2 with temperatures of
1100, 1300 or 1500 K. Fuels used were pure CHy, CoHy and a 1:1 (by vol.) blend of the two. Fuel temperature
was 305 K with a jet bulk-velocity maintained at 17.7 m/s. Coflow bulk-velocities were set to 2.3 m/s, similar
to previous experiments [8, 9].

The December 2014 version of the POLIMI C1-C3 high and low temperature kinetics scheme (for hydro-
carbon fuels with up to three carbon atoms) with 107 species and 2642 reactions [61] was used to simulate
CHy4, C3Hy and 1:1 CH4/CoHy combustion in the simplified reactors. A reduced version of this kinetics
scheme was generated using the DoctorSMOKE++ kinetics reduction code, based on a species-targeted sen-
sitivity analysis to ignition delay and flame speed [62]. This has previously been used for the reduction of
larger hydrocarbon fuel mechanisms [63], and is a similar method [64] used by a previous study focussing on
CoHy fuel [21]. The resulting reduced scheme for this study has 49 chemical species and 365 reactions and

was used for the RANS simulations.
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3. Experimental Results
3.1. Observations of Turbulent Jet Flames in Hot and Diluted Flames

Photographs of a NG flame, a pure CoH4 flame and two blends of NG and CyHy issuing into 1315-K
coflows with 3 and 9% Oz (vol./vol.), are shown in Fig. 1. Photographs of flames in 3% Oz coflows were
taken with exposure times of 4 s to demonstrate the relative chemiluminescent intensity of the flames and
determine the “unequivocal maximum lift-off height” [12]. Photographs of flames in coflows with 9% Oq
(vol./vol.) at 1315 K (Fig. 1), were taken with exposure times of 0.5 s to minimise saturation near the flame
bases. The decreasing lift-off height with increasing CoHy concentration can be seen immediately from Fig. 1.
This is a result of the increased reactivity of CoH, relative to NG.

No flames stabilised in coflows with 3% O, feature well-defined flame bases, with chemiluminescence
gradually intensifying with downstream distance (Fig. 1). Very faint NG flames stabilised in a 1315-K
coflow with 3% O are not clearly visible from photographs with 4 s exposure times, although long-exposure
photographs reveal that they are attached to the jet exit plane. Downstream, the CoH, flame demonstrates
significant luminescence due to the presence of soot, which additionally illuminates the image background.
The sooty region is, however, beyond the coflow-controlled region where flame is significantly affected by
ambient air entrainment, and outside of the scope of this study. The absence of soot in the coflow-controlled
region, conversely, has previously been used to indicate that such flames are within the MILD combustion
regime [9, 12, 65].

Blends of NG and CyHy fuels issuing into 1300-K coflows with 3% O4 feature qualitatively similar flame
base structures (see Fig. 1). The strong blue colour of the flames are, like both the NG and CyHy flames,
in the coflow-controlled region (hence, free of soot). Flame lift-off height decreases, and chemiluminescence
intensity increases, monotonically with increasing proportions of CoHy in the fuel jet. Downstream of this
region, however, the 1:2 NG/CoH, flame produces significant amounts soot, similar to the CoHy flame.

The NG flame issuing into a 1315-K coflow with 9% Oy appears to exhibit a “transition point” from
gradual ignition to a distinct flame base [9, 12, 66]. This transition point can be described as a sudden
change from faint chemiluminescence to a brighter, more intense flame, corresponding to a shift from “weak
to strong OH levels” [9]. Flames with one-third or more CoHy, all appear lifted with distinct transition
points, similar to previous observations of CoHy flames [9, 12]. This suggests a different ignition mechanism
between the NG flames and those with CoHy4, which may be driven by turbulence-chemistry interactions, or

chemistry alone.

3.2. Visual Lift-off of Turbulent Jet Flames in Hot and Diluted Flames

Figure 2 presents plots of the range of visual lift-off heights of NG/CoH, flames against the percentage
of CoHy in the fuel for different coflow conditions given in Table 1. Each plot in Fig. 2 shows the trends
for different O levels at a single coflow temperature. The lift-off heights of pure CoH, flames in coflows of
different temperatures are shown separately, including coflows with 6% Oa, in Fig. 3.

Ranges of visual lift-off shown in each plot extends from the first visual indication of chemiluminescence

to the “unequivocal maximum lift-off height” [12] from photographs taken with 4 s exposure times. This

158



2:1 1:2 2:1 1:2

NG:C,H, ING:CyH, NG:CH, ING:CyH,

3% O, (4 sec exposure) 9% 0, (0.5 sec exposure)

Fig. 1: Flames with different fuel compositions in 1315-K coflows with 3% (left) and 9% (right) Oz (vol./vol.). The images
are 65 mm x 150 mm, with ISO-1600, fx 16, and 4 or 0.5 s exposure times. The jet exit plane is at the bottom edge of the
photographs.

approach captures the low spatial-gradients of chemiluminescence in low luminosity flames, where a definite
‘lame base’ cannot be identified [12]. As previously mentioned, NG flames stabilised in1315-K coflows with
3% Oy exhibit very low luminosity (recall Fig. 1), however, long-exposure photographs reveal these are
stabilised as very faint, attached flames. No NG flames could be stabilised in 1250-K coflows with 3% O,
hence their absence from Fig. 2.

Flames stabilised in 1250 and 1315-K coflows with <6% O2 and 29% O, exhibit different lift-off behaviours
(Fig. 2). Flames stabilised in coflows with <6% O2 demonstrate a trend of decreasing lift-off height with
decreasing coflow Og level, whereas lift-off height decreases with increasing coflow Oy level for 29% O,. In
each case, flames in coflows with 3% O exhibit the lowest spatial-gradient in chemiluminescence (represented
graphically by the larger bars in the plots), with this gradient being lowest for flames with large concentrations
of NG as fuel. These observations are consistent with those from a previous study of NG and CyHy fuels [12],
with a subsequent study hypothesising that this may be a result of the shifting location of the most-reactive
Z with respect to the shear layer [19]. This is seen for all flames in 1250- and 1315-K coflows, as well as for
pure CoHy (Fig. 3) and NG (not shown for brevity) flames at different temperatures, although the variation
in lift-off heights lessens at higher temperatures. These results strengthen the need for further analysis to

assess if this is a purely chemical phenomenon, or a result of interactions with the jet flow-field.

4. Ignition and Extinction in Simplified Reactors
4.1. Ignition Delays of Simple Hydrocarbons

The ignition delays of CoHy, CHy and a 1:1 blend of both pure fuels (by vol.), are presented as a function
of 1000/T in Fig. 4. Oxidant compositions are given in Table 2. In each case, ignition delay is defined as the
time taken for a 10-K increase in temperature in the batch reactor.

