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Abstract

The energy demand in the world is ever increasing, and for some applications com-
bustion is still the only reliable source, and will remain as such in the foreseeable
future. To be able to mitigate the environmental effects of combustion, we need
to move to cleaner technologies. Moderate or intense low oxygen dilution (MILD)
combustion is one of these technologies, which offer less harmful emissions, espe-
cially nitric oxide and nitrogen dioxide (NOx). It is achieved by the recirculation
of the flue gases into the fresh reactants, reducing the oxygen content, and thereby
causing the oxidation reactions to occur at a milder pace, as the acronym suggests.
This results in a flameless combustion process and reduces the harmful emissions
to negligible amounts. Even though MILD combustion is used in some industries,
widespread application is hampered by the lack of its full understanding. This
thesis is devoted to the understanding of the physical mechanisms occurring in
MILD combustion, and developing required models that can represent these phys-
ical mechanisms adequately. In the second chapter, direct numerical simulation
(DNS) of MILD combustion using detailed chemistry is discussed. The conditions
for the calculations were taken from the jet in hot coflow (JHC) experiments from
the Adelaide group, and DNSs were performed in the form of autoigniting mix-
ing layers. Preferential diffusion effects were taken into account by using constant
Lewis numbers. Simulations were performed using both the measured temperature
profile from the experimental boundary conditions, and using a constant temper-
ature profile. It was seen that the measured temperature profile results in a much
more delayed ignition. It was also observed that main mode of ignition is via au-
toignition, and flame propagation is not present. The final important finding in
this chapter is that despite the turbulent nature of the flame, preferential diffusion
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is still of utmost importance. In addition, depending mainly on the curvature of the
flame, the effect of preferential diffusion varies vastly. To assist in the design and
development of combustors that work in the MILD regime, reliable and efficient
models are required. In the following three chapters of this thesis, efforts to de-
velop a reduced model are explained in detail. The know-how from the DNS study
of the second chapter paved the way for the model development process. In the
third chapter, the applicability of the flamelet generated manifolds (FGM) method
to model MILD combustion is assessed. It is demonstrated that the chemical time
scales for the pre-ignition and the oxidation stages are so different that the stan-
dard FGM with a single progress variable cannot capture both processes accurately.
Instead, a novel multistage (MuSt) FGM method is proposed, where each stage of
the process is characterized by a different progress variable. It is shown that MuSt-
FGM is capable of successfully modeling MILD combustion in a 1D setting. When
the MuSt-FGM method is assessed for the applicability to MILD combustion in the
presence of preferential diffusion-turbulence interaction, it is seen that the errors
are quite large. To cope with this problem, the effect of curvature on preferential
diffusion is modeled in the fourth chapter. Curved flamelets are created, and a new
control variable is defined to capture the effects of curvature. It is shown that the
addition of the new dimension is capable to represent the scatter of the species, and
also considerably improves the ignition delay prediction when there is sufficient
time for the curvature to influence the chemistry. In the fifth chapter, modeling
the effect of oxidizer temperature variation is tackled. The normalized oxidizer
temperature was introduced as a new passive control variable. In the flamelet
generation phase, it is realized that an oxidizer with too low temperature doesn’t
lead to autoignition. To solve this problem, different methods are proposed and
investigated. In the end, a four-dimensional MuSt-FGM application with control
variables representing the mixing between the oxidizer and fuel, chemical progress,
curvature of the flame, and the temperature variation in the oxidizer was capable
of modeling MILD combustion adequately. By using MuSt-FGM instead of detailed
chemistry, the computational cost of the DNSs decreases by a factor of 5. This gain
will amplify greatly when an incompressible solver is used and the chemistry deter-
mines the maximum time step required. In addition, when turbulence modeling is
involved for the simulation of a practical combustor, it becomes almost impossible
to utilize detailed chemistry. MuSt-FGM approach developed in this work opens up
the possibility of reliably modeling practical devices operating in MILD combustion
mode. As a result, it helps to design systems which can generate clean energy from
combustion.
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Chapter 1

Introduction

1.1 Motivation

All life needs energy. As human beings, we consume more energy than ever. The
trend of ever increasing energy demand will continue in the foreseeable future,
as predicted by the United States Energy Information Administration and shown
in Fig. 1.1 [40]. What is also clearly visible in the figure is that the majority of
the energy demand is and will be supplied by the combustion of hydrocarbon
fuels in the foreseeable future.

Figure 1.1: Worldwide energy consumption by energy source [40].
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The biggest problem with combustion is the resulting emissions and their
impacts on the environment and human health. After the industrial revolution,
CO2 emissions have risen sharply, and reached a level of 400 parts per million
(ppm) recently. CO2 is a known green house gas, and has a long lifetime in the
atmosphere, ranging from 5 to 200 years [90]. As a result, human induced CO2

emissions have caused the globe to warm up 0.8 ◦C since 1880, and two-thirds
of this increase happened since 1975 [88]. By the end of the current century,
it is expected that the global mean temperature increase compared to the pre-
industrial revolution era will be somewhere between 1.8 ◦C and 4 ◦C [117].
This puts a large fraction of living species at the risk of extinction [43].

Other emissions from combustion, such as carbon monoxide (CO), sulphur
oxides (SOx), nitrogen oxides (NOx) and particulate matter, do not contribute
as much to global warming, but are hazardous to the environment and health.
CO is toxic, and concentrations of just 667 ppm may cause death [116]. It also
causes ozone (O3) to form at ground levels, which is another hazardous species
for the respiratory system of humans. Although the working mechanisms are
not perfectly understood, there are numerous studies which associate heart and
especially lung diseases to the abundance of soot particles in the air [65]. SOx

emissions can harm the human respiratory system, help particulate matter to
form, and contribute to acid rain, which is harmful to ecosystems [9]. The
largest source of SOx in the atmosphere is the emission from burning fossil fu-
els [9]. High concentrations of NOx also cause respiratory problems, including
the development of asthma [8]. It also helps ground level ozone and particu-
late matter to form, whose effects are explained above. In addition, it can lead
to the formation of acid rain similar to SOx . As shown in Fig. 1.2, the largest
contribution of NOx comes from combustion [6]. Excluding fuels that contain
nitrogen such as coal, the largest source of NOx formation in combustion is
via the so-called thermal NOx pathway, which, as the name suggests, occurs
when the flame temperatures are high (above 1600 K) via the oxidation of N2

in air [7].
From all the information presented above, it is clear that to have a sus-

tainable and healthy future, we need to move more towards renewable energy,
such as solar and wind energy. However, the basic issue with renewable energy
sources is that they are not available all the time and thus cannot supply the de-
mand instantaneously. As a consequence, energy storage is a crucial necessity
and therefore an active research area. One way to store renewable energy is by
converting it into fuels. Excess electricity from solar or wind power can be con-
verted into hydrogen via electrolysis. The obtained hydrogen can then further
be converted into methane via the Sabatier process, by adding CO2 captured
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from the air. These fuels can be stored and later be used to generate power via
combustion when required. This process is called carbon neutral, because there
is no net addition of CO2 into the atmosphere, and thus no contribution to global
warming. There are already projects ongoing where hydrogen and methane
generated using solar power is added to the natural gas grid in countries like
Germany, France and the U.K. [19,41]. Audi has a project called “e-gas”, where
they convert wind energy into methane, and later use it to power their cars with
engines developed specially to run on compressed natural gas [59].

In addition to being used as an energy carrier, it is obvious that moving away
from fossil fuels will not happen in the blink of an eye. It will take decades, if
not centuries. Furthermore, there are many power intensive processes in dif-
ferent industries that can simply be sustained only via combustion. Therefore,
combustion is as relevant as it has always been, and we must invent necessary
technologies to burn our fuels efficiently, and with minimum pollutant emis-
sions. Moderate or intense low oxygen dilution (MILD) combustion is a rel-
atively new technology that promises such features. The basic idea in MILD
combustion is to recirculate the burned flue gases back, mix them with the reac-
tants so that the combustion occurs at a milder rate (as acronym suggests), and
the temperature increase is much lower than in a conventional flame. It pro-
vides high efficiency, and reduces the emissions of CO, SOx , soot, and especially
NOx [18, 28, 31], owing to lower flame temperatures. MILD combustion has

Figure 1.2: NOx emissions by different sources in Europe during 2011 [6].
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been applied to some industries such as steel and metallurgy for some time, but
its physical mechanisms are not understood well enough to spread the applica-
tion to other areas. Potential application areas include but are not limited to gas
turbines, gasification systems, waste fuel systems, and industrial boilers [72].

The story outlined above has motivated this study. The aim of this thesis
is two-fold: first to investigate the physical mechanisms of MILD combustion
so that its utilization to the other potential application areas can be eased, and
then to develop necessary models to simulate MILD combustion so that practi-
cal burners can be designed using those models. In this study, the first part is
accomplished via performing 3D direct numerical simulations (DNS) of MILD
combustion and analyzing the results, and the second part is achieved by devel-
oping a novel multistage (MuSt) flamelet generated manifolds (FGM) method
and applying it to simulate MILD combustion. The investigated MILD combus-
tion case was selected such that it contains hydrogen and methane as the main
fuel components because of their relevance in the future of combustion. Due
to its diffusive nature, the presence of hydrogen makes the analyses and mod-
eling much more complicated; nevertheless it is exactly why such analyses and
models are essential to have.

In the following sections of this chapter; MILD combustion is explained and a
brief literature review on the topic is given, an introduction to FGM is provided,
details of the DNS computations are outlined, studied MILD combustion case
and the simulation setup are described, and finally an outline of the overall
thesis is shared.

1.2 MILD Combustion

Moderate or intense low oxygen dilution (MILD) combustion is characterized
by realatively low reaction rates and temperature increase, uniform and non-
visible flame, low emissions (especially NOx), and silent operation [18,28,91].
These features are achieved by intense internal or external exhaust gas recir-
culation, which dilutes the mixture and reduces the fraction of oxygen as the
name suggests. There are different definitions of MILD combustion in the litera-
ture. Cavaliere and de Joannon [18] define MILD combustion as the combustion
mode where the temperature of the reactants are high enough to autoignite, and
the temperature increase in the combustor is less than the autoignition temper-
ature in Kelvin. They classify different combustion modes as shown in Fig. 1.3.
Wünning and Wünning [128] make the distinction based on the furnace tem-
perature and exhaust recirculation rate, as shown in Fig. 1.4. Region A repre-
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sents a conventional flame, region B represents an unstable flame, and region
C represents MILD combustion or flameless oxidation (FLOX) as they named
it. The exhaust recirculation rate is defined as Kv = ṀE /(ṀA + ṀF ), where Ṁ is
the mass flow and subscripts E, A and F represent exhaust gases recirculated,
air, and fuel. More recently, Evans et al. [42] came up with a new definition
based on the unique S-curve of MILD combustion: there are no jumps between
ignition and extinction events but a continuous ignition curve. They analyzed
different premixed and non-premixed MILD cases and have shown that their
definition agreed well with the experimental observations of gradual ignition in
MILD conditions. Even though there are some discussions on which definition
suits MILD combustion the best, overall characteristics are nevertheless well
agreed on. To give the reader an impression of what MILD combustion looks
like, a burner operating under conventional and MILD conditions is shown in
Fig 1.5. In the conventional flame, a distinct flame front is clearly seen, whereas
in the MILD combustion case there is a uniform glow.

The beneficial characteristics of MILD combustion attracted attention from
the combustion research and development communities. It has been applied to
the steel and metallurgy industries starting from the 1990s [72]. More recently,
opportunities of applying MILD combustion to gas turbines [10, 37, 67, 93]

Figure 1.3: Classification of different combustion modes according to Cavaliere and de
Joannon [18]. Tsi stands for self ignition temperature. Reprinted according
to the STM permissions guidelines.



6 Introduction

and gasification processes [115] have been investigated. However, potential
of MILD combustion is beyond these applications, as shown in Fig. 1.6 [72].

Figure 1.4: Classification of different combustion modes according to Wünning and
Wünning [128]. Region A represents a conventional flame, region B rep-
resents an unstable flame, and region C represents the flameless oxidation
(FLOX). Reprinted according to the STM permissions guidelines.

Figure 1.5: A burner operating under conventional (left) and MILD conditions
(right) [72]. The fuel used in this study is natural gas. Reprinted accord-
ing to the STM permissions guidelines.



1.2 MILD Combustion 7

Therefore, additional efforts need to be made to fully understand the physical
mechanisms in MILD combustion, and thereby expand its application areas and
fulfill its potential.

To explore the physical mechanisms of MILD combustion, numerous exper-
imental studies have been performed, with lab scale burners of different com-
plexities. One of the most used configurations is the jet in hot coflow (JHC)
configuration, where a hot and diluted oxidizer is created using a secondary
burner, and a fuel jet is issued into this diluted oxidizer. Fuel and oxidizer mix
via diffusion and entrainment, and the flame is stabilized by autoignition at a
certain distance from the fuel nozzle. This way, the diluted nature of MILD
combustion is imitated, without the need for real exhaust gas recirculation. The
JHC configuration was utilized in both laminar [106,107] and turbulent condi-
tions [25, 36, 75, 89] to achieve MILD combustion. Another approach to create
MILD conditions in a lab burner is to use internal recirculation just as in real
furnaces. These studies generally focus on investigating emission characteristics
depending on different combustion conditions such as air/fuel ratio, residence
time, and burner temperature [99,102,113,131].