Figure 4 presents a plot showing the ignition delay of pure CoHy as a function of temperature with three
3, 6 and 9% O,. This figure indicates two separate trends in the ignition delays, below 1000 K and above
1200 K, which are more strongly dependent on temperature and oxidant Oq level respectively. These trends
are the result of previously reported competition between Hy ignition below 1000 K, and the high temperature
C, ignition pathway in CoHy combustion [48]. The ignition delay times collapse to similar values for all three

oxidant compositions in the transition between these ranges, near 1100 K.
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At low temperatures, HO5 is formed in preference to OH [48] and the oxidation of CoHy by atomic O
favours the production of CH3 and HCO over the more reactive CHyO and CHoCHO [53]. This in turn,
influences the oxidation and recombination pathways of CHs are, which are highly sensitive to temperature
near 1000 K [24]. At high temperatures, the effects of oxidant Og level become more influential than variations
in initial temperature. This is in line with the dominance of Ca chemistry [48], and a reduction in both CHj
formation [53] and recombination [24] — both favouring CH2O production. These results appear to contradict
the experimental trends of lift-off height presented in Fig. 2, which exhibit less change with Og in higher
temperature coflows. The combination of these results suggests that ignition delay alone may not be be
sufficient to explain the onset of chemiluminescence seen experimentally, which is consistent with other
studies of the MILD combustion regime [27].

The collapse in ignition delay near 1100 K may be compared with previous experimental observations of
turbulent CoHy flames stabilised in coflows of the same temperature with 3 and 9% O [9]. This previous
study reported the existence of a “weak [OH] tail” below the visual flame base in the 9% Os case [9]. The
flame in the 3% case was reported as being faint but, nonetheless, attached [9]. In both cases, thin OH
structures appeared to extend towards the jet exit plane [9]. These structures have been hypothesised as
laminar flames igniting in the lean side of the jet shear layer in conditions closely resembling the coflow
velocity (2.3 m/s [9]) and temperature [19]. The ignition delays under these conditions (2-3 ms) suggest
that the heat release from these flames would initiate within the first few millimetres downstream of the jet
exit plane. This is consistent with the experimental findings of Medwell et al. [9], but cannot explain the
associated “weak to strong” transition [9].

Ignition delays for pure CHy in oxidants with 3, 6 and 9% Og at stoichiometric conditions are presented
in on the same set of axes in Fig. 4. The ignition delays for CH, do not exhibit any collapse similar to the
CoHy ignition profiles, and are, additionally, approximately 1-2 orders of magnitude longer than ignition of
CyH,. This trend is significantly different to the experimental results (see §3), where NG flames appeared
attached, or with lift-off heights of the same order of magnitude as the CoH, flames. This suggests that the

NG flames observed experimentally may be stabilised through mechanisms other than autoignition, such as
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propagation upstream, highlighting the need for more complex analyses of these flames.

The profiles of ignition delay of CH, and oxidants with 6 or 9% Oz versus 1000/ T both feature changes
in slope with inlet temperatures near 900 K. This slope change has previously been described as negative
thermal coefficient (NTC) behaviour in the context of CHy [24]. Negative thermal coefficient behaviour
has previously been observed experimentally in a plug-flow reactor and investigated in depth using detailed
kinetics [24]. The behaviour is due to the competition between high and low temperature pathways for CHoO
formation [24]. The onset of NTC can be seen using the oxidant with 3% Os, with the profile of ignition
delays becoming less sensitive to temperature changes below 1000 K. This indicates that the NTC region is
shifted towards significantly lower temperatures, and that the previously identified low temperature pathways
of CHy from CH305 to CO, and Hs [24] become less dominant, in very low O mixtures. Thus the ignition
behaviour of CHy in oxidants with 3% Os cannot simply be extrapolated from trends recognised at higher Oq
levels. A similar conclusion may be drawn from the experimental trends in Fig. 2, where NG flames exhibit
different trends with changing Os level in coflows of different temperatures.

Figure 4 shows the profiles of ignition delay for a 1:1 blend of CH4 and CsHy. The profiles do not show
the features seen in either of the pure CoHy or CHy fuels, namely the collapse in ignition delay times or an
an NTC region, respectively. This suggests that the blending of the two pure fuels inhibits the competition
between chemical pathways and resulting response of ignition delay to initial temperature is smoothed. The
ignition delay profile of the fuel blend follows the general shape of the CoHy curves, but with a less significant
change of slope near 1100 K. Compared to pure CyHy, the ignition of the blend is delayed by a factor of
approximately 2-3 below 1000 K, and a factor of 3-5 above 1200 K. The blending of CH4 and CsyHy in
equal parts results in similar trends in ignition delay for all three oxidants. These similarities suggest that
trends observed in the ignition of the blended fuel mixture in oxidants with 9% Os may be used to predict
combustion in oxidants with as low as 3% Os. This ability to extrapolate is an advantage over pure CHy or
CyH, fuels (due to the different trends in oxidants with 3% O3), and may be achieved without significant
sacrifices in ignition delay relative to pure CoHy.

Changes in ignition delay of a CH4 and CoHy fuel, blended in different ratios, are shown in Fig. 5. These
plots show the smooth changes in ignition delay times from pure CHy4, to pure CoHy, fuels with initial
temperatures of 800, 1100 and 1500 K. The largest rate of change coincides with the transition between pure
CH4 and the blend with 5% CsHy. This is most prominent at 1100 K, with the largest changes occurring
with an oxidant of 3% Os. Under these conditions, the inclusion of 5% CsHy results in a four-fold reduction
in ignition delay relative to the CHy case. This change is significantly greater than reductions by a factor of
approximately two at either 800 or 1500 K.

The inclusion of 10% CsHy in the fuel blend results in a four-fold decrease in ignition delay in the 800 K
mixtures, and a three-fold decrease at 1500 K, compared with pure CH,. Conversely, the change at 1100 K
is a full order of magnitude between pure CHy and with the addition of 10% CyHy. This coincides with the
collapse in ignition delay observed in Fig. 4, which is also evident in Fig. 5.

The ignition delays presented in Figs. 4 and 5 were calculated using oxidants composed of major species

— Og9, HyO, CO4 and Ny — only. In order to gauge the effect of minor species on ignition delay, calculations
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Fig. 5: Ignition delay times for stoichiometric blends of CH4 and C2Hy, and oxidants with 3, 6 or 9% Os. Initial temperatures
are 800, 1100 and 1500 K.

were performed using a detailed description of the oxidants at 1300 K. The inclusion of the minor species pool
reduces the ignition delay of CoHy by 20-40% for oxidants with 3-9% Os. The maximum change of 40% occurs
in the oxidant with 3% O,. Ignition delay with the oxidant with 9% O,, conversely, only changes by 20%. The
relative changes in ignition delays for CH4 flames due to the inclusion of the minor species pool are negligible,
however result in a 15-25% reduction in all ignition delays for the 1:1 CH4/CoHy fuel blend (with the greatest
change in the 3% O case). This observation that the inclusion of minor species in zero-dimensional reactors
more significantly impacts CoHy ignition than CHy is in agreement with conclusions drawn in a previous
study [27]. These findings demonstrate both the importance of minor species in perfectly-stirred reactor
models and the effect of CHy in mitigating the changes in ignition delay due to initial concentrations of

minor species.

4.2. Eaxtinction Strain Rates of Simple Hydrocarbon Flames

Figure 6 shows plots of extinction strain-rate versus oxidant temperature for oxidants with 3, 6 and
9% O4. Each plot shows extinction strain-rates for pure CoHy, pure CHy4 and a 1:1 blend of CHy4/CyHy. The
composition of each oxidant is the same as those used for the ignition delay calculations, with 10% H,O, 3%
COg (vol./vol.), balanced with Ny. The inclusion of the minor species pool in the oxidant description was
found to have a negligible impact on the steady-state opposed-flow flames.

The profiles of extinction strain-rate for the oxidant with 3% O, are shown as a plot in Fig. 6. In this
plot, the extinction strain-rate of CoHy flames increases linearly above 1100 K, with the CH4/CyHy blend
following a similar trend. The first signs of ignition in the fuel blend are delayed by ~200 K relative to pure
CyHy. Pure CHy flames, however, are not sustained with oxidants containing 3% Oz at any temperature in
this range. The addition of CH4 to CoHy, however, does not have a significant effect on extinction strain-rates
above 1100 K, compared with pure CoHy. The effect of CHy at the lower temperatures may be, in part, due
to the slow conversion rate of CHs — CH30 below 1200 K [48].

The absence of any opposed-low CH, flames in oxidants with 3% O is in contrast to the experimental

results, with NG flames stabilising in 1315-K (and hotter) coflows with 3% Os (see Fig. 2). This discrepancy
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between the simulations and experimental results may indicate that NG flames in this JHC configuration do
not ignite as opposed-flow flames.

Both pure CoHy and the 1:1 CHy/CyHy blend flames feature similar extinction strain-rates above 1300 K
with oxidants including 6% O (see Fig. 6). The difference between these extinction rate profiles is more
significant at lower temperatures and are within 15% at 1300 K and within 5% at 1500 K. This may be
associated with a decrease in CHjz recombination, which is known to retard the ignition process [24].

Figure 6 shows that oxidant streams with 9% Os result in flames for all fuels, with the extinction strain-
rate of the fuel blend closer to that of pure CH, than pure CoHy for every oxidant temperature. This is most
pronounced above 1300 K, where extinction strain-rates of the blend are within 10% of those for pure CHj.
These results are in contrast to cases with 3 or 6% O in the oxidant stream, where extinction strain-rates
closely follow profiles of CoHy flames. This demonstrates that CoHy is increasingly dominant over CHy in
fuel blends with decreasing oxidant Os. A similar trend was also seen with ignition delay, recalling Fig. 5.
These results show that the characteristics of CHy/CoHy fuel blends do not consistently follow the trends
of either pure fuel in combustion with hot and diluted oxidants, but appears to have a preferred tendency
towards one fuel or the other under different conditions. This may be a combination of the competition
between CoHy + OH and CHy + OH [51], and the preference of CoHy 4+ O to form CHj below 1100 K [53],
which is dominant in CHy ignition and preferentially recombines under MILD conditions [25]. The shifting
preference towards one fuel or the other was not seen in previous studies of flame speed [51, 52] or extinction
[51], although these studies focussed on initially cold mixtures of fuel and air [51, 52] or the effects of changes

in ambient pressure [51].

5. Turbulent Simulations of Simple Hydrocarbon Flames

Two-dimensional modelling of jet flames using CFD may be used to provide insight into the interactions
between combustion chemistry and the turbulent flow-field. In the simulations presented, reactions were

present, with varying levels of net, positive heat release, at the jet exit plane in all cases.
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Figure 7 shows profiles of strain-rate against normalised mixture fraction (Zy) [9, 67] for C2Hy issuing into
1100-K, 1300-K and 1500-K coflows with 3, 6 or 9% O,. This normalisation ensures values of Zy =1 and 0
at the fuel and hot coflow inlets, respectively [9]. The three plots show the profiles of strain-rate at distances
of 5, 10 and 35 mm downstream of the jet exit plane. These profiles are all within the coflow-controlled
regions of the flame (refer to §2.1). These profiles all collapse in Zy-space at each oxidant temperature,
demonstrating that the relationship between Zy and the flow-field does not change with changing coflow
O, concentrations. The relationship is consistent with the assumptions made in a previously implemented,
simplified model for jet mixing used to approximate the flow-field of a JHC burner [19]. The agreement
between the modelled strain-rate fields is particularly good for low values of Zy (below 0.025), near and
below the stoichiometric mixtures of these flames (refer to Table 1). This is the range of Zy where ignition
is anticipated, initially occurring at the most reactive mixture fraction (Z,,, < Zs, where Zg ~ 0.025)
[21, 55]. This region of low Zy additionally corresponds to minima in axial velocities and the local turbulent
Reynolds number, due to the boundary layers along the burner walls separating the jet and coflow streams
(vefer to §S1 in the Supplementary Data). Strain-rates increased by approximately 10% (for Zy > 0.025) in
more dense, 1100-K coflows, whereas strain-rates were decreased by approximately 15% (for Zx > 0.025) in
1500-K coflows.

The plots in Figs. 8-9 show profiles of net heat release rate (HRR) and OH number density (non) as a
function of Zy from two-dimensional RANS modelling. The cases presented show profiles from CoHy flames
issuing into 1100-K (Fig. 8) and 1300-K (Fig. 9) coflows with 3, 6 or 9% Oy (vol./vol.) at three different
downstream locations. Coflow compositions including the equilibrium minor species pool were assessed at
1300 K, but these did not have any significant impact on the results. This is consistent with previous studies
of the effects of low concentrations (~10 ppm) of minor species in RANS models of turbulent flames [40].

Profiles of HRR in Zy-space from CoHy flames issuing into 1300-K coflows with coflows with 3, 6 or
9% Os are presented in Fig. 9. These profiles show the relative intensity of HRR between the three different

flames, at three downstream locations. At a distance of 5 mm from the jet exit plane the peak HRR shifts
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towards regions of higher Zy with increasing coflow O level. This is consistent with both increased Z,; and
increased resistance to extinction with increasing levels of Os in the coflow. A second peak, in significantly
richer mixtures, is evident further downstream for all flames as the strain-rate field decays with downstream
distance.

Comparisons of the HRR profiles in 1100 and 1300 K coflows show progressively more compressed HRR
profiles with decreasing coflow temperature with lower peak HRR. This is also consistent with increasing the
coflow temperature to 1500 K (omitted for brevity). These results show that, in lower temperature coflows,
the combination of less reactive mixtures (due to lower oxidant temperatures) and increased flow-field strain-
rates (due to higher coflow density), restricts the reaction zones of flames in hot and diluted coflows. This
flow-field-imposed compression effect explains the ‘OH-tail’ structures of CoH, flames issuing into 1100-K
coflows with 3 and 9% Oz [9], and why they were not observed in a jet-in-hot-crossflow configuration [16].
This will be discussed in further depth in §6.2.

Figure 9 shows the profiles of nog in Zy-space for 1300-K coflows with 3, 6 or 9% O3, 5 mm from
the jet exit plane. These profiles indicate a much flatter distribution of OH for flames in coflows with lower
concentrations of Oy. This figure additionally shows OH in the rich side (Zny > Zst) of the reaction zone, with
the shapes of the npoy profiles remaining similar with increased downstream distances. The description of
the downstream evolution of these profiles is also consistent with flames issuing into 1500-K coflows (omitted
for brevity), with similar noy distributions and peak quantities relative to the 1300-K case.