Figure 1.6: Potential applications of MILD combustion [72]. Reprinted according to the
STM permissions guidelines.
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MILD combustion has been studied extensively using computational fluid
dynamics (CFD) as well. Abtahizadeh et al. and Sepman et al. investigated
the laminar JHC burner from University of Groningen using detailed chem-
istry [3, 106]. In the former study, the effects of preheating and dilution were
investigated, and it was found that in the presence of both preheating and di-
lution, the flame transitions into the MILD regime, and stabilizes via autoigni-
tion. In the latter study, it was demonstrated that the MILD case emits much
less NO compared to the conventional flame. A reasonable agreement between
experimental and numerical results was obtained in both cases. De et al. [27]
employed the eddy dissipation concept (EDC) with a Reynolds averaged Navier-
Stokes (RANS) model to simulate the JHC experiments from Delft University of
Technology [89]. They predicted the radial profiles of temperature and velocity
reasonably well, but failed to match the lift-off heights found in the experi-
ments. Another RANS study to investigate the JHC burner from The University
of Adelaide was conducted by Christo and Dally [21]. They employed different
turbulence and chemistry models, and concluded that the EDC with the stan-
dard k-ε turbulence model produces the best agreement with the experimental
results. In addition, they stressed that preferential diffusion effects should be
taken into account due to the high hydrogen content in the fuel. There have
been several large eddy simulations (LES) of JHC burners as well. Kulkarni
and Polifke applied a flamelet/progress variable (FPV) approach and found that
the heat losses in the coflow are crucial in determining the lift-off height [68].
Afarin and Tabejamaat [5] investigated the effect of the initial turbulence level
in the fuel. They used three different turbulence intensities of 4%, 7% and 10%,
and obtained the best agreement with the experimental results using 4% initial
turbulence intensity. Ihme et al. [63] employed an FPV formulation with a three
stream approach to account for the outermost cold air stream in the experiments
from Adelaide. They also tried to fit the controlling variables to accurately rep-
resent the species profile of the coflow. In their computations, addition of the
third stream yielded satisfactory results in terms of temperature and species
profiles. In all the turbulent JHC simulations; turbulence, chemistry, and their
interactions were modeled simultaneously. Therefore, it is difficult to judge
which part of the modeling effort is failing when the results are not matching
well with the experiments.

In order to understand the complex physical and chemical phenomena and
their interactions in MILD combustion, detailed calculations need to be per-
formed before any modeling effort. Minamoto et al. carried out the first 3D
DNSs of MILD combustion [81, 83]. They simulated a premixed MILD system
whose composition is obtained via 1D laminar flames, and compared the re-
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sults with a conventional premixed case to examine differences in flame struc-
tures. They concluded that there are strong chemically reacting zones in the
MILD regime, but unlike traditional premixed flames, the reaction layers are
not sheet like and they interact with each other. Although their studies shed
light on MILD combustion flame structures for premixed cases, they do not pro-
vide any interpretation for spontaneous mixing and chemistry, which is the case
in many MILD systems including JHC experiments. Van Oijen [118] performed
2D DNS of autoigniting mixing layers representative of the JHC burner in [25]
and compared the results with 1D diffusive layer simulation results. His results
show that the ignition delay times for the diffusive layer simulations and the
2D DNS are almost the same, and they are strongly dependent on preferential
diffusion effects. Nevertheless, real turbulence effects could not be reproduced
in his study since 2D turbulence lacks vortex stretching phenomena and has an
inverse energy cascade. In addition, heat loss and the resulting non-uniform
temperature profile of the coflow found in the experiments were not taken into
account. These two factors can have strong effects on the physics of the prob-
lem. More recently, Doan et al. [32] investigated a MILD combustion case with
3D DNS, including mixture fraction and chemical progress variations in the in-
flow boundary conditions. They found out that ignition front, premixed flames,
and non-premixed flames all coexist, without the presence of triple flame struc-
tures.

1.3 Flamelet Generated Manifolds

1.3.1 Basic Principles

The first basic idea of FGM is that a turbulent flame is an ensemble of 1D laminar
flames [94], called flamelets. To illustrate this claim, a curve that is perpendic-
ular to the iso-lines of mixture fraction is drawn on a flame from a 2D DNS
solution, and the distribution of species from that flamelet in the composition
space is plotted, as shown in Fig. 1.7. The assumption in the flamelet models is
that a 3D flame is composed of such 1D flamelets.

The second basic idea in FGM is that in combustion systems, a composition
space can be represented with a lower dimensional manifold [76]. Coordinates
of composition space are species mass (or mole) fractions and enthalpy, and in
FGM it is assumed that these coordinates can be represented with a few control
variables [122]. In non-premixed combustion, one control variable represents
the mixing between the fuel and oxidizer, and is generally chosen as the mix-
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ture fraction. At least one other control variable must be present to represent
the chemical reaction progress from unburnt to burnt state, which is called
progress variable. Depending on the configuration of the combustion system to
be modeled, other control variables might be needed such as enthalpy, pressure,
and additional progress variables.

To generate the manifolds, 1D flamelet equations are solved, and all neces-
sary thermo-chemical variables are stored in so-called FGM tables as functions
of the control variables. Alternatively, a 1D flame equation in time and space
coordinates can be solved and later converted into flamelet coordinates. Dif-
ferent canonical flame configurations can be selected for this purpose, such as
counterflow flames. During an FGM simulation, transport equations for the con-
trol variables are solved, and all the required variables are looked up from the
tables, including the source terms of the control variables if present. This way,
instead of solving transport equations for all the species and calculating source
terms for each reaction from ever growing chemical reaction mechanisms; only
the transport equations for a few control variables are solved, and the source
terms are looked up from the table. As a result, computational time required is

(a)
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Figure 1.7: Distribution of mixture fraction in a 2D DNS calculation (a) and the distribu-
tion of YH2

on the flamelet that is extracted from that calculation (b). Two
continuous white curves on (a) represent the stoichiometric mixture frac-
tion, and the other short white curve represent the flamelet that is extracted,
which is obtained by drawing a random curve through iso-lines of mixture
fraction.
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reduced by orders of magnitude, with satisfactory prediction accuracy.

1.3.2 Brief Literature Review

FGM was first developed by van Oijen, and applied to the simulation of pre-
mixed flames [122]. It was inspired by the intrinsic low dimensional manifolds
(ILDM) method of Maas and Pope [76], but unlike ILDM, the FGM method does
not solely depend on the lower time scales of chemistry within the flame than
flow time scales, and thus can represent the colder parts of the mixture more ac-
curately. Later, van Oijen applied FGM to partially premixed flames by including
mixture fraction as a control variable [123], and then incorporated FGM into
DNS and simulated turbulent premixed combustion [121]. Delhaye et al. [30]
extended the FGM application to the modeling of non-premixed flames, and in-
vestigated the effects of temporally varying strain rate. They found that a second
reactive control variable was required to model the unsteady effects. Albrecht
et al. [123] and Vreman et al. [126] combined FGM with turbulence modeling,
and modeled turbulence-chemistry interaction via a presumed PDF. The former
study investigated the application to a biomass grate furnace in RANS context,
and the latter analyzed Sandia flames D and F in LES context.

Over the years, FGM has been utilized successfully to simulate numerous
applications including gas turbines [33], internal combustion engines for both
compression ignition [14,39] and spark ignition [46] types, and to even electric
currents within flames [111]. Van Oijen et al. have conducted an extensive
review of the premixed combustion applications using FGM as the chemical
reduction tool [124]. As already discussed in the previous section, FGM has
been recently applied to modeling of MILD combustion as well [1, 53, 58, 75].
Other notable FGM studies, which are also utilized in this thesis are the works
of Ramaekers et al. [101], where they assessed the applicability of FGM to a
turbulent stratified flame case via an a priori analysis; and of Abtahizadeh et
al. [2], where a novel canonical flamelet called igniting mixing layers (IML)
was developed, which is discussed in more detail in the next section.

1.3.3 Numerical Implementation

There are three basic steps in the implementation of FGM:

• Solving 0D or 1D flames directly in flamelet coordinates, or in space and
time coordinates and later translating them into flamelet coordinates;
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• Using these flamelets, storing all relevant thermo-chemical variables into
FGM tables as functions of control variables;

• During a flame simulation, solving the control variables, and looking up
for the required thermo-chemical variables from the tables.

In this thesis work, 1D flames in spatial and temporal coordinates were
solved using an in-house developed code, called Chem1D [108], to generate
the flamelets. There are different types of 1D flames, which are called canoni-
cal flames, which suit different purposes. One such canonical flame is called a
counter-flow (CF) flame, where the oxidizer and fuel are flowing towards each
other, stagnate at some x-coordinate, mix, and ignite if the conditions are right.
The velocity at which the fuel and oxidizer approach each other is defined by
the strain rate, which is set as a boundary condition at the oxidizer side, and
calculated for the fuel side using the ratio of densities of the fuel and oxidizer.
The details of the implementation and the equations solved can be found in the
works of Somers [108] and Abtahizadeh [4]. CF flames can be solved in a steady
igniting manner, or in a transient autoigniting manner. In this work the latter
approach is adopted. In Fig. 1.8, the sketch of the CF configuration and the
evolution of temperature from an autoigniting case with an applied strain rate
of a = 200 s−1 are shown. The initial condition for CF is calculated from a frozen
case, meaning the calculation is carried out without any chemistry. As shown
in Fig. 1.8b, the initial gradient of temperature (and hence mixture fraction,
which is not shown) is moderate, which leads to a moderate scalar dissipation
rate, which is defined as χ = 2D( ∂Z

∂x )2, where χ is the scalar dissipation rate, D
is the thermal diffusion coefficient, and Z is the mixture fraction. Because of
the enforced flow, χ stays approximately constant during the computation. Note
that the temperature increase in Fig. 1.8b is relatively small because it is a MILD
combustion case.

Another canonical flame used in this thesis is the igniting mixing layers
(IML) [2]. In this configuration, the oxidizer and fuel are placed next to each
other without an enforced velocity, then mix by molecular diffusion, and au-
toignite with time when the conditions are right. No strain rate is applied ex-
plicitly in this configuration, but because of the very high concentration gradient
at the fuel-oxidizer interface, the initial χ is very high. As the simulation con-
tinues, the gradient of the mixture fraction smoothens, and χ decreases. Initial
configuration and temperature plots from an example 1D simulation are shown
in Fig. 1.9. As can be seen, at small times the transient solution is purely mixing
without any ignition (no temperature increase), and later the mixture ignites
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and continues to diffuse into each other. Note that there is not really a steady
solution to IML flamelets since the diffusion can continue indefinitely.

It was indicated in [2] that IML flamelets are more suitable for a case where
the fuel and oxidizer are in a coflow arrangement, because there is no explicit
counter flow that helps the fuel and oxidizer to mix. However, when there is
a strong shear layer between the fuel and oxidizer as in JHC cases, eventually
some strain field between the fuel and oxidizer develops and helps the mixing of
the fuel and oxidizer. Therefore, for such cases, using CF to create the flamelets
might be more representative.

As mentioned at the beginning of this sub-section, when 1D flames are
solved instead of flamelet equations, a coordinate transformation from phys-
ical space to composition space is required. For non-premixed flamelets, the
first flamelet coordinate is the mixture fraction, which represents the mixing
between the oxidizer and the fuel; and the second flamelet coordinate is the
progress variable, Y , which represents the chemical progress. In Chapters 2
and 3, the mixture fraction from Bilger’s definition [15] is used, but in Chap-
ters 4 and 5, it is switched to the transported mixture fraction, Zt , to make it

(a)

(b)

Figure 1.8: Depiction of a CF flame (a) and temperature plots from an autoigniting CF
case (b). The black curves in (b) indicate the initial mixing solution and the
steady end solution, and the gray curves are the transient solutions to the 1D
flame.
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independent of other control variables. Y itself is mostly selected as a combina-
tion of species, which should monotonically increase (or decrease) throughout
the whole process to represent the evolution of composition uniquely, in other
words to make a good manifold dimension. Another requirement generally
posed on the selection of Y is that it should not result in large gradients, i.e.,
∂Yi
∂Y , where Yi is the mass fraction of species i , so that a small error in the cal-
culation of Y does not cause a large error in the lookup procedure from the
FGM tables. As is discussed in the following chapters in detail, it is not always
straightforward to find such a Y .

To demonstrate how the coordinate transformation is performed, in Fig. 1.10
the evolution of different parameters throughout a 1D CF simulation is given in
the x-t and Zt -Y coordinates. In this case YH2O is selected as Y . As seen in
Fig. 1.10, YH is not a suitable Y choice, because its value first increases in the
pre-ignition stage, and then decreases once the oxidation reactions take place.

The contour plots shown on the RHS of Fig. 1.10 represent an FGM table.
During an FGM simulation, transport equations for control variables, in this
case Zt and Y , are solved and the required thermo-chemical variables such as
density are looked up from the tables using the calculated values of Zt and Y .
Transport equations for Zt and Y are

(a) −0.2 −0.1 0 0.1 0.2 0.3 0.4
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Figure 1.9: Depiction of the initial conditions of an IML flame (a) and temperature plots
from a sample IML case (b). The black curves in (b) indicate the initial
field and the end field of the solution, and the gray curves are the transient
solution to the 1D flame.
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Figure 1.10: Resulting contour plots from a 1D counter-flow flame simulation in x-t co-
ordinates (left) and Zt -Y coordinate (right), for temperature, density, YH
and YH2O from top to bottom. Units for temperature and density are Kelvin
and g/cm3. Y = YH2O for this case.
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where ρ is density, t is time, ui is velocity in i direction, λ is thermal conduc-
tivity, cp is specific heat capacity at constant pressure, LeY is the Lewis number
of progress variable, and ωY is the source term of progress variable. ωY is also
tabulated and looked up during an FGM simulation. By solving transport equa-
tions only for the control variables instead of all the species, and by looking
up the tabulated source terms instead of calculating the source terms of every
species, the computational time decreases enormously.