The distributions of npoy in flames issuing into coflows of 1100 K are shown in Fig. 8. At a distance of
5 mm from jet exit plane, the profiles of noy are very similar for all three coflow compositions. This indicates
similar structures and ignition behaviour, with small peak concentrations of OH, immediately after the jet
exit. Further downstream, significant formation of OH occurs first in the coflow with 9% O, then — and to
a lesser extent — in the coflow with 6% O2 (see Fig. 8). Noticeably, peaks of noy are located on the lean
(Zn < Zgt) side of the reaction zone, however there are significant concentrations of OH in the fuel rich
region. Similar rapid increases in nog with downstream distance are not observed in the coflow with 3% Os.
These results indicate the build-up of OH on the lean side of the reaction zone, near the jet exit plane in
1100-K coflows followed by more rapid ignition in coflows with higher O4 levels, reminiscent of the ‘weak to
strong’ OH transition seen in a coflow with 9% O, by Medwell et al. [9].

The profiles of HRR and npy for 1:1 CHy/CyHy flames in 1300-K coflows are presented in Fig. 10.
Strain-rates for the fuel blend in the same coflows as Fig. 7, are of similar magnitude, and exhibit the same
trends that were seen in the CoHy flames. This demonstrates that the choice of fuel composition does not
significantly alter the strain field, and the differences observed between flames are significantly dependent on
the chemistry. The profiles in Fig. 10 offer an interesting comparison with CoH,4 flames in identical coflows.
The profiles of HRR for the fuel blend are confined to a much smaller range of Zy than the pure CoH4 flames
at all downstream locations, with peak HRR for the blend being approximately 60% of that of the pure CoHy
flame. The profiles of noy, however, are almost identical for both the fuel blend and the pure CoH,4 flames.
This suggests that, although HRR is limited by blending with CHy, the species production and transport are
dominated by characteristics of the CoHy fuel.
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Fig. 10: Net heat release rate (HRR, left) and OH number density (nom, right) at three different downstream locations in
RANS models of 1:1 CH4/C2Hy flames in 1300-K coflows with different compositions. Data taken from 5 mm, 10 mm and
35 mm downstream.

The 1:1 blend of CH4/C2H, flames issuing 1100-K coflows behave quite differently to pure CoHy flames in
the same coflows (included in §S2 of the Supplementary Data). In an 1100-K coflow, all the flames with the
blended fuel not only exhibit a significantly reduced HRR for all Zy, but produce three orders of magnitude
less OH than pure Cy;Hy flames. This indicates that CHy inhibits combustion in an 1100-K environment, in

contrast to the effects in a 1300-K coflow.

6. Discussion
6.1. Comparison of Experimental Observations to Stoichiometric Ignition Delay Times

The calculated ignition delays of stoichiometric CHy/oxidant mixtures are 2-3 orders of magnitude longer
than those of CoHy (see Fig. 4). This relative difference is most significant near 1200 K for all oxidant Os
levels, and decreases to two orders of magnitude near 1400 K. Experimentally, turbulent NG flames in 1315-K
coflows appear attached or feature similar lift-off heights to C3Hy flames (see Fig. 2). As these flames have
similar jet Re and momentum, the bulk velocity of the NG jet is approximately double that of the CoHy jet.
The differences in velocity may contribute to the increased lift-off height of the NG flame compared to the
CoHy flame [21], which are of the same order of magnitude. This, however, is in direct contrast to orders of
magnitude discrepancy in ignition delay. Thus, under these conditions, the ignition delay in stoichiometric
batch reactors, using the criterion of a 10-K temperature increase, does not correlate with changes in the

initial onset of chemiluminescence seen in experimental observations.
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6.2. Comparison of Modelled Flow-Field to Extinction Strain-Rates

The results of Reynolds-averaged Navier-Stokes (RANS) modelling suggest that the regions of significant
HRR within the flames are confined within regions of low strain-rate, with higher strain-rates resulting in
extinction. The RANS simulations do not exhibit sudden extinction at the extinction strain-rate calculated
using one-dimensional OPPDIF simulations, however the peak of the Reynolds-averaged HRR profile occurs
at a strain-rate below this extinction value. This is not unexpected, as RANS results are intrinsically time-
averaged. Correspondingly, the inflection points on the rich side of the RANS HRR profiles appear to be
consistent with extinction strain-rates predicted by OPPDIF for all but the CH, flames in oxidants with
3% Oz, which do not ignite in the OPPDIF simulations. These results imply that the flames are stabilised
at very low Zp, occurring within the laminar coflow, and hence at velocities similar to the coflow velocity.
Subsequently, the reaction zones are confined by the extinction strain-rate, and the lean flammability limit
at very low Z.

The conclusion that flames in hot coflows are stabilised within the oxidiser stream is consistent with
a previous finding derived from transient flamelets superimposed onto a simplified flow-field [19]. This
hypothesis explains transitional flame structure seen previously in this burner [9, 12], where unbroken OH
structures have been reported in contrast to isolated ignition kernels in the turbulent mixing layer (seen in
similar configurations in coflows with higher Oq [13, 14, 68-71]). This RANS modelling approach, however,
cannot provide transient information about the laminar flame self-ignition or propagation processes.

The one-dimensional OPPDIF results suggest that 1:1 blends of CH, and CoHy preferentially behave like
CH, with oxidants with 9% O or CoH, with oxidants with <6% O,. Such trends are inconsistent with the
experimental results, with experimental values of lift-off changing almost linearly with fuel composition for
coflows with 6 or 9% O- (see Fig. 2). Results from the RANS simulations, however, support the experimental
results with the fuel blend behaving similarly to CoHy in coflows with 6 or 9% Oz, but demonstrating
significantly different behaviour in 3% Os. This highlights that the lift-off heights of flames in hot coflows
are a result of the strong coupling between chemistry, and the mixing and turbulence fields, specifically the
location of Zg; and Z,,, relative to regions of high strain rate in the shear layer.

The peak HRR and reaction zone width in 1:1 CH4/CoH,y flame in a 1300-K coflow with 3% Oy is
significantly reduced in comparison to the CoHy flame. For both fuels, however, the ratio of peak HRR
between flames in 6 and 9% Os coflows are similar. For pure CoHy, the peak HRR in the coflow with 9% O,
is approximately 5 times that of the 3% case, however this increases to a factor of 10 for the 1:1 fuel blend.
The width of the reaction zone in the 3% O case with the fuel blend is also reduced by a factor of 3 compared
with the CoH, flame. In contrast, the widths of the HRR profiles in the 6 and 9% Os cases with the fuel
blends are similar to those in the CoH, flames. This may indicate that the width of the HRR profile for the
fuel-blend flame in a coflow with 3% O is limited by factors other than strain-rate-based extinction, such as

the inhibition of ignition, which is most prevalent in oxidants with 3% Os (recalling §4.1).

6.3. Comparison of Modelled Lift-Off Heights to Experimental Observations
Simulated peaks in OH* chemiluminescence have previously been shown to agree with HRR in opposed-

flow flames [16, 18] and have been used to analyse the relative HRR in the JHC burner configuration [18, 19].

17

169



30¢ T T I 1
—_ 0,
E | 1300 K I 3% O, f
= F 6% O_H
= 20F ° M H
S [ 9% O, [
[0}
= - -
5 10F ]
s | ]
- B —_— 1 b
0
0 50 100

CZH4 in blend (%)

Fig. 11: Variation in lift-off heights of CH4/C2H4 flames in 1300-K coflows, coloured by coflow Oz level.

Specifically, rapid increases in OH* chemiluminescence have shown good agreement with approximately 20%
of normalised HRR for Z < Zg in ethanol flames [18]. A HRR criterion has previously been applied to
non-autoignitive, lifted, turbulent CHy jet flames issuing into quiescent air [72, 73]. Accordingly, isocontours
of 20% normalised HRR were used to compare the lift-off heights from RANS modelling to the “unequivocal
maximum” [12] estimated from experimental observations. Isocontours of 5% normalised HRR were used to
compare the initial onset of chemiluminescence. This value was chosen as a surrogate for the initial stages of
ignition, and hence initial temperature increases, which have been used successfully in studies of premixed
reactors [23].

The lowest [axial] point in the 5 and 20% HRR isocontours were taken to be the range of lift-off heights.
This approach is comparable to those taken in separate experimental [29] and direct numerical simulation
[69, 74] studies, which used a fixed percentage of minor species increase to denote lift-off height in conventional
autoignition. Such a species-based approach, however, has not shown similar success in simulations in more
gradual, non-premixed MILD combustion [21].

The trends in lift-off height in the RANS simulated are shown in Fig. 11. The model shows good agreement
with the predicted and observed lift-off heights of the NG flame in the 1315-K coflow with 9% Oz and the
trend reported by Medwell and Dally [12]. These results also capture the trend of decreasing lift-off height
with increasing CoHy concentrations. The 5% HRR threshold does not capture the attached NG flame in
the 3% O2 coflow however, regions of net positive heat release extended to the jet exit plane, as previously
stated in §5.

The simulated predictions of CoHy flames ‘lifted” by <1 mm is consistent with the observations of flames
detached from, yet stabilised very close to, the jet exit by ~5 mm (recall Fig. 2). These discrepancies may be
due to assumptions of a constant temperature coflow in the model, in contrast to experimental heat transfer
to the cooled jet, which results in a slightly lower coflow temperature near the jet exit plane. This effect is
not accounted for in the simulations, however the primary role of this study is to analyse the consistency
between the observed and simulated trends in lift-off height, as opposed to their absolute values.

Modelled trends in lift-off height qualitatively replicate those observed experimentally, with changing fuel
composition, coflow temperature and coflow Oy level. These trends, along with the profiles of strain-rate,
HRR and npp in Z-space provide insights on the stabilisation and structure of flames in the transition

between the MILD conventional autoignitive combustion regimes.
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7. Conclusions

Experimental and numerical investigations of CH4, CoH4 and blended-fuel flames in hot coflows have been
studied separately, and their results compared, to better understand the structure of turbulent jet lames and
the effects of blending gaseous fuels. This work has combined experimental observations in a JHC burner
and numerical studies of batch reactors, one-dimensional opposed-flow flames and two-dimensional RANS

simulations to draw the following conclusions:

e Fuel blends with greater than 50% CoHy, in 1300-K and hotter coflows, are more sensitive to changes

in coflow temperature than changes in coflow O level.

e Fuel blends which are predominantly CHy, especially in coflows cooler than 1300 K, are very sensitive

to the composition of the coflow oxidant stream.

e The NTC region of CHy4, under MILD combustion conditions, occurs at significantly lower temperatures

than NTC in the conventional autoignition regime.

e Unlike CHy and fuel blends, CoHy shows a unique collapse of ignition delays near 1100 K, due to the
competition between the H/Hs and Cs ignition pathways.

e Blending CH4 and C2H, only has a minor effect on OH distribution in flames stabilised in hot coflows,

however results in significant decrease in HRR compared to CoHy.

e Trends in the initial onset of chemiluminescence in a JHC burner cannot be directly estimated through
batch reactors or simplified opposed-flow flames alone, but can be replicated with knowledge of the

underlying flow-field.

e Two-dimensional RANS modelling supports the hypothesis that flames stabilise in regions of low strain-

rate, on the lean side of the jet shear layer.

e Distributions of HRR from two-dimensional RANS modelling can qualitatively replicate the gradual
ignition processes and non-monotonic trends in visual lift-off seen experimentally in the transition to

the MILD combustion regime.

The results of these studies provide a better understanding of the structure of CH,, CoH4 and blended
CH,4/CoH4 flames in hot coflows, improving the understanding of the evolution and stabilisation of flames in

hot and diluted coflows.
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Chapter 9
Summary and Conclusions

Moderate or intense low oxygen dilution (MILD) combustion offers a range of po-
tential benefits over conventional combustion systems. A comprehensive literature
review, however, demonstrated that a better understanding of MILD combustion
was required to improve the understanding of the defining features and stabilisa-

tion mechanisms of MILD reaction zones. In this thesis:

1. Distinctions have been established between the ignition mechanisms and re-
action zone structure of both MILD and autoignitive lifted jet flames in heated

coflows, providing methods of demarcating the two regimes.

2. The effects of oxidiser and jet conditions on the structure of flames in the

MILD and autoignitive combustion regimes has been explored.

3. The validity of simplified zero-, one- and two-dimensional models in predict-
ing the ignition delay and structure of experimental jet flames has been as-

sessed in MILD, transitional and autoignitive conditions.

The gaps in the current literature have been addressed across five publications in
leading, international peer-reviewed journals. The following subsections describe
how the body of knowledge in this thesis provides a significantly improved under-
standing of the stabilisation mechanisms in the MILD combustion regime, and in

the transition between MILD combustion and conventional autoignition.

9.1 Identifying and Understanding MILD Combustion

The MILD combustion regime has been previously been ‘defined’ in premixed re-
actors as either: self-igniting combustion where the increase in temperature is less

than the mixture self-ignition temperature [4]; or a gradual transition from mixing to
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burning, described by a degenerate S-shaped curve [21]. Chapter 4 compares these
two descriptions of premixed MILD combustion in premixed and non-premixed
reactors and, critically, presents the derivation of a simple, analytical criterion for
non-premixed MILD combustion. This criterion alleviates the necessity for any pre-
determined quenching or self-ignition temperatures, which may depend on prese-
lected numerical time scales. Instead, this criterion incorporates an effective ac-
tivation energy, an intrinsic property of the fuel-and-oxidant mixture. The newly
derived criterion for non-premixed MILD combustion is presented in Chapter 4 as
regime maps for comparison with detailed kinetics, and for arbitrary fuels —facilitat-
ing direct comparison between previous studies. Observations of flames from new,
and previously studied [2, 3, 7, 20, 22], experimental cases conformed with the new

analytical criterion for MILD combustion or conventional, autoignitive ignition.