1.4 Direct Numerical Simulation

Turbulent flow is governed by the exact same equations that govern the laminar
flow: the Navier-Stokes equations. When the smallest eddies in a turbulent
flow can be resolved by having a very small mesh size, there is no need for
turbulence modeling. This approach is called direct numerical simulation (DNS)
in computational fluid dynamics (CFD). The order of the smallest eddy size in a
turbulent flow is estimated by the Kolmogorov length scale, which is calculated
as η = (ν3/ε)1/4, where η is the Kolmogorov length scale, ν is the kinematic
viscosity, and ε is the rate of turbulent kinetic energy dissipation. According
to Moin and Manesh [85], it is sufficient to have a mesh size in the order of
the Kolmogorov length scale to have an adequate numerical accuracy in a DNS
calculation.

In this thesis, the in house developed DNS code [12,56,119] was used. Fully
compressible Navier-Stokes equations are solved in this code, together with the
species mass fraction equations, which read
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where the variables solved for are density ρ, velocity u j , species mass fractions
Yα, and temperature T . cv is specific heat at constant volume and λ is thermal
conductivity of the mixture, σ is the stress tensor, Leα and ωα are Lewis number
and chemical source term of species α. Equation (1.5) is solved for N −1 species
excluding N2, and diffusion correction is imposed by

∑
Yα = 1. To account for

the diffusion correction in Eq. (1.6), enthalpy and gas constant for each species
are defined as h′

α = hα−hN2 and R ′
α = Rα−RN2 , and the summation terms are

computed for N −1 species.
As can be seen from Eq. (1.6), viscous dissipation is taken into account.

However, the heat flux due to the mass diffusion (Dufour effect), species diffu-
sion due to temperature gradient (Soret effect), and the diffusion of species due
to pressure gradients are neglected. In order to close Eqs. (1.3) - (1.6), a state
relationship is required. In the code, the ideal gas law is used:

p = ρRT
N∑
α=1

Yα/Mα (1.7)

where R is the universal gas constant and Mα is the molar mass of species α.
For the calculation of the source terms ωα, enthalpies hα and heat capacities

cp and cv , the DRM19 reaction mechanism [64], which includes 21 species and
84 reactions, was used. The DRM19 mechanism is a reduced version of the GRI
1.2 mechanism [47], and was tested and validated against the GRI mechanisms
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in terms of ignition delay and laminar flame speed. It provides a good com-
promise between accuracy and computational cost. Thermal conductivity λ and
viscosity µ coefficients of the mixture are computed with simplified relations
using the heat capacity and temperature of the mixture:

λ= cp ×2.55×10−5
(

T

298

)0.71

(1.8)

µ= Pr
λ

cp
where Pr = 0.434+1.72×10−4T. (1.9)

Coefficients in Eqs. (1.8) - (1.9) and constant Lewis numbers of species
were found by fitting the expressions to 1D simulations performed with de-
tailed transport models. By using the constant non-unity Lewis numbers, the
preferential diffusion effects, which were shown to be significant in [118], were
included. It was also found in [118] that the constant Lewis number approach
produces similar results as the multi-component diffusion model including Du-
four and Soret effects, which demonstrates that the simplifications used in this
study do not have a significant influence on the results.

All the equations given so far are for the full model with detailed chem-
istry. For the DNS with FGM, Eqs. (1.3) - (1.4) stay the same, but other parts
change. Instead of Eqn. (1.5), equations for the control variables (such as
Eqns. (1.1), (1.2)) are solved, and the terms λ, cp , Leα and ωα are all looked up
from the tables. For passive control variables such as mixture fraction, Zt , the
source terms (ω) are zero. In addition, variables like cv , viscosity µ, and specific
gas constant Rg = R

∑
Yα/Mα are also looked up from the tables, and the ideal

gas equation takes the form: P = ρRg T . The equation for temperature simplifies
and becomes:

ρcv
∂T

∂t
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∂T

∂xi
= ∂

∂xi
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λ
∂T
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)
−p

∂ui

∂xi
+σi j

∂ui

∂x j
+q (1.10)

where q is the heat release rate in W/m3, and looked up from FGM tables as
well.

It is also highly crucial to minimize the numerical errors in DNS calcula-
tions. For this reason, high order discretization schemes must be used in both
spatial and temporal coordinates. In the current DNS code, an implicit 6th or-
der compact finite difference (FD) scheme [71] for diffusive terms, and a 5th
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order FD scheme with upwinding [29] for the convective terms are employed.
The tri-diagonal system originating from the implicit derivatives is solved us-
ing the Thomas algorithm. A 3rd order explicit Runge-Kutta scheme is utilized
to perform the time integration. To avoid numerical instabilities at the bound-
aries, Navier-Stokes characteristic boundary conditions (NSCBC) [100] are im-
plemented.

1.5 Studied Case and Setup

Throughout this thesis, the Adelaide JHC case [25] is investigated. The reason
for selecting this case was that it mimics MILD combustion conditions properly,
contains fuels that are thought to be relevant in the future of combustion, and
has extensive experimental data. From the three compositions studied in [25],
the HM1 case was selected because it contains the least amount of oxygen and
thus represents MILD conditions the best. In this section, the details of the
Adelaide JHC setup, and how it was modeled in the DNS cases are explained.
It should already be noted that the purpose of this study is not to make direct
comparisons to the experiments, but to investigate a relevant MILD combustion
case with conditions as close as possible to the experimental ones.

In an industrial combustor, MILD conditions are often obtained via internal
recirculation of flue gases. In the Adelaide JHC experimental setup, to mimic
those conditions, a diluted oxidizer stream is created using a secondary burner
and mixing hot combustion products from this secondary burner with fresh air
at varying levels to control the oxygen levels. A cold fuel jet is issued into the
diluted hot oxidizer, the two streams mix, and MILD combustion occurs in the
primary burner. A schematic of the JHC setup is shown in Fig. 1.11. There is
also a cold air tunnel around the hot oxidizer stream, which does not affect the
combustion in the primary burner until 100 mm downstream from the fuel jet
exit. This air stream is ignored in this thesis. Figure 1.12 shows the photographs
of the resulting flames for three oxygen settings in the experiments. It is also
apparent from Fig. 1.12 that the closest conditions to mimic MILD combustion
is the HM1 case, with the flame being hardly visible.

Experimentally intended constant temperature and species boundary condi-
tions for the HM1 case are given in Table 1.1. However, due to experimental
imperfections, in reality these variables are not constant in space and deviate
from the intended conditions. Especially the temperature profile of the diluted
oxidizer shows large variations due to the effect of cooling around the fuel pipe
(see Fig. 1.11). Radial profiles of species and temperature were measured in
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Figure 1.11: Schematic of the Adelaide JHC burner [25]. Reprinted according to the STM
permissions guidelines.
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Figure 1.12: Photographs of flames for different oxygen levels at JHC experiments. Cases
are called HM1, HM2, and HM3 from left to right [25]. Reprinted according
to the STM permissions guidelines.

Table 1.1: Intended boundary conditions for the HM1 case of the JHC experiments

Fuel Oxidizer

T = 305 K T = 1300 K
YH2 = 0.11 YO2 = 0.03
YCH4 = 0.89 YN2 = 0.85

YH2O = 0.065
YCO2 = 0.055

the experiments at different axial locations. The measurements at z = 4 mm
are assumed as the actual boundary conditions. In this work, simulations with
both the intended and real conditions are performed. Throughout this thesis,
these conditions are referred to as “nominal” and “actual” profile cases. Profiles
of temperature and oxidizer for the nominal and actual cases as applied in the
simulations are shown in Fig. 1.13.

DNS computations were performed in the form of igniting mixing layers.
A schematic of the computational domain is shown in Fig. 1.14. In the ex-
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Figure 1.13: Boundary profiles of temperature and oxygen from the JHC experiments.
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periments the inner diameter of the fuel jet is 4.25 mm, whereas in the DNS
the equivalent height of the fuel slab in y-direction is kept as w = 2 mm to
decrease the computational costs. In 3D calculations, the fuel and oxidizer
parts are simply extended in the third (z) direction so that the configuration is
more like a slot burner. The reason for this is to make the calculation of the
statistics easier, and to allow for a straightforward comparison to 2D cases. Pe-
riodic boundary conditions in the streamwise (x) and spanwise (z) directions,
and non-reflecting outlet boundary conditions in the transverse (y) direction
are used. An initial relative velocity of 67 m/s is given between the oxidizer
and fuel layers in the streamwise direction, resulting in a Reynolds number of
Re =∆U wρ/µ= 67×2×10−3 ×0.36/(1.17×10−5) = 4120, which is in the order of
the experimental value of 9482. Initial homogeneous and isotropic turbulent
fluctuations with an intensity of 5% (u′/∆U ) are imposed to the fuel, which
helps the shear layer between the fuel and oxidizer to develop faster and ac-
celerate the mixing. It is realistic to impose turbulent fluctuations to the fuel
because in the experiments the fuel jet has a high velocity and comes through
a long pipe before entering the primary burner, and thus has developed turbu-
lence before mixing with the oxidizer. The magnitude of these fluctuations was
not measured in the experiments, therefore the intensity of 5% is estimated.

Figure 1.14: Not-to-scale sketch of the simulation domain in 3D DNS.

The number of mesh points for the domain size shown in Fig. 1.14 is 253×
505×127 , in x, y, and z-directions, which results in a uniform mesh size of ap-



24 Introduction

proximately 0.040 mm. Because the code is fully compressible, acoustic waves
need to be resolved, which requires very small time step. In all the DNS cal-
culations, the time step is taken as 1×10−8 s, and the validity of this choice is
controlled by checking the CFL number for acoustic waves.

1.6 Outline of the Thesis

In the next chapter, results of the DNS with detailed chemistry of the case inves-
tigated are presented. Firstly, the numerical setup of the case is explained, and
then different important physical mechanisms and their interactions are ana-
lyzed. For a better analysis through comparison, 1D and 2D calculations as well
as 3D ones are shared.

The development of a novel FGM method called multistage (MuSt) FGM is
explained in Chapter 3. After demonstrating why the MuSt-FGM approach is
needed to model this case, the numerical implementation of MuSt-FGM is dis-
cussed in detail. Then, the results from the application to the MILD combustion
modeling in 1D are presented. Finally, success of the MuSt-FGM method when
applied to turbulent simulations of MILD combustion is assessed in an a priori
manner.

In Chapter 4, it is demonstrated why the curvature effects need to be taken
into consideration in the presence of preferential diffusion, and it is explained
how these effects can be modeled in MuSt-FGM context. The results of the
Adelaide JHC case simulation with curvature effects included are then shared.
Further results from an extra case are also given to prove the value of modeling
the curvature effects in a turbulent flame.

To complete the modeling of the Adelaide JHC case, temperature and species
variations in the oxidizer, as shown in Fig. 1.13, need to be taken into account.
Chapter 5 is devoted to this topic. How these variations can be modeled in
the MuSt-FGM approach is explained and again the results from such modeling
effort are presented. It is also discussed how the model can be improved to
further enhance the predictions.

Finally in Chapter 6, all the results from this thesis are summarized, over-
all conclusions are drawn, and some future directions for further research are
recommended.



Chapter 2

DNS of MILD Combustion
using Detailed Chemistry

2.1 Introduction

In order to reveal the physical mechanisms occurring in MILD combustion prop-
erly, it is necessary to resolve all the physical scales and perform simulations
without any modeling. To this end, direct numerical simulations (DNS) with
detailed chemistry are needed. In the literature, the pioneering works of Mi-
namoto et al. [81,83] are found to be performing such DNS in 3D coordinates.
As mentioned in Section 1.2, they have investigated premixed cases, and found
that although there are still strong chemically reacting zones in MILD cases, the
reaction layers are not sheet like as in conventional flames. Their studies pro-
vide valuable information on flame structures in MILD combustion, but lack the
molecular mixing-chemistry interactions as occurring in non-premixed flames.
2D DNS of Adelaide JHC case were performed by van Oijen [118] in the form of
of autoigniting mixing layers. He found that ignition delay for the 1D laminar
simulation and the 2D DNS are almost the same, and they are strongly depen-
dent on the preferential diffusion effects. Real turbulence effects could not be

This chapter is based on the article:

M. Ugur Göktolga, Jeroen A. van Oijen, and L. Philip H. de Goey. 3D DNS of MILD combustion: A
detailed analysis of heat loss effects, preferential diffusion, and flame formation mechanisms. Fuel,
159:784 – 795, 2015
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represented in his study because 2D equations lack the vortex stretching effects,
and the temperature and species variations in the oxidizer are neglected. The
only 3D DNS work found in the literature where non-premixed MILD combus-
tion is present is by Doan et al. [32]. They introduced mixture fraction and
chemical progress variations in the inflow conditions, and demonstrated that
under those conditions the premixed, non-premixed, and ignition fronts are
present at the same time. They further showed that although lean premixed
combustion was highly dominant, non-premixed contribution increased with a
decreased oxygen content in the inflow.

In this chapter, the physical phenomena and their interactions in a non-
premixed MILD combustion case are explored by performing DNSs with detailed
chemistry and constant non-unity Lewis number approach. The influence of
non-uniformities in the temperature and species profiles are investigated, and
the effects of preferential diffusion are carefully examined. Flame formation
mechanisms and characteristics at the ignition kernels in a MILD combustion
system of non-premixed type are revealed.

In the following parts of this chapter; the numerical approach is explained,
information on simulated cases is given, the results are presented and discussed,
and finally some conclusions are shared.

2.2 Numerical Methods and Simulation Setup

In the present DNS code [13, 56, 119], the governing equations are solved in
fully compressible forms in terms of density, velocity, pressure, species mass
fractions, and temperature. High order finite difference schemes are utilized
to minimize the numerical errors. DRM19 reaction mechanism is adopted for
calculating the chemical source terms. The details of the DNS code used can be
found in Section 1.4.