The structure of experimental and simulated laminar, non-premixed flames are
investigated in Chapters 5 and 6. These configurations, in contrast to the opposed-
flow configuration in Chapter 4, allow for both ignition and flame propagation
and, hence, qualitative comparison between experimental observations and sim-
ulations. Initially, the validity of using the blue channel from photographs of lami-
nar flames as a means to compare changes in flame structure with changing condi-
tions, was confirmed in Chapter 5. Observations from these images were then used
to distinguish [spatially] gradual, MILD ignition, from conventional spontaneous
ignition (Chapter 5) and, in Chapter 8, to describe trends in visual lift-off height —
consistent with those reported previously [18]. Numerical investigation of a range
of CH4/CyHy4 flames in Chapter 8 demonstrated that trends observed in new ex-
periments could be qualitatively replicated, following the optimisation of the eddy
dissipation concept (EDC) turbulence-chemistry model (Chapter 7). The combined
results from Chapters 4, 7 and 8 have shown that flames in hot and diluted coflows
stabilise in low velocity, low strain-rate regions of the coflow. The most upstream ig-
nition points of the flames shift towards regions of higher strain rate with increasing

oxidant O, concentration or decreasing oxidant temperature.

Two-dimensional, laminar simulations were examined against the classification
of MILD reaction zones as edge flame structures without a triple point. In this de-
scription, MILD combustion is defined when only a single peak in net heat release
is evident in mixture-fraction (Chapter 5), in conjunction with more gradual igni-
tion processes (Chapter 6). Increasing the oxygen level or temperature of the oxi-
dant stream resulted in a shift to a tribrachial flame structure, where regions of heat
release corresponded to multiple peaks in precursor species distributions (Chap-

ter 5). It was shown that these species are produced in highest quantities upstream
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of the flame and diffuse to either side of the downstream reaction zone (Chapter 5).
Although CH>0 has previously been accepted as an appropriate indicator of tri-
brachial structures in CH4/NG flames [13], the work presented in Chapter 5 shows
that the hydroproxyl radical (HO;) is a more appropriate indicator of tribrachial
flame structures in flames where the H/H> ignition path is significant.

Although the numerical studies contained within this thesis adopt different
chemical kinetics mechanisms (specifically Gri-Mech 3.0 [31], the C1-C3 sub-
mechanism from POLIMI [24] and the USC-II C1-C4 mechanism [33]), they have
been verified previously [29], and within this thesis (see Chapter 5), as providing
qualitatively similar ignition pathways for the fuels under considered. In addition
to these comments throughout the thesis, it must be noted that both the C1-C3 sub-
mechanism from POLIMI [24] and the USC-II C1-C4 mechanism [33] produce simi-
lar opposed-flow flamelet structures, with the USC-II mechanism used in Chapter 4
as it is less computationally demanding.

A simple criterion for the existence of a degenerate S-shaped curve has been de-
rived to represent the boundary of the MILD combustion regime. This criterion is a
function of the initial conditions of the mixture only, and is independent of the un-
derlying flow-field. Additionally, two-dimensional laminar simulations have been
analysed to discern the mechanisms of species production and transport in MILD
reaction zones, with comparisons made against conventional spontaneous ignition
processes. The transition between these reaction zone structures is flow-field de-
pendent, as was shown by comparing simulations to experimental observations,
and in accordance with the findings of Ye et al. [34]. These conclusions are evidence
of the role that mixture fraction and residence time have on the structure of non-
premixed reaction zones. The qualitative features of these descriptions have been
used separately to describe MILD combustion, however the current analyses sug-
gest that both conditions may need to be met to encompass all the features of the
MILD combustion regime. Whilst MILD combustion can be described as meeting
both the S-shaped curve [14, 21, 23] and the heat-release rate [1, 5, 6, 9-11] criteria,
it remains unclear if these descriptions can be unified to provide a single, simplified

definition of the MILD combustion regime.

9.2 Factors Influencing Ignition with Hot and Diluted Oxidants

Oxidant temperature and O, concentration play a key role on the structure of non-
premixed MILD reaction zones [9-11, 30]. Few studies, however, have simultane-
ously investigated the existence of coupling of these parameters with the underly-

ing flow-field on reaction structure, or have only done so for limited conditions [30]
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or fuels [34]. The results within this thesis show that decreased temperature and
increased initial temperatures, result in reduced temperature increases and, hence,
a shift towards gradual ignition described by a degenerate S-shaped curve (Chap-
ter 4). Conversely, increased temperatures (as well as increased oxygen concentra-
tions) result in faster reaction rates and a shift away from temporally and spatially
gradual ignition (Chapters 5 and 8). This latter shift with hotter oxidants with higher
levels of O, also coincides with a trend towards flames with tribrachial flame struc-
tures (Chapter 4). These trends describe the changes in reaction structure in the
scalar-dissipation-rate, time and mixture-fraction domains, and highlight the im-
portance of their interactions. Interactions between chemistry and mixing fields
describe the phenomena seen experimentally, as highlighted in §9.1, revealing the
importance of the flow-field in contributing to flame structures in the MILD com-

bustion regime, and in the transition to conventional autoignition.

Ignition in the MILD combustion regime, and in the transition to conventional
autoignition, has previously demonstrated significant sensitivity to small concen-
trations of combustion radical and precursor species [17]. These were assessed
in the current work using zero-dimensional reactors, demonstrating that minor
species have a negligible impact on the initial stages of heat release (Chapter 8). In
non-premixed laminar flames, the inclusion of ~10 ppm of OH in the oxidant sig-
nificantly accelerated ignition in a MILD reaction zone, but had a negligible effect
on conventional spontaneously igniting flames (Chapter 5). This demonstrates that
radicals and flame precursors must be accounted for in the modelling, and analy-
sis, of MILD combustion. Further increases in OH concentration (up to 1000 ppm)
resulted in attachment of the MILD flame (Chapter 5). Although the addition of OH
resulted in a significantly intensified MILD reaction zone, it did not result in a shift
to a conventional spontaneously igniting, tribrachial flame structure. In contrast,
minor species were shown to have little effect on laminar opposed-flow flames in
either regime at steady-state (Chapters 5 and 8). Simulations of turbulent jet flames
in Chapters 7 and 8 similarly showed that equilibrium levels of minor species (with
concentrations of up to ~10 ppm) have little effect on flame structure, however a
large concentration (10 000 ppm) of hydroxyl (OH) resulted in flame attachment
(Chapter 7).

The results in Chapters 4, 5, 7 and 8 indicate that fuel properties, oxidant tem-
perature and O, concentration, and the underlying flow-field, govern the transition
between MILD combustion and conventional autoignition. Conversely, however,
even relatively large concentrations of minor species do not play an important role

in the shift between MILD combustion and conventional spontaneous ignition, de-
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spite accelerating ignition under MILD combustion conditions.

9.3 Prediction of Non-Premixed Ignition Delay

Ignition delay may be ‘defined’ by several means in zero- and one-dimensional re-
actors. This work has assessed the validity of different approaches to predicting
ignition delay in non-premixed flames using such spatially-simplified simulations.

Zero-dimensional reactor simulations have been used to calculate the ignition
delay by means of absolute increases in temperature, or the gradients of temper-
ature or radical species. These were assessed in Chapters 6 and 8 in which it was
shown that thermal runaway in a zero-dimensional reactor correlates well with both
autoignition events in isolated fluid kernels, and the weak-to-strong transition point
in non-premixed ethylene flames (Chapter 6). This was concluded for both planar,
laminar flames, and the visual lift-off height of previously observed simulated [35]
and experimental flames [18], normalised by their bulk jet exit velocity. In contrast,
ignition delay defined as the first, small temperature increase [8, 25] did not corre-
late with any experimental observations (Chapter 8). These results suggest that the
weak chemiluminescence observed near the jet exit plane of flames in a JHC burner
configuration may not be a direct result of localised self-ignition.

Transient and steady-state analyses of one-dimensional, laminar opposed-flow
flames have been compared to experimental and modelled flames in Chapters 4-
6 and 8. Although steady-state opposed flow-flow flames cannot capture transient
effects of ignition (Chapter 5), they may be used to estimate the extinction limits
of non-premixed flames, and hence explain the interplay between turbulence and
chemistry in turbulent flames (Chapter 8). Two studies of transient opposed-flow
flames, however, demonstrated that visual lift-off heights may be predicted by small
increases in temperature only when the underlying flow-field is taken into account
(Chapters 4 and 6). Similarly, modelling of turbulent flames was shown to be able
to directly predict the weak-to-strong transition in OH concentration at the visual
flame base (Chapter 7). The same modelling approach was subsequently used to re-
produce the trends in weak-to-strong transition heights seen experimentally, using
contours of normalised peak heat-release rates (Chapter 8).

Flame ignition may be described in terms of zero- or one-dimensional reactors.
These approaches may be used to estimate the weak-to-strong transition height of
non-premixed flames with hot oxidants, or the transient ignition processes respec-
tively. The use of these reactors is not trivial, however, and the prediction of features
reported in experimental flames requires estimation or modelling of the underlying
flow-field.
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9.4 Future Work

The current body of work has provided significant insight into fluidic and chemical

structure of MILD combustion, and the behaviour of non-premixed flames in the

transition between the MILD and autoignitive combustion regimes. The current

work, however, may be complemented in future with further work with the follow-

ing foci:
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e Investigation of the relationship between autoignition events and the features

of laminar, opposed-flow flames with hot and diluted oxidants.

The body of work in this thesis has focussed on two key features of non-
premixed MILD combustion. These features are: a monotonic relationship
between temperature and scalar dissipation rate (that is, a degenerate S-
shaped curve), and an edge flame structure stabilised without a triple point.
The former suggests MILD combustion should be readily achievable with very
high temperature oxidants, whereas the latter showed the opposite trend in
numerical simulations. Future work could investigate a potential unification
of these descriptions, through studying a possible correlation of these two cri-
teria along with analyses of ignition/flame-propagation behaviour, may result
in a more general description of MILD combustion, or add further constraints

to the current description of the MILD combustion regime.

Investigation of the effects of pressure on the transition between the MILD and

autoignitive combustion regimes.

Oxygen concentration and temperature are the dominant parameters govern-
ing the transition between the MILD and autoignitive combustion regimes at
atmospheric pressure. Although these have been established in this work, the
effects of pressure on this transition have not previously been assessed, and

provide scope for future numerical and experimental studies.

The effects of diluent on non-premixed, gaseous combustion near the transition

between MILD and autoignitive combustion regimes.

The non-premixed studies in this work have dealt almost exclusively with
‘pure’ fuels, with only N, as a diluent for C;H4 in one case from a previous
experimental study [20]. Both N, and C,H, have nearly identical molecular
weights (=28 g/mol). Varying the ratio of CoH, to N, would therefore shift the
stoichiometric mixture fraction, but not greatly affect the mixing field of the
jet flame. This could be used to separate the effects of turbulence and chem-

istry in non-premixed jet flames. Such studies could be further extended to
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diluents with significantly different molecular weights, such as He (2.0 g/mol)
or Kr (83.8 g/mol). Alternatively, fuel could be diluted with reasonably stable
(albeit not inert [12, 26-28, 32]) admixtures such as CO, (44 g/mol) or H,O
vapour (18 g/mol). These would simultaneously shift the stoichiometric mix-
ture fraction, and alter the flow-field of the non-premixed flame and could be

employed to study both of these coupled effects.

Laser imaging of flames near the transition between MILD and autoignitive

combustion regimes.

A transition between MILD and autoignitive combustion regimes has been
identified in non-premixed flames, through photographs and OH* chemilu-
minescence imaging supported by numerical analyses. Further work could
extend these diagnostics of the flow-field, temperature-field and flame inter-
mediary species such as OH, CH,0, CH3 and/or HO,. Temperature and the
former two species have both previously been measured in a jet-in-hot-coflow
configuration [19, 20], however only for several specific cases. Planar imaging
techniques of CH3 [16] and/or HO, [15] have not, however, been applied to
MILD combustion burners, despite the importance of these species in flame
stabilisation. These diagnostics, combined with the improved understanding
of MILD combustion from this body of work, could add further insight into

the study of non-premixed combustion in hot and diluted oxidants.

Extension of the eddy dissipation concept (EDC) combustion model to adap-
tively span conventional and MILD combustion regimes.

The use of the EDC combustion model in this work was shown to require ad-
justed coefficients to compensate for the reaction zone structures in MILD
combustion in the jet-in-hot-coflow configuration. These coefficients were
empirically determined for highly turbulent flow-fields following the deriva-
tion of the EDC equations from first-principles. Substituting these coefficients
with a priori or posteriori functional forms could expand the functionality of

the EDC model and avoid the need for ad hoc model tuning.

9.5 Conclusions

Moderate or intense low oxygen dilution (MILD) combustion offers benefits of in-

creased efficiency and reduced pollutants over conventional combustion systems.

The behaviour and structure of reaction zones in this, and in the transition between

this and the similar conventional autoignitive, combustion regime, however, has

not previously been described comprehensively or systematically.
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Previously proposed criteria for MILD combustion have been assessed in this
thesis, comparing analytical and numerical models to experimental observations of
jet flames in hot coflows. These have resulted in a new, generalised regime diagram
for gradual ignition, and facilitated the distinction between MILD reaction zones
and conventional autoignitive flames, but highlight the importance of the flow-field
in the analysis of non-premixed ignition. Following verification, these criteria have
been used to describe the phenomenological changes between MILD combustion
and conventional autoignition, along with the chemical structure of the reaction
zone and the upstream pool of precursor species. An important finding of these re-
sults was the suitability of the HO, radical in describing the reaction zone structure
of non-premixed ethylene combustion with hot and diluted oxidants. These results
highlighted the importance of the O, concentration in the oxidant stream, as well as
oxidant temperature, as the dominant factors in determining the regime transition

between MILD and conventional autoignitive combustion.

Transient ignition processes in the MILD combustion regime have been shown
to be significantly more sensitive to the inclusion of small concentrations of the OH
radical, than conventional autoignitive flames. The OH radical plays an important
role in flame stabilisation, and must be accounted for in modelling or describing the
spatial and temporal evolution of MILD reaction zones. Conversely, the inclusion of
minor species in the numerical description of a hot oxidant have very little effect
on the formative stages of heat release or the steady-state reaction zone structure in

either MILD or conventional autoignitive combustion.