In the simulations, the temporal evolution of mixing of the cold fuel core and
the surrounding hot diluted oxidizer was computed in both 2D and 3D spatial
coordinates with various settings. The composition used in the calculations
correspond to HM1 case of Adelaide JHC burner [25], which was shown to be
operating at MILD conditions. The fuel is composed of methane and hydrogen
equal in volume, and the oxidizer has 3% of oxygen, 85% of nitrogen, 6.5% of
water vapor and 5.5% of carbon dioxide by mass fractions.

The computations can basically be split into two: simulations using nominal
profiles and simulations using actual profiles. In the nominal profile cases, ini-
tial temperature and species mass fractions are kept constant in y-direction in
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Table 2.1: Simulated Cases

3D with actual profile
3D with nominal profile
2D with actual profile
1D with actual profile
1D with nominal profile
1D with actual profile and unity Lewis numbers

the fuel and in the oxidizer stream. In the experiments however, the distribu-
tions of temperature and species at the burner exit were not uniform, especially
in the oxidizer. To take these non-uniformities into account, measured experi-
mental profiles for temperature and mass fractions of species are applied as an
initial condition in the actual profile cases. The initial distributions of temper-
ature and oxygen mass fraction for both of the profiles are given in Fig. 1.13.
More details about the simulation setup are given in Section 1.5.

In addition to the 2D and 3D turbulent mixing layer simulations, laminar
1D diffusive mixing computations were performed in order to see the behavior
of diffusion-reaction phenomena isolated from turbulence effects. The 1D sim-
ulations were conducted using both the actual profile and the nominal profile.
An extra 1D computation with the actual profile and unity Lewis numbers was
carried out to observe the effects of a simplified diffusion model.

In total, 6 cases were simulated, as given in Table 2.1: 3D with actual profile,
3D with nominal profile, 2D with actual profile, 1D with actual profile, 1D with
nominal profile, and finally 1D with actual profile and unity Lewis numbers. In
the results section, emphasis is on the simulation in 3D with the actual profile
since it represents the real situation in the experiments best. Other simulations
provide a comparison for the 3D actual profile case to better understand the
physical phenomena, and also show us the consequences of various simplifica-
tions on the results. In Table 2.2, some computational and turbulence related
parameters for the 3D actual profile case are given.

To make sure that the flow scales in the simulations are well captured, the
Kolmogorov length scale was calculated and compared against the grid spacing.
Kolmogorov length scale is defined as η = (ν3/ε)1/4, where ν is the kinematic
viscosity and ε is the turbulent dissipation rate. As seen from Table 2.2, the grid
spacing is approximately 0.04 mm and is kept constant in all the simulations.
Kolmogorov length scale is more than half of the grid spacing, which means
that the Kolmogorov length scale and grid spacing are in the same order, thus
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Table 2.2: Computational and turbulence related parameters for the 3D actual profile
case. Turbulence related parameters are calculated at t = 0.8 ms and in the jet
core (|y | ≤ 1 mm).

Parameter

Fuel jet width 2 mm
Domain size (Lx ×Ly ×Lz) 10 mm × 20 mm × 5 mm
Number of grid points (Nx ×Ny ×Nz) 253 × 505 × 127
Relative velocity between fuel and oxidizer (∆U) 67 m/s
Initial jet Reynolds number 4120
Rms of initial turbulence fluctuations (u′/∆U) 0.05
Reynolds number based on Taylor microscale (Reλ) 186
Turbulence kinetic energy (k) 55 m2/s 2

Kolmogorov length scale (η) 0.024 mm

the grid resolution is good enough to resolve turbulent scales [85]. To find out
if the chemical scales are well resolved, a grid independence study in 1D was
conducted. For the actual profile case, the number of grid points was doubled
and the results were compared with the original ones. The biggest discrepancy
was observed to be 3% in the peak concentration of CH2, which is a highly minor
species for the current simulations. For the major species the differences were
below 1%, which demonstrates that the chemical scales were well resolved. For
the time resolution, the time step should be small enough to capture the acoustic
waves since the code is fully compressible. In the simulations, a constant time
step of 10−8s was used and verified by checking the CFL condition for acoustic
velocity.

2.3 Results and Discussion

In this section, the results of the performed simulations are presented. Before
going into detail, planar images of temperature and mass fraction of hydrogen
at different times are given in Fig. 2.1 to provide an idea of how the flame
develops. The snapshots are taken at the plane z = 0 mm and t = 0.1, 0.3, 0.8, and
1.2 ms for the 3D actual profile case. As seen in Fig. 2.1, firstly the shear layer
between the oxidizer and the fuel trigger the instabilities, then these instabilities
grow into vortices. A while later, the fuel core spreads wider and diffuses into
the hotter regions of the oxidizer, starts to dissociate, and finally the ignition
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occurs.
In the remaining parts of this section; the effects of using actual tempera-

ture and species profiles on the autoignition and flame characteristics are pre-
sented, preferential diffusion effects are discussed, and finally the flame forma-
tion mechanisms and conditions at the ignition sites are demonstrated.

Figure 2.1: Temperature (top) and hydrogen (bottom) fields for the 3D actual profile
case at z = 0 mm and t = 0.1, 0.3, 0.8, 1.2 ms from left to right. Temperature
ranges from 305 K to 1285 K and mass fraction of hydrogen ranges from 0
to 0.11.

2.3.1 Heat Loss Effects

One of the obvious influences of including heat loss would be on ignition delay
behavior. To investigate this influence, a well established ignition delay needs
to be defined. For the cases with the nominal profile, an increase in the tem-
perature due to ignition will result in an increase in the maximum temperature
of the whole domain since the stoichiometric mixture fraction lies very close to
maximum temperature initially. However, for the simulations with the actual
profile, this is not the case and monitoring the maximum temperature of the
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domain would bias the ignition delay prediction. Temperature increase condi-
tioned on mixture fraction might be proposed as a solution, but as discussed
in the following sections, there occurs a big scatter in the temperature field in
turbulent simulations, and this leads to local temperature increases in mixture
fraction space well before the ignition starts. Therefore, it was decided to check
the ignition using the mass fraction of an intermediate species.

H radical is an intermediate species for hydrogen and methane combus-
tion, and therefore can be used as an indicator of ignition, as proposed by
Echekki and Chen [38]. To determine at what amount of H radical the igni-
tion starts, 0D homogeneous reactor simulations at different mixture fraction
values were conducted. As mentioned in Chapter 1, in this chapter and in
Chapter 3, mixture fraction is defined using Bilger’s formula [15] as: Z∗ =
2ZC /MC + 0.5ZH /MH − ZO/MO , where Mi is the molar mass of the element i .
It is then normalized as: Z = (Z∗ − Z∗

ox )/(Z∗
f u − Z∗

ox ), where Z∗
f u and Z∗

ox are
selected as Z∗

max and Z∗
mi n in the initial mixture. Using the results of homoge-

neous reactor calculations, the most reactive mixture fraction (ZMR), which is
defined as the Z value where the ignition delay is minimum [77], is calculated
as well. Since preferential diffusion effects are taken into account and the fuel
and oxidizer compositions are not constant, the composition corresponding to a
specific mixture fraction cannot be determined assuming the unity Lewis num-
ber mixing. Hence, a 1D non-reactive mixing simulation of the actual profile
case was performed to obtain the mixing compositions at different mixture frac-
tions. These resulting compositions and temperatures were used as the initial
conditions for the 0D calculations. The ignition point in the 0D calculations was
defined as the time at which the maximum gradient of temperature (dT /d t) oc-
curs. Although the temperature increase in MILD combustion is more gradual
compared to the conventional flames, the gradient of temperature is still a good
indicator for the ignition. Resulting ignition delay behavior is given in Fig. 2.2.

The mixture ignited soonest at ZMR = 2.5×10−3, which is smaller than the
stoichiometric mixture fraction of Zst = 8× 10−3. The H radical mass fraction
when the ignition happened at ZMR = 2.5×10−3 was recorded as 2×10−5, and
this value has been used as an indicator of ignition for turbulent mixing layer
simulations. Ignition delay times based on this definition, which are also shown
in Fig. 2.2 with symbols, are not exactly the same as the ignition delay based on
the temperature gradient, but they follow a very similar trend.

The evolution of maximum H radical in the whole domain given in Fig. 2.3
shows that the inclusion of heat loss effects has a large impact on predicting
ignition delay. The ignition delay for the actual profile case is almost 4 times that
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Figure 2.2: Ignition delay at different mixture fraction values, obtained using 0D homo-
geneous reactor simulations. Solid line represents the ignition delay times
based on the maximum gradient of temperature (dT /d t), and symbols rep-
resent the time when YH = 2×10−5.

of the nominal profile in the 3D cases. It is also notable from Fig. 2.3 that when
the nominal profile was used, the 1D and 3D simulation results for the ignition
delay are almost the same. On the other hand, when the actual profile was used,
the ignition was delayed much more for the 1D simulations compared to the 3D
ones. This means that turbulence plays no role in the ignition delay when the
nominal profiles are used, whereas it accelerates ignition when the real profiles
are used. A possible explanation for this acceleration is that turbulence helps the
hot regions of the coflow to mix with the fuel, causing hydrogen and methane to
warm up, and thus increasing the reaction rates for H radical formation. To test
this explanation, the temperature at the maximum H radical location is plotted
in Fig. 2.4. The 3D and 1D cases display a similar trend until about 0.1 ms, but
then the temperature in the 3D case surpasses that of the 1D case. The same
behavior is observed for the maximum H level shown in Fig. 2.3. This shows that
the faster growth of H radical in the 3D case is due to the higher temperature.
Since the H radical build up is due to dissociation of hydrogen and methane, it
is verified that turbulence speeds up the ignition by better mixing the fuel with
the hot regions of the coflow. A similar behavior was observed in [89], where
the researchers increased the jet Reynolds number and obtained lower lift-off
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heights due to better entrainment of the fuel with the oxidizer.
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Figure 2.3: Time evolution of the maximum H radical level on a log scale for different
cases. The horizontal line shows the threshold value for ignition.

The difference between the 3D actual and the 3D nominal profile results is
not only visible in ignition delay, but also in the flame characteristics. Once
ignition starts, the reactions take place very rapidly in the nominal profile case,
whereas it happens more mildly in the actual profile case. To demonstrate this
effect, total heat release in the whole domain per initial fuel-oxidizer interface,

1
Lx (Lz )

∑nx×ny (×nz )
i=1 Qi , where Qi is the heat release rate (in Watts) at each com-

putational cell, is plotted against time in Fig. 2.5. Note that for the 2D case, Lz

and nz are not defined, so they are not used while calculating the term, and in
both 2D and 3D cases the resulting term has units of W /m2. Although the max-
imum values are close to each other, the gradient of heat release with respect to
time is almost three times higher in the nominal case. This is caused by the fact
that the ignition is more homogeneous and simultaneous in the nominal profile
case, while it happens in a more distributed fashion in the actual profile case.
The difference between the 3D and 2D actual profile cases seen in Fig. 2.5 is
elaborated further in Section 2.3.2.
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Figure 2.4: Temperature at maximum H radical location for the 3D and 1D actual profile
cases.
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Figure 2.5: Total heat release in the domain per initial oxidizer-fuel interface area as a
function of time.
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2.3.2 Preferential Diffusion Effects

In his 2D DNS study [118], van Oijen concluded that the preferential diffusion
effects are of utmost importance. In order to assess if his conclusion is also
valid in 3D, in the current study, preferential diffusion effects are investigated
by analyzing and comparing the 2D and 3D simulation results. The distribu-
tion of methane and hydrogen around the most reactive mixture fraction was
checked, and compared against the Le = 1 distribution and 1D diffusive mix-
ing with the Le = const ant approach. The Le = 1 distribution corresponds to
extremely turbulent conditions since the turbulent eddies become smaller as
the Reynolds number increases, dominate the mixing process, and overrule the
effects of molecular diffusion. On the other extreme, 1D diffusive mixing rep-
resents the conditions where flow and turbulence effects are absent, and the
distribution of species is governed solely by molecular diffusion, which corre-
sponds to a constant Lewis number mixing in this study. Note that the results
presented in this subsection are only for the actual profile cases.

Figure 2.6 shows the scatter and the conditional mean in mixture fraction
space of the mass fractions of methane and hydrogen for the 2D and 3D cases,
as well as the aforementioned Le = 1 and Le = const ant curves. The difference
between the 2D and 3D results is remarkable, with the 2D showing much less
scatter than the 3D. In the 2D results, the hydrogen mass fraction is much higher
than the methane mass fraction for the same Z values, although in Le = 1 mixing
the situation is vice-versa. Moreover, mass fractions in the 2D case are very close
to the 1D mixing lines, which demonstrates that there are no strong turbulent
fluctuations in 2D to distort the distribution from laminar diffusive mixing. On
the other hand, in the 3D case, there is much more scatter for both methane
and hydrogen, and the deviation from the 1D mixing is much more apparent. In
addition, the hydrogen and methane mass fractions are comparable (almost the
same at stoichiometric mixture fraction). However, the preferential diffusion
effect is still present as the conditional means are quite different than the Le = 1
case. It is also worth mentioning for the 3D case that there are points where
the mass fraction of methane or hydrogen is close to 1D mixing, which means
that laminar-like structures still exist despite the turbulent nature of the jet
(Reλ = 180); while there are also regions where the mass fractions are close to
Le = 1 mixing, which shows the presence of strongly turbulent parts.

The reason behind such a big difference in scattering of species for the 2D
and 3D simulations is worth more explanation. Scalar dissipation rate, which is
defined as χ= 2D( ∂Z

∂xi

∂Z
∂xi

), might be the cause of the wide scatter in the 3D case
since the variation of χ on a Z = const ant surface would cause species to dif-
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(a) (b)

Figure 2.6: Distribution of methane (a) and hydrogen (b) around stoichiometric mixture
fraction. Dots represent scatters and lines with symbols represent conditional
averages on mixture fraction for the 3D (black) and 2D (red) cases at t = 0.8
ms. Solid lines are Lei = 1 mixing and dashed lines are 1D diffusive mixing
for Lei = const ant case.

fuse at different rates. To investigate this effect, the probability density function
(pdf) of scalar dissipation rate around Zst = 8×10−3 for the 2D and 3D cases are
checked and presented in Fig. 2.7. It is seen that the scalar dissipation shows a
rather peaky behavior in the 2D case, whereas it is more evenly distributed in
the 3D case. However, the values of scalar dissipation are similar for both cases
with a range between -1 and 0.5 on a log scale, and thus scalar dissipation rate
alone cannot be responsible for such a big difference in species scatter. As an-
other candidate for the cause of the difference in the species distribution in 2D
and 3D, the velocity field was examined, since the most important difference
between 2D and 3D is in the nature of turbulence. It was observed that the
velocity distribution is quite smooth in the 2D simulation, whereas in 3D there
are fluctuations of various scales. As a representative, the change of streamwise
velocity in the streamwise direction at t = 0.8 ms, y = 1 mm, and z = 0 mm is
given in Fig. 2.8. As can be seen, there are both small scale fluctuations and
large scale changes in the velocity field in the 3D simulation. In the regions
where the velocity scales are large, the species and other scalars tend to follow
the laminar distribution, while they deviate from this behavior as the velocity
scales get smaller. There are two reasons for this: the first one is that the mixing
by eddies tends to cancel the preferential effects of molecular diffusion as the
eddies become smaller, and distributes the scalars close to the unity Lewis num-
ber mixing. To check whether the eddies are small enough to disturb molecular
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diffusion, time scales of turbulence and molecular transport are calculated and
compared. Kolmogorov time scale, which is defined as τη = p

ν/ε, is used as
turbulence time scale, and inverse of scalar dissipation rate is used as diffusion
time scale as suggested by Peters [95]. It is found that the minimum time scales
of turbulence and molecular diffusion are in the order of 10−5 s and 10−4 s re-
spectively, and that the turbulence time scale is lower than the diffusion time
scale everywhere in the domain, assuring that the smallest eddies are capable
of altering molecular diffusion effects.

Another way small scale velocity fluctuations can affect the scatter of species
is through flame curvature effects. Flame curvature can be calculated using the
iso-surfaces of the mixture fraction as κ=∇· n, where n is the normal vector of
the iso-surface of mixture fraction. In the flamelet equations, the effective cur-
vature term that alters the diffusion of species is defined as c = κD|∇Z | [129].
Curvature effects strengthen or weaken the preferential diffusion depending on
the Lewis number of species and the direction of the curvature [98]. Small scale
velocity fluctuations cause larger curvatures. Through time, species would scat-
ter in composition space depending on the curvature history they experience
and their Lewis numbers. To demonstrate this effect, in Fig. 2.9 the change of
YH2 with the curvature term is presented at Zst = 8× 10−3 for the 2D and 3D
actual profile cases. To minimize the chemistry and history effects, the distri-
bution at t = 0.05 ms is taken as a sample. The first thing noticed in Fig. 2.9 is
that the range of curvature term in 3D is larger than in 2D. It is also observed
that in the 3D case, there is some correlation between the curvature term and
hydrogen mass fraction, especially for some part of the data, while in 2D there
is no discernible correlation. This is partly because 2D lacks the strongly curved
structures, and also partly because it does not have sufficient statistics (i.e. data
points). The correlation of YH2 with the curvature term increases for higher
mixture fraction values, where the curvature term becomes larger as well, as
shown in Fig. 2.10. Although the 2D case for the Z = 0.5 case also exhibits a
good correlation between YH2 and the curvature term, it is still not as strong
as in the 3D case, and also the range of curvature parameter is again smaller
compared to the 3D case. In the light of these findings, it can be concluded that
the large scatter of species is mostly due to the wide range of velocity scales and
resulting curvature effects in the 3D calculations, and the curvature term is a
good candidate to parameterize this scatter.

The difference in the distribution of the species in Z space for the 2D and
3D cases affects the reaction rates of the corresponding species as well. To
demonstrate this effect, the source terms of the hydrogen and methane at the
beginning of ignition are given in Fig. 2.11 for the 1D, 2D and 3D cases. To



2.3 Results and Discussion 37

−2.5 −2 −1.5 −1 −0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

log χ

p
d
f

(a) 2D

−1.5 −1 −0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

log χ

p
d
f

(b) 3D

Figure 2.7: Probability density function of logarithm of scalar dissipation rate at Zst =
8×10−3 line/surface for the 2D and 3D actual profile cases at t = 0.8 ms.
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Figure 2.8: The streamwise velocity u at y = 1 mm as a function of position x. The solid
line is the 3D results at z = 0 and the dashed line is the 2D results, both at
t = 0.8 ms.
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(a) 2D (b) 3D

Figure 2.9: Distribution of YH2
with flame curvature for 2D and 3D DNS actual profile

cases at the Zst = 8×10−3 line/surface and at t = 0.05 ms.

(a) 2D (b) 3D

Figure 2.10: Distribution of YH2
with flame curvature for 2D and 3D DNS actual profile

cases at the Z = 0.5 line/surface and at t = 0.05 ms.
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make a clear comparison, an additional 1D case with unity Lewis number ap-
proximation was simulated and also shown in Fig. 2.11. As can be seen, there
is a very large difference between the 1D cases of constant Lewis number and
unity Lewis number approximations. In the constant Lewis number case, the
source term of hydrogen is approximately three times that of methane; whereas
in the unity Lewis number case, methane to hydrogen source term ratio is al-
most equal to their initial mass fraction ratio, which is 8:1. As expected from the
distributions presented in Fig. 2.6, the reaction rates at the turbulent cases are
in between these extreme cases. In the 2D case, the source term of hydrogen is
slightly higher than that of methane, and this difference is anticipated because
the mass fraction of hydrogen is considerably higher than methane around ZMR

in 2D. On the other hand, in the 3D case, the source term of methane is a lit-
tle higher than that of hydrogen. The difference between the 2D and 3D cases
can be explained by the fact that the preferential diffusion effects are less pro-
nounced in the 3D case than the 2D case as explained before, and thus the 3D
case is closer to the Le = 1 case compared to the 2D case. Although the higher
methane source term in the 3D case might seem contradictory to the existence
of preferential diffusion, considering that the initial mass fraction of methane is
8 times that of hydrogen, a source term ratio of approximately 1.5 still shows
the presence of preferential diffusion.

Another point which is noticed from Fig. 2.11 is that the reaction occurs
more uniformly along ZMR in the 2D case, while a more localized behavior in
the 3D case was seen. This is mainly due to the aforementioned wide range
of velocity scales and curvatures, and resulting large variation of species in the
3D case. In some regions, turbulent fluctuations are stronger and dominate
molecular diffusion effects, and in some other regions turbulence is weaker and
preferential diffusion dominates. Therefore, the ignition occurs with different
time delays at different spatial locations. This effect has consequences on the
heat release rate as well, as seen in Fig. 2.5. The heat release rate in the 2D
case increases abruptly after the ignition starts due to homogeneous combustion
along ZMR , while it increases mildly and remains relatively higher in the 3D case
due to ignition spots with different time delays. It is also worth mentioning that
hydrogen has a small positive source term in some parts of the domain as most
clearly seen in Fig. 2.11f, which is due to the dissociation of methane.

2.3.3 Ignition Characteristics

In this subsection, the ignition and flame development mechanisms are investi-
gated, and some properties at the initial ignition kernels are examined. All the
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Figure 2.11: Source terms (ωα/ρ) of the fuel components (H2 and CH4) at the instance
of ignition for the 1D constant Lewis (a), 1D unity Lewis (b), 2D (c,d) and
3D (e,f) cases. For the turbulent cases, the source terms for methane (c,e)
and hydrogen (d,f) are presented separately.
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results presented in this subsection are from the 3D actual profile case.
It is crucial to understand the flame formation mechanisms in MILD com-

bustion because the design of practical burners is highly dependent on this in-
formation. For this purpose, the ignition sites are investigated thoroughly. It
is already revealed that the ignition exhibits a spotty behavior in the 3D ac-
tual profile case. However, it remains to be determined whether the ignition
starts as autoignition at one site and then propagates along ZMR by diffusion of
heat and/or species (flame propagation), or the ignition happens everywhere
by autoignition with different ignition delays (sequential autoignition). To in-
vestigate this, Echekki and Chen [38] defined a Damköhler number as the ratio
of species’ source term to the divergence of their diffusion flux, i.e.,

Daα = ωα

| ∂/∂x j (ρYαV j ,α) | (2.1)

where V j ,α is the diffusive velocity in the j direction and ωα is the source term
of species α. Such defined Damköhler number (Da) would indicate the relative
magnitude of reaction compared to diffusion. If Da is much larger than unity at
regions not yet ignited, it means that those regions will autoignite after a while
because the reaction rate at that location dominates the diffusion at the same
location. If Da is smaller than unity, it might mean that the ignition would be
initiated by the diffusion of radicals from a neighboring ignited region, depend-
ing on the direction of the diffusion. In a steady flame, reaction is balanced by
diffusion and Da approaches unity. Here, local source and diffusion terms are
examined separately instead of only checking the Damköhler number, because
Da is ill-defined in large parts of the domain due to negligible source and/or dif-
fusion terms. The H radical is chosen to calculate the source and diffusion terms
as it is an intermediate species and the presence of this intermediate species can
initiate ignition [78]. In [38,130], water was used instead of the H radical, but
it is not an option in the current case since the coflow already contains a large
amount of water.

Figure 2.12 shows the reaction rate and the divergence of the diffusion flux
of H radical at 1 ms (beginning of ignition), 1.1 ms and 1.2 ms for the 3D case
at the z = 0 mm plane. To separate already ignited regions from the non-ignited
ones, the ignition threshold value of YH = 2×10−5 is drawn with a white line. In
addition, to give an idea about the mixture fraction values at the ignition sites,
ZMR = 2.5×10−3 is shown with a magenta line. In Figs. 2.12a and 2.12b, it is
seen that there is a very small ignited region and the source term at that region
is much bigger than the diffusion term. But more importantly, the source terms
just outside of the ignition kernel is also much higher than the diffusion term at
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the ignited region, which means that the non-ignited neighboring regions will
autoignite later on, rather than the initial ignition kernel would trigger them to
ignite. In addition, the trend of the source term almost coincides with the ZMR

curve, indicating that the autoignition occurs around ZMR , as mentioned in the
literature [77, 112, 118]. In Figs. 2.12c and 2.12d, it is seen that at 1.1 ms
the ignition takes place in a wider portion of the investigated area as apparent
from the H radical distributions. Although the difference between the source
terms and the diffusion terms are not as clear as at t = 1 ms, the source term
at the neighboring region of the ignition site is still higher than the diffusion
to that region. Finally at 1.2 ms, there remains a small portion along the ZMR

isoline where the ignition is yet to occur, and the source term-diffusion term
difference is even less apparent. However, when the autoignition front is exam-
ined by checking the vector field for the diffusion flux as shown in Fig. 2.13, it
is noticed that the component of the diffusion vector along the mixture fraction
isoline is small. Therefore, it can be concluded that a sequential autoignition
event occurs, rather than a flame propagation. This conclusion agrees with the
findings by Li et al. [74], where they used tangential stretching rate analysis
to identify the ignition characteristics of the Adelaide JHC case, and demon-
strated that the ignition is dominated by autoignition until far downstream. It
should also be noted that even though the new autoignition sites occur close to
ZMR , already burning regions move towards higher mixture fractions as seen in
Fig. 2.12e.

In order to strengthen the conclusion about the flame development mech-
anism, HO2 mass fractions just before the ignition starts and 0.1 ms after that
were also checked. HO2 is a precursor for both hydrogen and methane combus-
tion, and can be used to check if the ignition is caused by autoignition [38, 54,
130]. In an autoigniting system, firstly the precursors like HO2 form, and then
these precursors are converted into intermediate species like H and OH as the
thermal runaway starts [130]. Figure 2.14 shows both the H and HO2 radical
mass fractions at t = 0.98 ms and t = 1.08 ms in the z = 0 plane. In addition,
ωHO2 = 0 isoline is shown in Fig. 2.14c with a white contour to illustrate the
area in which HO2 is consumed. Although there is only a tiny region where
the ignition is about to start at t = 0.98 ms, HO2 has already been formed in
considerable amounts along ZMR , as can be seen in Figs. 2.14a and 2.14b. Fig-
ure 2.14c shows that in the regions where ignition occurs (YH > 2×10−5), HO2

begins to be converted to other radicals and products as the negative source
term suggests. Yet, it is seen in Fig. 2.14d that HO2 builds up at future ignition
sites. Note that at t = 0.98 ms, no negative source term of HO2 was observed.

By examining the HO2 radical concentrations and comparing them to that of
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(a) Source term, 1.0 ms (b) Diffusion term, 1.0 ms

(c) Source term, 1.1 ms (d) Diffusion term, 1.1 ms

(e) Source term, 1.2 ms (f) Diffusion term, 1.2 ms

Figure 2.12: Source and diffusion terms of H radical for the 3D case at the z = 0 mm
plane and at t = 1.0, 1.1, and 1.2 ms. The white contours show the thresh-
old value of YH = 2×10−5 and the magenta lines show ZMR = 2.5×10−3
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Figure 2.13: Diffusion flux vectors of H radical drawn in a zoomed in region of Fig. 2.12f.