The numerical analysis of MILD combustion using simplified reactors and
Reynolds-averaged modelling is non-trivial. The onset of thermal runaway in zero-
dimensional batch reactors have been seen to correspond to the weak-to-strong
transition in non-premixed ethylene flames, in hot and diluted oxidants. This rela-
tionship is consistent with conventional autoignition. Although the transient evolu-
tion of non-premixed MILD, and conventional autoignitive, reaction zones cannot
be described without prior estimation of a flow-field, the ignition and extinction
characteristics of MILD reaction zones (or lack thereof) show good agreement with
experimental observations and numerical modelling. An appropriate relationship
between mixing and scalar dissipation, however, may be used to provide a represen-
tative description of the ignition processes in these flames. Such a relationship may
be approximated semi-empirically, or through Reynolds-averaged computational

fluid dynamics.

The use of Reynolds-averaged computational fluid dynamics has been em-

ployed with a modified eddy-dissipation concept turbulence-chemistry interaction
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model. Adjustments made to this model during optimisation may be physically in-
terpreted as increasing chemical residence times, whilst simultaneously reducing
the size of fine structures in the combustion model. This is consistent with the de-
scription that the viscous mixing-field in a jet-in-hot-coflow burner restricts mixing
between the fuel and oxidant streams, resulting in smaller fine reaction structures,
with longer residence times, than in conventional non-premixed flames. The opti-
mised modelling approach used in this body of work has demonstrated improved
physical accuracy over previous modelling attempts and the ability to replicate
trends in visual lift-off heights seen experimentally, but not previously predicted
numerically.

The ignition and stabilisation of non-premixed flames in the MILD combustion
regime and in the transition between MILD and conventional autoignitive combus-
tion have been investigated and described. The results of this body of work pro-
vide insight to the mechanisms and important features of MILD reaction zones, the
boundaries of the MILD combustion regime, and the nuances of MILD combustion
relevant to numerical modelling. The improved understanding of non-premixed
combustion derived from this thesis, bolsters the knowledge-base which underpins
future development and implementation of more efficient combustion technolo-

gies.
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Appendix A
Supplementary Data for Chapter 5

The following pages contain the supplementary data for the paper entitled: Effects
of Oxidant Stream Composition on Non-Premixed Laminar Flames with Heated and
Diluted Coflows.
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S1. Profiles of heat release rates from key reactions, and their reaction rates
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Figure S1. Heat release rate profiles for a steady-state, laminar, opposed-flow flame with HM1-like streams.
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Figure S2. Net reaction-rates of dominant reactions for a steady-state, laminar, opposed-flow flame with HM1-like streams.
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Figure S3. Heat release rate profiles for a steady-state, laminar, opposed-flow flame with HM3-like streams.
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Figure S4. Net reaction-rates of dominant reactions for a steady-state, laminar, opposed-flow flame with HM3-like streams.
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Figure S5. Heat release rate profiles for a steady-state, laminar, opposed-flow CHy4 flame with 1300-K oxidant with 3%
O3 (O2, N2, H20, CO2 only).
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Figure S6. Net reaction-rates of dominant reactions for a steady-state, laminar, opposed-flow CH4 flame with 1300-K

oxidant with 3% Oz (O2, N2, H2O, CO2 only).
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Figure S7. Heat release rate profiles for a steady-state, laminar, opposed-flow CH4 flame with 1300-K oxidant with 3%

O2 (including equilibrium concentrations of OH).
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Figure S8. Heat release rate profiles for a steady-state, laminar, opposed-flow CH4 flame with 1300-K oxidant with 9%
Oas.
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Figure S9. Net reaction-rates of dominant reactions for a steady-state, laminar, opposed-flow CH4 flame with 1300-K

oxidant with 9% Os.
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Figure S10. Heat release rate profiles for a steady-state, laminar, opposed-flow CoHy flame with 1300-K oxidant with 3%
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Figure S11. Net reaction-rates of dominant reactions for a steady-state, laminar, opposed-flow CoH,4 flame with 1300-K

oxidant with 3% Os.
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Figure S12. Heat release rate profiles for a steady-state, laminar, opposed-flow CoHy flame with 1300-K oxidant with 9%
Oa2.
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Figure S13. Net reaction-rates of dominant reactions for a steady-state, laminar, opposed-flow CoHy flame with 1300-K

oxidant with 9% Os.
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S2. Formaldehyde reaction rates and transport in non-premixed CH4 combustion with a

hot-and-diluted-oxidant
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Figure S14. Diffusion coefficients (m?-s~!) and reaction rates (kg-m~3.s71) of CH2O, for non-premixed CHy and a

1300-K oxidant with 3% Os. Domain is 40 mm X 70 mm.
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Figure S15. Diffusion coefficients (m2-s~!) and reaction rates (kg-m~3.s71) of CH2O, for non-premixed CH4 and a

1300-K oxidant with 9% Os. Domain is 40 mm X 70 mm.
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S3. Absolute rate of production and sensitivities of key combustion species in a

steady-state, laminar opposed flow CH4 flame and a 1300-K oxidant with 3% O,
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Figure S16. Key reactions for OH production and consumption in lean side of the reaction zone.
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Figure S17. Key reactions for CH3 production and consumption in lean side of the reaction zone.
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Figure S18. Key reactions for Oz production and consumption in lean side of the reaction zone.
Absolute Rate of Production HO, Normalized Sensitivity HO,
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Figure S19. Key reactions for HO2 production and consumption in lean side of the reaction zone.
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S4. Temperature and species profiles for CH4 flames with inverted C/H levels in the

oxidant stream
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Figure S20. The effects of changing HoO and CO2 concentrations in the coflow from 10 and 3% to 3 and 10% (vol./vol.),

respectively. Plots show profiles from CHy flames of temperature (also presented in the main paper), OH, CH20 and HO2

mass fractions against X, 30 mm downstream of the inlet plane, for 1300-K oxidants with 3 and 9% O2 (vol./vol.).
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Appendix B
Supplementary Data for Chapter 8

The following pages contain the supplementary data for the paper entitled: Ignition
Features of Methane and Ethylene Fuel-Blends in Hot and Diluted Coflows.
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Ignition features of methane and ethylene fuel-blends in hot and
diluted coflows
Supplementary Data
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S1. Axial Velocity and Turbulent Reynolds Number for CoH4 Flames in 1300-K Coflows
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Fig. S1: Profiles of axial velocity (u) versus Zn at different downstream locations from RANS modelling of CoHy flames in
1300-K coflows with different compositions. Clockwise from top left-hand plot: 5 mm, 10 mm and 35 mm downstream.
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Fig. S2: Profiles of turbulent Reynolds number (Rer) versus Zy at different downstream locations from RANS modelling of
CoH, flames in 1300-K coflows with different compositions. Clockwise from top left-hand plot: 5 mm, 10 mm and 35 mm
downstream.
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S2. Heat Release Rate and OH Profiles of CH,/C2H, Flames in 1100-K Coflows
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Fig. S3: Net heat release rate (HRR, left) and OH number density (nog, right) at three different downstream locations in
RANS models of 1:1 CH4/CoHy flames in 1100-K coflows with different compositions. Data is taken from 5 mm, 10 mm and

35 mm downstream.
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