(a) H, 0.98 ms (b) HO2, 0.98 ms (c) H, 1.08 ms (d) HO2, 1.08 ms

Figure 2.14: Mass fraction profiles of H and HO2 radicals for the 3D case at z = 0 mm
plane, just before the ignition starts and 0.1 ms after. The white contour
on the mass fraction of H after 0.1 ms of ignition (c) represents ωHO2

= 0
isoline in which HO2 is consumed.
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the H radical, the idea that the flame formation is through a sequential autoigni-
tion is supported. However, the conditions which cause the varying ignition
delays along Z = const ant are to be explored. To this end, probability density
functions (pdf) of temperature and scalar dissipation rate along ZMR at the be-
ginning of ignition are calculated. In addition, the conditions at the spots with
the least and most ignition delays (the initial ignition spot and the spot with
the least HO2 concentration) are checked. The resulting behaviors are shown
in Fig. 2.15. It is seen that the temperature has a considerable range along
ZMR , and the spot with the least ignition delay is hotter compared to the spot
with the most ignition delay as expected since the temperature accelerates the
reaction rates substantially. However, there are points which ignite later than
the initial ignition spot although their temperatures are higher. This means that
the temperature is not the only parameter which determines the ignition delay,
but it is one of the parameters whose combined effort determines the ignition
timing. Scalar dissipation is another of these parameters since high scalar dis-
sipation causes radicals to diffuse faster and prevent them from accumulating
and initiating the combustion reactions. Figure 2.15b shows that the scalar dis-
sipation rate is very low along the whole ZMR surface and the ignition happens
earliest at a region close to the lower end of the distribution, but not at the min-
imum. PDF of curvature parameter was checked as well, but it was seen that
the distribution exhibits a very peaky behavior near zero. This is because ZMR

lies very close to the oxidizer side, where the shear layer effects diminish, and
thus the flame is not strongly curved anymore. However, from the scatter plots
of YH and YHO2 against the curvature term as shown in Fig. 2.16, it is observed
that these precursors tend to accumulate where the curvature term is positive,
and start the ignition in those regions. For H, the reason for this accumulation
can be two-fold: Because H2 has a low Lewis number, it diffuses more strongly
towards the positively curved parts, and as a result more precursors of hydro-
gen chemistry accumulate in that region. In addition, H radical itself has a low
Lewis number, and once formed, it will diffuse more towards positively curved
regions. However for HO2, only the effect via diffusion of H2 is plausible, be-
cause HO2 itself has a Lewis number very close to unity. Nevertheless, it should
be mentioned that all these analyses on the location of the ignition spot provide
information about the instance when the mixture first ignites, but the history of
the parameters prior to ignition is also decisive on the ignition delay.

It is also worth mentioning that the current findings about the ignition mech-
anisms are somewhat in contradiction with the works of Minamoto et al. [82],
where they found the presence of flame propagation as well. However, their
study is a premixed one, and the way they introduced variations in the inflow
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Figure 2.15: Probability density functions of temperature (a) and scalar dissipation rate
(b) along ZMR = 2.5× 10−3 at the start of ignition (t = 1 ms). The spots
with the maximum and minimum ignition delays are indicated on the top
of each figure.
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Figure 2.16: Distribution of H (a) and HO2 (b) radicals against the curvature term along
ZMR = 2.5×10−3 iso-surface and at the start of ignition (t = 1 ms)
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and initial conditions is fundamentally different than the current study. In this
work, the fuel and oxidizer are completely separated from each other initially,
there are no inflow and outflow boundary conditions, and the initial composi-
tion is not varied in the x-direction. In a simulation of the same Adelaide JHC
case with statistically varying inflow boundary conditions for the composition
as well as for the velocity, the findings might differ from the current ones.

2.4 Conclusions

In this chapter, DNSs of MILD combustion have been conducted in the form
of autoigniting mixing layers. The initial temperature and species composition
have been taken from the JHC experiments of Dally et al. [25], which represent
MILD conditions properly. A constant Lewis number approach for the diffu-
sion model and the DRM19 reaction mechanism for the chemistry have been
employed to explore the interaction of turbulence, chemistry and molecular dif-
fusion in a detailed manner. The effects of heat loss and preferential diffusion
have been investigated, and the flame formation characteristics have been an-
alyzed. In addition, the 3D DNS results have been compared with the 1D and
2D results in order to both support the findings from the 3D results, and to
assess the applicability and accuracy of 2D DNSs, which require much less com-
putational power than 3D ones. The main conclusions can be summarized as
follows:

• Changing the temperature profile from the nominal to the actual has a
crucial effect on the ignition delay. Only the molecular diffusion and
chemistry determine the ignition timing in the former, whereas the tur-
bulence has an important impact through enhanced entrainment of the
fuel with the hot parts of the oxidizer in the latter one. In addition, us-
ing the nominal profile results in a more uniform ignition and higher heat
release rate.

• Even in the turbulent environment of the 3D actual profile case, the pref-
erential diffusion effects are still present. Due to the wide range of flow
scales and resulting flame curvatures, there is a large scatter in species dis-
tribution on mixture fraction iso-surfaces, and both the unity and constant
Lewis number behaviors co-exist.

• The ignition happens by autoignition along the iso-surface of ZMR with
different time delays, instead of flame front propagation following an ig-
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nition spot. Therefore, the main flame formation mechanism is sequential
autoignition.

• The ignition happens first at the points where the mixture fraction is close
to the most reactive value, the scalar dissipation is low, the temperature
is high, and the flame is positively curved. The position of the initial
ignition spot is not determined solely by a single parameter, but rather by
a combined effect of various parameters and their history throughout the
simulation.

• In the 2D case, the variation in species distribution is low due to the lack
of small scale flow structures. This causes more uniform reactions, higher
heat release rate and more profound preferential diffusion compared to
the 3D case. Therefore, 2D DNS does not represent the real flame properly
and should be used with care.

Thorough analyses conducted using DNS with detailed chemistry in this
chapter pave the way to the development of proper modeling tools for non-
premixed MILD combustion with preferential diffusion and heat loss effects.
The remaining parts of the thesis are devoted to such a comprehensive model
development effort.



Chapter 3

MuSt-FGM Development and
Application to MILD
Combustion

3.1 Introduction

When modeling adiabatic non-premixed flames, the general practice in FGM is
to set controlling variables (CV) as mixture fraction (Z ) and reaction progress
variable (Y ) [126], similar to other chemistry tabulation methods like FPV and
FPI [45, 96]. Y is generally chosen as a combination of mass fractions of reac-
tants and/or products [1,60,96,126], because they are either consumed or pro-
duced throughout all combustion stages. However, Medwell et al. [79] found
that in an autoigniting MILD system, initially a pre-ignition stage takes place
in which precursors form, but reactants or products do not vary much. This
is partly because the products are already present in the fuel and/or oxidizer
stream in MILD combustion, hence the increase in product mass fractions is
very minor in the pre-ignition stage. In some internal combustion engine stud-
ies [14, 39], mass fractions of precursors were added to the definition of Y in

This chapter is based on the article:

M Ugur Göktolga, Jeroen A van Oijen, and L Philip H de Goey. Modeling MILD combustion using a
novel multistage FGM method. Proceedings of the Combustion Institute, 36(3):4269–4277, 2017
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order to capture the pre-ignition period. Nevertheless, this might deteriorate the
prediction capabilities in the oxidation stage since the precursors are consumed
during this period. Therefore, it is troublesome to find a single and unique Y

which would model the progress in every stage of combustion accurately, espe-
cially in the case of an autoigniting system.

In this chapter, a detailed a priori analysis is conducted using 1D flames in
order to assess the applicability of FGM method to MILD combustion of non-
premixed type. Different Y definitions were tested to evaluate the performance
variation by the choice of Y . Based on the poor results of these tests, a multi-
stage (MuSt) FGM technique was developed to model each stage of combustion
(pre-ignition, oxidation, post-ignition, etc.) separately and accurately. Simu-
lations with the MuSt-FGM approach are carried out and compared with the
detailed chemistry results.

3.2 Numerical Methods and Simulation Setup

As mentioned earlier, for the simulation of adiabatic non-premixed combustion
using FGM method, the CVs are selected as Z and Y , where Z represents the
mixing of fuel and oxidizer, and Y models reaction progress. Y must increase
monotonically throughout the whole combustion process in order to express
composition space as a unique function of itself. As noted in Chapter 1, in this
chapter Z was calculated using Bilger’s definition [15] and normalized such that
Zoxi di zer = 0 and Z f uel = 1. Following the traditional approach in FGM method,
Y was selected as a linear combination of species mass fractions. Although the
investigated case still remains as the HM1 case of Adelaide JHC experiments, in
this chapter only the nominal profile case is tackled, and modeling the temper-
ature and species variations is left for Chapter 5.

To create the required flamelets, 1D flame simulations are performed and
then the results are converted into flamelet coordinates. Igniting mixing layers
(IML), which was shown to be successful in modeling JHC conditions in the
absence of temperature and species variations [1], was selected as the flamelet
type. As explained in Sub-section 1.3.3, in IML flames the fuel and oxidizer are
initially placed side by side, then mix through molecular diffusion, and react in
time. Since only the nominal case is investigated in this chapter, using IML in-
stead of CF is more reasonable because the hot parts of the oxidizer are initially
positioned next to the fuel in the DNS calculations. DRM19 [64] was used as
the reaction mechanism, which includes 21 species and 84 reversible reactions.
As shown in Chapter 2, preferential diffusion effects are crucial in predicting
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the ignition delay, and can be accurately modeled using constant Lewis number
approach as shown in [118]. The Lewis numbers used were calculated from the
results of a simulation with multi-component diffusion model.

To assess the applicability of the FGM method to MILD combustion, firstly an
a priori analysis similar to Ramaekers et al.’s study [101] was performed. This
analysis can be summarized as follows: an FGM table is created from flamelets
using Z and a suitable choice of Y ; Z and Y are retrieved from the flamelets
at every grid point; using the Z and Y data, all the species, temperature, and
Y source term information are looked up from the FGM table; and the looked
up values are compared with their counterparts from the flamelets themselves.
A relative error for each of the looked up parameter Pi was computed as:

εi (t ) =
1
N

∑N
k=1(P Det ai led

i ,k −P FGM
i ,k )

1
N

∑N
k=1 |P Det ai led

i ,k | , (3.1)

where N is the number of grid points. Since the same flamelets are used for
both the FGM table creation and a priori testing, a perfectly monotonic Y should
result in error terms very close to zero. However, it is not straightforward to find
such a Y , especially for MILD combustion. The calculated errors are examined
as a function of time. Among all the predicted parameters, the emphasis is put
on the source term of Y , since its miscalculation would lead to inaccurate Y

results and thus incorrect lookup.
After the a priori analysis, actual FGM simulations in 1D were performed.

The solutions of the detailed and FGM simulations are compared in terms of
the evolution of reaction progress, and the distribution of progress variables in
the composition space at the end of the simulation. Finally, the same a priori
analysis is performed for the DNS computations to check if FGM is suitable for
modeling MILD combustion in turbulent conditions.

3.3 Standard FGM

In an FGM study, the first action is to select a suitable Y which would mono-
tonically increase throughout the process. In this study, a few selections were
made based on different approaches. Firstly, the traditional approach was fol-
lowed and Y was selected as YH2O. This is because the flame in consideration
is dominated by hydrogen chemistry and H2O is the main product of the hydro-
gen combustion. For a case with a hydrocarbon as the main fuel, Y could be
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chosen as a combination of YH2O and YCO2 . As a second candidate, YHO2 was
chosen as Y , following the findings of Medwell et al. [79], where they mention
that in a MILD system, firstly the pre-ignition chemistry takes place and pre-
cursor species like HO2 and CH2O are produced, while the final products are
not formed in considerable quantities. Again, if the dominant fuel was a hydro-
carbon, HO2 and CH2O could both be used. Finally a combination of H2O and
HO2 was selected as Y in an effort to include the effects of both the pre-ignition
and oxidation chemistries, as was done in engine related studies [14, 39]. The
weight of YHO2 was selected as 1000 times that of YH2O to make the mass frac-
tions and the source terms of the two species comparable.

FGM tables were created using the abovementioned Y selections and the
a priori study was performed for each selection. The errors in computing the
source term of each Y are shown in Fig. 3.1. It is seen that the standard se-
lection of Y = YH2O fails to predict its source term by a factor of 100 in the
beginning of the simulation. The error gradually drops below 1% and stays
very low after the autoignition. On the other hand, YHO2 performs very well
until the ignition, but becomes quite unsuccessful afterwards. The compromise
selection of Y = YH2O+1000×YHO2 behaves somewhere in between, as expected.
It produces a substantial error of 35% in the very beginning of the simulation.
The error decreases afterwards until the ignition and keeps moderate during
the ignition, but increases during the oxidation period and exceeds 100%. It
should be noted that other combinations of YHO2 and YH2O have been tried, but
they either failed in the beginning of the simulation, or through the end. These
trials are not presented here for the sake of brevity.

The reason for the large error terms was investigated for each Y definition.
Firstly, the evolution of each Y at Zst = 6.7× 10−3 was examined to check if
there are any non-monotonicities. It should be noted that the value of Zst used
in this chapter is different than in Chapter 2 because of the composition differ-
ences between the actual and nominal cases. As seen in Fig. 3.2a, Y2 (YHO2)
decreases after the ignition takes place, which explains why it fails as a Y in
that region. Although Y1 (YH2O) does not exhibit any non-monotonicity, its
growth is extremely slow in the beginning of the simulation, while its source
term increases exponentially in the same region, which is shown in Fig. 3.2b.
This means that a slight miscalculation of Y will lead to an enormously large
error in the lookup of ωY , which will eventually cause the solution to diverge.
Addition of 1000×YHO2 to YH2O seems enough to overcome this problem as Y3

(YH2O+1000×YHO2) exhibits a large enough growth in the beginning of the sim-
ulation. In addition, Y3 is monotonic throughout the simulation at Zst as well,
which means that its failure to predict its source term cannot be explained by
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Figure 3.1: Relative error terms as function of time for the prediction of the source term
of each progress variable definition, calculated through the a priori analysis.
The vertical black line indicates the start of ignition.

examining only the stoichiometric conditions.
The changes in Y were further analyzed at lean (Z = 4 × 10−4) and rich

(Z = 0.6) conditions, and are also presented in Fig. 3.2. It is noticed that at
lean condition, the values of Y2 and Y3 drop after the ignition, and thus be-
come non-monotonic. Even though the amount of decrease is small, any non-
monotonic behavior of Y is excluded from the FGM table, and therefore the
oxidation phase cannot be covered at all by Y2 and Y3 at the lean conditions.
This situation explains why the performance of Y3 deteriorates as the simulation
proceeds. At Z = 0.6, Y1 and Y3 exhibit non-monotonic behaviors right from the
beginning, which explains their high error terms at the start of the simulation
(see Fig. 3.1). Although Y3 performs better than Y1 in the sense that it starts to
increase earlier, it cannot resolve the issue all together.

It can be deduced that the combination of the mass fractions of HO2 and H2O
to find a suitable Y is a trade off: as the weight of HO2 is increased, the pre-
ignition chemistry is better represented and the non-monotonicity at the rich
side is eased; but the oxidation chemistry is missed and the non-monotonicity at
the lean side is amplified. With the selection of Y = YH2O+1000×YHO2 , the error
terms are quiet large both in the very beginning of the simulation and through
the end, therefore increasing or decreasing the weight of HO2 will make it worse
for either of the boundaries. Y might be made monotonically increasing for all
the Z values through a careful inspection of the evolution of all the species
instead of just H2O and HO2, and by fine tuning species weights; or better
yet through an optimization study as in [86, 87, 92]. However, the purpose of
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Figure 3.2: Evolution of normalized progress variables at Zst = 6.7×10−3 (a), Z = 4×10−4

(c) and Z = 0.6 (d), and evolution of normalized progress variable source
term at Zst = 6.7× 10−3 (b). Normalization was done using the global ex-
tremes at the corresponding mixture fractions. The vertical black lines indi-
cate the start of ignition.



3.4 Multistage FGM 55

this study is not to perform such an optimization procedure, but to propose an
alternative approach; multistage FGM, which is discussed in detail in the next
section. It is worth mentioning that all of the Y definitions discussed in this
section are tried in a posteriori sense to compute the flame using FGM. The
calculations with Y1 and Y3 either numerically failed to converge or did not
result in ignition, and the results with Y2 are highly inaccurate for the oxidation
region, as presented in the next section.

3.4 Multistage FGM

The concept of multistage (MuSt) FGM was inspired by the findings of the stan-
dard FGM; in an autoigniting MILD system, precursors like HO2 represent the
pre-ignition region accurately, while the products like H2O are successful in
capturing the ignition-oxidation region. The basic idea is to use two Y s; one
until the autoignition and another afterwards, without increasing the dimen-
sion of the manifold. Although the basic idea is simple, the implementation is
not straightforward. Among different options considered (not explained here to
avoid confusion), the chosen strategy is to create two separate FGM tables for
two Y s, and to use each one of the tables for a different stage of combustion. In
addition, to ensure the continuity of Y s, transport equations for both Y s should
be solved throughout the whole simulation. For this method to work, the source
terms of both of the Y s must be stored in both of the tables.

When there are two different Y s with two separate tables, the problem is to
determine from which table to lookup. The adopted strategy here is to make the
lookup table selection based on some threshold variable. Since HO2 is rapidly
consumed when the oxidation reactions start, the moment when YHO2 reaches
its maximum in Z−space can be used as an indication of the end of the pre-
ignition phase and the beginning of the oxidation phase. However, the value
of YHO2 itself cannot be used as a threshold variable since it decreases after
reaching its maximum and this makes it impossible to determine whether the
process is in pre-ignition or oxidation stage. On the other hand, YH2O always
increases once the fast oxidation reactions start and thus can be used as the
threshold parameter. Therefore, it was decided to create the second stage ta-
ble using the data points in the flamelets after YHO2 reaches its maximum in
Z−space, and then to use the minimum values of YH2O in the second stage ta-
ble as the threshold parameter to decide from which table to retrieve variables
during MuSt-FGM calculations.

To illustrate how the tables are created in the MuSt-FGM approach, the parts
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of the flamelet solution used in generating the first and the second table are
shown in Fig. 3.3a. The segments that are drawn in black are used in the table
generation, and the parts drawn in red are discarded. It is seen that at Zst ,
Y1 reaches its maximum around the autoignition time and thus only the points
before that are used in the first table generation, and only the points after that
are used in the second table generation. At Z = 0.6 on the other hand, Y1,max

and therefore the switch occurs around 0.6 ms. Figure 3.3b shows how the table
to be looked-up during a MuSt-FGM simulation is determined. If the value of
Y2 is lower than Y2,mi n in the second table (shown with the black line), use the
first table; else, use the second table. The red line in Fig. 3.3b shows the initial
value of Y2 in the flamelet simulations, thus all the flamelet points that fall in
between the red and black lines are discarded for the second table (and used in
the first table generation).

Overall, the steps of the MuSt-FGM approach can be summarized as follows:

• Select a precursor species as Y1, and a product species as Y2; HO2 and
H2O were selected in the current case.

• Generate the first table until the maximum of Y1 is reached in the Z−space,
and create the second table from there on.

• Store the source terms of both Y1 and Y2 in both of the tables.

• Solve two transport equations for the two Y s, in addition to a Z equation,
during the actual CFD calculations with FGM.

• In the CFD calculations, if the calculated value of Y2 is below the min-
imum value of Y2 in the second table, lookup from the first table; else,
lookup from the second table.

These steps are listed here as a two-stage strategy since it is sufficient for the
current case. However, it can easily be extended to N-stage whenever necessary.
For example, a third stage for the post-oxidation emission phase can be added
to the current case in the future.

Because the flamelets from the same 1D flame simulation are used to create
the tables, continuity of all the stored thermo-chemical variables is ensured.
This means that at the same mixture fraction, the value of a thermo-chemical
variable in the first table at the maximum Y1 is the same as the value of the same
variable in the second table at the minimum Y2. During a CFD simulation, if
there is a flame quenching event in the physical space, the value of Y2 will go
below its minimum value in the second stage table, and thus it is possible to
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Figure 3.3: MuSt-FGM method clarification: Table generation details (a) and lookup ta-
ble determination during simulations (b). The black segments in (a) show
the parts of the flamelet solution used in table generation, and the red seg-
ments are the parts discarded. The black line in (b) is the threshold value of
Y2 to determine the table to be looked up during a simulation with MuSt-
FGM. The red line in (b) shows the initial value of Y2 from the detailed
simulations, and the colors represent ωY2 in kg/m3s.
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go back to the first stage (i.e., pre-ignition). Therefore, flame quenching and
re-ignition events can be captured by the MuSt-FGM method.

As in standard FGM, firstly the a priori test was conducted for the MuSt-FGM
approach. The error terms for the source terms of both Y1 and Y2 are shown in
Fig. 3.4. It is seen that the error for the source term of Y1 is very small in the
beginning of the computations, reaches a maximum of 2% right after the au-
toignition due to the transition between two FGM tables. For Y2, the error term
is below 1% during the pre-ignition and oxidation periods, and it peaks at 2.5%
around autoignition with the same reason as Y1. In overall performance, the
MuSt-FGM approach seems promising with error terms staying low throughout
the simulation and substantially smaller than those of the standard FGM cases
(see Fig. 3.1 for a comparison).
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Figure 3.4: Relative error terms as function of time for the prediction of the source term
of each progress variable in the MuSt-FGM method, calculated through the
a priori analysis. The vertical black line indicates the start of ignition.

An actual 1D simulation using the MuSt-FGM approach was performed as
well for the current case. The FGM tables for HO2 as Y1 and H2O as Y2 were
generated as described earlier. MuSt-FGM tables for the first and second stages
are shown in Fig. 3.5, with the source terms of Y1 and Y2, respectively. The
magenta line in Fig. 3.5b is the initial mixing line for Y2, and the gap between
the magenta curve and the rest of the table is basically the first stage of com-
bustion, which is not tabulated in the second stage table. The results of this
simulation are compared to the detailed chemistry simulation in Fig. 3.6a- 3.6c
for the maximum of Y1 and Y2 in the whole domain, and for the maximum
temperature increase in Z−space. Figure 3.6a also includes the result of stan-
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dard FGM calculation with Y = YHO2 . It is seen that the evolution of all the
three parameters is captured perfectly during the pre-ignition, autoignition and
oxidation periods using the MuSt-FGM method; whereas standard FGM is suc-
cessful in the pre-ignition period but fails considerably in the oxidation region.
To demonstrate whether MuSt-FGM is successful in predicting the distribution
of progress variables in the composition space, profiles of Y1 and Y2 as a func-
tion of mixture fraction at the end of the simulation (t = 1 ms) are shown in
Fig. 3.7. It is seen that the change of progress variables in Z−space was also al-
most perfectly predicted with MuSt-FGM approach. These results demonstrate
the success of the MuSt-FGM method in modeling autoigniting MILD flame in a
1D setting.

(a)

(b)

Figure 3.5: MuSt-FGM tables for the first stage (a) and second stage (b). Contours in
(a) represent the source term of Y1 for the first stage, and contours in (b)
represent the source term of Y2 for the second stage. Magenta curve in (b)
is the initial mixing line for Y2.

After assessing it in a 1D setting, to check whether MuSt-FGM is suitable for
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Figure 3.6: Evolution of the maximum values of Y1 (a) and Y2 (b), and maximum tem-
perature increase in Z−space (c). The vertical black line indicates the start
of ignition.
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Figure 3.7: Distribution of Y1 (a and b) and Y2 (c) in Z−space at the end of the 1D
simulation (t = 1 ms).
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modeling a turbulent MILD flame, firstly the a priori study was repeated for 2D
DNS of the nominal case. The errors for the prediction of the source term of
both progress variables are shown in Fig. 3.8. As can be seen, the error terms
are quite high, reaching levels above 100% for Y1 and above 70% for Y2. Based
on very successful results with 1D simulations, this result was unexpected.
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Figure 3.8: Relative error terms as function of time for the prediction of the source term
of each progress variable for the 2D DNS case, calculated through a priori
analysis.

When the reason for the high errors was investigated, it was found that due
to the preferential diffusion-curvature interaction, the progress variables scatter
widely in the composition space, which was interpreted as chemical progress
in the a priori analysis. As a result, very large source terms are retrieved from
the MuSt-FGM table, while there is little chemical progress in reality. To demon-
strate this effect more clearly, in Fig. 3.9, the distribution of Y2 at t = 0.05 s in the
DNS calculation is given, together with the initial mixing line (the first flamelet)
and the limits of the second stage table. Normally at t = 0.05 s, the source terms
are too small to lead to ignition. However, as can be seen in Fig. 3.9, Y2 values
already exceed the lower limit of the second stage table around Z = 0.5, which
is the indicator for the end of the pre-ignition stage and the start of the oxi-
dation stage. This would result in very high source term values in the lookup
process, which in turn would cause premature ignition compared to the detailed
chemistry case. Therefore, in order to have a good prediction in the case of a
turbulent flame with preferential diffusion effects, curvature effects have to be
taken into account.
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(a) (b)

Figure 3.9: Limits of the second stage table, initial mixing line for Y2, and the scatter of
Y2 in the DNS run at t = 0.05 s: overall view (a), and zoomed in view around
Z = 0.5 (b).

3.5 Conclusions and Discussion

In this chapter, an a priori analysis has been performed using 1D flames to
evaluate the applicability of FGM method to non-premixed MILD combustion.
Performance of different progress variable selections has been tested. Based on
the results of the a priori analysis, a novel multistage (MuSt) FGM method has
been developed. Using the MuSt-FGM approach, the a priori analysis has been
repeated, and actual 1D MuSt-FGM calculations have been performed. Finally,
2D DNS of the same configuration has been assessed again using the a priori
analysis. The main conclusions are as follows:

• Standard FGM with a single progress variable is not suitable to model an
autoigniting MILD system. This is because there are different stages of
combustion in this system such as pre-ignition, autoignition, and oxida-
tion; and finding a single Y which represents them all is very difficult, if
not impossible.

• It is feasible to represent different stages of combustion using a unique Y

for each stage without increasing the dimension of the FGM table. This
idea is formulated as the multistage (MuSt) FGM approach and used in
the calculations.

• MuSt-FGM successfully captures all the stages of combustion in a 1D
flame, as shown in both an a priori and an a posteriori manner in a 1D
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igniting flame.

• In turbulent conditions, preferential diffusion-curvature interactions come
into play and thus need to be modeled.

Storing two tables instead of one might seem like a disadvantage of the
MuSt-FGM approach in terms of memory requirement. However, since two ta-
bles represent two different stages of combustion, the number of grid points
in a MuSt-FGM table can be half of what it would be in a standard FGM table
with the same resolution. Therefore, no extra memory is required in the MuSt-
FGM approach. In addition, the resolutions of two tables can be set differently
to meet different needs of each combustion stage, which is an advantage over
standard FGM. The only extra computational cost of the MuSt-FGM approach is
the additional transport equation(s) to be solved for additional Y (s). Neverthe-
less, this is a tiny cost which can certainly be tolerated considering the added
accuracy the MuSt-FGM method provides.

MuSt-FGM can be useful in other application areas like diesel combustion
to capture autoignition and two-stage ignition. It can also be used to calcu-
late emissions like NOx and CO by representing the slow chemistry of post-
combustion zone with a suitable additional Y like the mass fraction of the
emitted species itself. It is also worth mentioning that although the MuSt-FGM
method was introduced as an alternative to progress variable optimization tech-
niques, it can actually be combined with those methods to optimize the Y def-
inition of each stage. For example, in the current case H2O and HO2 are used
as progress variables, but their choice is more of an ad hoc one, based on the
knowledge that this flame is dominated by the hydrogen chemistry. For hydro-
carbon combustion, other species such as CO2 and CH2O can be important as
well.

In the current implementation of the MuSt-FGM, an issue can arise if one
of the progress variables is calculated more incorrectly than the other one. For
example, if Y1 is still in the pre-ignition stage while Y2 already exceeds the
lower limit of the second stage table, then the source terms would be looked
up from the second stage table, which would result in a jump in the retrieved
source terms. If encountered, a way to tackle this issue can be to store the val-
ues of Y2 itself in the first stage table, and if there is an inconsistency between
the calculated and looked up values of Y2, the calculated Y2 can be corrected
by introducing an artificial source term in its transport equation. Another im-
provement point for the MuSt-FGM method is the automation of combustion
stage determination. It can be achieved by calculating the chemical time scales,
and determining different combustion stages based on these time scales.
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Since it is noticed in this chapter that curvature effects play an important
role in predicting MILD combustion with preferential diffusion effects, the next
chapter is devoted to developing suitable models to take those curvature effects
into account.





Chapter 4

Modeling Curvature Effects

4.1 Introduction

Turbulent flames are intrinsically curved. Curvature either strengthens or weak-
ens the effects of preferential diffusion depending on the Lewis numbers of
species and the direction of curvature [98]. This phenomenon is depicted in
Fig. 4.1: if the flame front is concave to the species with Le < 1, then curvature
enhances the preferential diffusion; and vice versa. As a result, whenever pref-
erential diffusion effects are important in a flame, the interaction with curvature
should be considered as well. These interactions have been studied extensively
for both premixed [23, 48, 55, 70, 84] and non-premixed flames [16, 22, 24, 66,
73,114,127].

Verhoeven et al. [125] and more recently Abtahizadeh et al. [1] have in-
vestigated the inclusion of preferential diffusion effects in FGM modeling for
non-premixed flames. Even though their modeling efforts proved successful,
Verhoeven et al. reported that at the tip of the flame where curvature effects
are important, considerable deviations were observed from the detailed simula-
tions. This conclusion strengthens the hypothesis that curvature effects should
be accounted for in modeling efforts whenever preferential diffusion is present.

The inclusion of curvature effects in tabulated chemistry type of modeling
has been performed for premixed flames [120]. In that work, van Oijen et
al. showed that stretch and curvature effects can be sufficiently modeled by
increasing the dimension of the manifold. Xuan et al. [129] and Scholtissek
et al. [104, 105] have revised the standard flamelet equations [94] for non-
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premixed flames, and accounted for the curvature terms. By performing a multi-
scale asymptotic analysis, Scholtissek et al. showed in [105] that depending
on parameters like curvature, scalar dissipation, and flame thickness, diffusion
along mixture fraction iso-surfaces can become important, and the dimension
of manifold that can represent the composition space increases. Xuan et al.
solved steady flamelet equations with additional curvature terms, tabulated the
thermo-chemical variables using Z , scalar dissipation rate (χ) and κ, applied
it to a laminar non-premixed flame and obtained reasonable results. However,
they did not consider unsteady effects and used prescribed profiles for χ and κ as
a function of Z . In the literature surveyed, no attempt to model curvature effects
in a non-premixed flame using a flamelet-progress variable type of chemical
reduction method has been found.

As it is shown in previous chapters, preferential diffusion effects are of
utmost importance for the flame investigated, and combined with consider-
able amount of curvature, the composition space deviates from a 2D mani-
fold. Therefore, in this chapter a model to include curvature effects in a non-
premixed flame in MuSt-FGM is developed and applied to the case investigated.
In the following sections of this chapter; the numerical model is explained, the
results are presented, and finally some conclusions are drawn.

4.2 Methods

In order to model the effects of curvature with MuSt-FGM, it is first necessary to
create flamelets with curvature. For non-premixed flames, the flame curvature

Figure 4.1: Sketch depicting the effects of flame curvature on molecular diffusion of
species. When flame curvature is concave to fast diffusing species, it
strengthens the preferential diffusion.
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(κ) can be defined as κ = ∇· n, where n is the normal vector of the iso-surface
of mixture fraction. To create curvature in flamelets, an opposed tubular flow
configuration was used, which was approximated as a counterflow flame with
constant curvature. This approximation was validated in [129], and the reader
is referred to that study for the details of the equations solved in an opposed
tubular flow configuration. To isolate the effects of curvature from other param-
eters, strain rate was kept constant at 300 s−1, and curvature was varied from
-1 mm−1 to 1 mm−1 with increments of 0.1 mm−1 between each simulation.
Time dependent calculations were performed with these settings and autoignit-
ing flamelets were obtained. The initial distributions of H2 in mixture fraction
space is shown in Fig. 4.2. It is seen that the profile of H2 is affected consider-
ably with changing curvature. As mentioned in the literature [127, 129], posi-
tive curvature enhances the preferential diffusion and thus more H2 is present in
the lean mixture fractions, whereas negative curvature has the opposite effect.

The second step is to select a suitable control variable (CV) that would rep-
resent the effects of curvature accurately. The instinctive selection would be the
curvature parameter itself. However, curvature is an instantaneous parameter,
and hence it lacks the information regarding what happens before that partic-
ular instance. Using curvature as a CV would be analogous to using strain rate
instead of progress variable. Therefore, it is essential to select a CV which can
reflect the history effects of curvature, while being independent of other CVs,
i.e., mixture fraction and progress variables. For this purpose, a new mixture

Figure 4.2: Initial distribution of the mas fraction of H2 against transported mixture frac-
tion, Zt , for various curvatures from -1 mm−1 to 1 mm−1.
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fraction was defined, which varies between 0 and 1 from oxidizer to fuel when
normalized as the standard mixture fraction, but has the diffusivity equal to
that of H2. This new CV is named ZH and will be called so throughout the text.
Diffusivity of ZH was chosen the same as H2 because it is a species which shows
strong preferential diffusion, and is present in the current configuration in large
quantities. Due to its preferential diffusion, ZH will feel the effects of curvature;
while it will be independent of progress variable(s) because it is a passive scalar.
For convenience, its initial value is selected as equal to YH2 ; but unlike YH2 , ZH

keeps constant throughout the flamelet simulation.
After flamelets were created, MuSt-FGM tables were generated using trans-

ported mixture fraction (Zt ), ZH , Y1 = YHO2 , and Y2 = YH2O as CVs. Zt was used
instead of Bilger’s definition to make mixture fraction completely independent
of ZH . It is also worth emphasizing that although there are two progress vari-
ables, since this is a MuSt-FGM application, they do not represent two different
CVs, but rather two different stages. Therefore, the table generated is a 3D ta-
ble, with 100×21×200 grid points in Zt , ZH , and Y directions. The grid points
in Zt direction are clustered around Zt ,st = 5×10−3. Using this table, MuSt-FGM
calculations were performed in both 1D and 3D DNS. In addition, a 2D table
was also generated using flamelets without curvature and thus with only Zt and
Y s as CVs, and was used in the calculations to observe the differences between
2D and 3D MuSt-FGM applications.

4.3 Results

4.3.1 Initial Analysis

It was deduced at the end of Chapter 3 that the cause of inaccurate source term
predictions is the scatter of species in mixture fraction space. Therefore, the
first thing that should be checked here is if the curved flamelets can cover this
scatter. For this purpose, the profiles of the flamelets with maximum curva-
tures, i.e., κ = −1 mm−1 and κ = 1 mm−1, are added to Figure 3.9 and shown
in Fig. 4.3. The limits of curvature values are selected to cover the range of
curvature values observed in the DNS calculations. It is seen that, for the re-
gion shown in Fig. 4.3, curved flamelets can cover the scatter in the DNS; which
means that if this scatter can be sufficiently modeled using ZH , Y2 will not enter
into the second stage table limits without actual reaction progress and the scat-
ter due to preferential diffusion will not be misinterpreted as progress. In order
to check how curved flamelets behave for the whole range of mixture fraction,
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mass fractions of hydrogen again for maximum curvature values at the start
of flamelet calculations are shown in Fig. 4.4 together with DNS results with
frozen chemistry at 0.3 ms. It is again apparent that the curved flamelets can
cover the whole range of scatter in species.

It is also important to check if the newly defined CV, ZH , correlates with
other species mass fractions, both in DNS and 1D. Mass fractions of CH4 and
H2O at Zt = 0.5 are plotted against ZH in Fig. 4.5. It is seen that ZH corre-

Figure 4.3: Distribution of Y2 (H2O) in DNS without chemistry and curved flamelets,
drawn onto the limits of the second stage table shown in Fig. 3.9.

Figure 4.4: Distribution of YH2
in DNS without chemistry at 0.3 ms and curved flamelets.

Blue dots represent data from the DNS, black curve is κ = 1 mm−1, green
curve is κ=−1 mm−1, and red curve is κ= 0 mm−1.
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lates well with species mass fractions, and can therefore represent the scatter
in mixture fraction space not only for H2, but also for other species. Another
crucial point observed in Fig. 4.5 is that the 1D and DNS distributions are highly
similar to each other, which demonstrates that 1D flamelets can reproduce the
curvature-induced deviations happening in the DNS calculations.

To see how curvature plays a role in flame structure, evolution of maximum
temperature in the whole field is compared for different κ cases, and shown in
Fig. 4.6. Since the case investigated in this chapter is the nominal profile case,
the maximum temperature in the whole field provides information on ignition
delay as well. It is observed that while positive curvature does not alter the
ignition delay significantly, negative curvature delays the ignition almost three-
fold. The reason for this asymmetry between positive and negative curvatures
can be found out by examining Fig. 4.2. At Zt ,st = 5×10−3, the mass fraction of
hydrogen increases two-fold going from zero curvature to κ= 1 mm−1, whereas
it decreases almost six-fold when curvature becomes κ = −1 mm−1. For this
configuration, at zero curvature case the hydrogen content is already too high
that increasing it further does not change the ignition dynamics a lot, whereas
decreasing it has a big impact.

4.3.2 1D Results

Initial analyses show that using curved flamelets combined with ZH as the new
CV is a promising candidate to model curved turbulent flames. Before going

(a) (b)

Figure 4.5: Correlation of CH4 (a) and H2O (b) with ZH at Zt = 0.5 in DNS without
chemistry at 0.05 ms (blue dots) and flamelets at various curvatures (red
dots).
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into the turbulent case, the MuSt-FGM table created should be tested in 1D. As
mentioned in section 4.2, simulations are performed with both the 2D table,
which does not include curvature effects, and with the 3D table.

The evolution of maxima of the progress variables is given in Fig. 4.7 for
κ = −1 mm−1 case. 2D MuSt-FGM, which does not take curvature effects into
account, completely misses the ignition delay, and does not predict the oxida-
tion region well either. On the other hand, 3D MuSt-FGM captures the ignition
delay perfectly, and can reproduce the later decrease of Y1 as well. These results
clearly show that when the curvature has a crucial effect on the flame mecha-
nism, it is compulsory to include these effects in the manifold construction. It
is worth noting that the same simulations were carried out using standard FGM
instead of MuSt-FGM as well, but the same problems as in Chapter 3 were en-
countered.

Simulations for κ = 1 mm−1 case were performed as well, and the results
are presented in Fig. 4.8. This time, the 2D MuSt-FGM results match with the
detailed case in terms of ignition delay, because the κ= 1 mm−1 case has a very
close ignition delay to the zero curvature case, as seen in Fig. 4.6. However,
in the oxidation stage, the effects of curvature prevail, and the results of the
2D MuSt-FGM case deviate from the detailed chemistry case. The 3D MuSt-
FGM approach once again proves to be a success by predicting all pre-ignition,
autoignition, and oxidation regions very well.

After obtaining successful results with 3D MuSt-FGM in constant curvature
cases, it is essential to test it in a varying curvature case, because in a turbulent
flame the curvature will vary in time. For this purpose, a new case is constructed
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where the field is initialized without any curvature, and a curvature of κ = −1
mm−1 is induced at t = 0, when the chemistry is turned on. Once again the evo-
lution of the maxima of Y s are compared and shown in Fig. 4.9. 2D MuSt-FGM
can capture the ignition delay and performs relatively well in the oxidation re-
gion as well. The reason for this is that the initial curvature field remains to
be effective for the beginning of the simulation. However, the effects of later
applied curvature of -1 mm−1 dominates as the computation progresses, and it
is seen that the results of 2D MuSt-FGM start to deviate from the detailed chem-
istry ones through the end of the simulation. 3D MuSt-FGM results consistently
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Figure 4.7: Evolution of max. Y1 (a) and Y2 (b) in 1D calculations for κ=−1 mm−1 case
with detailed chemistry, 3D MuSt-FGM, and 2D MuSt-FGM.
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with detailed chemistry, 3D MuSt-FGM, and 2D MuSt-FGM.
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agree with the detailed ones throughout the whole simulation, indicating that
the inclusion of ZH as the third CV can reproduce the unsteady curvature effects
as well.

4.3.3 DNS Results

After validating 3D MuSt-FGM approach in 1D, it is necessary to assess the
prediction capabilities in turbulent flow, and evaluate if it fixes the issues en-
countered at the end of Chapter 3. For this purpose, again the mixing layer
simulations for the nominal case were performed in DNS in 3D spatial coordi-
nates; using detailed chemistry, 3D MuSt-FGM, and 2D MuSt-FGM. Firstly, it
is checked if 3D MuSt-FGM could reproduce the scatter behavior of species in
mixture fraction space (as seen in Fig 4.4). Mass fractions of CO2 and H2 are
plotted against the mixture fraction and shown in Figs. 4.10 and 4.11.

As can be seen clearly from the figures, 2D MuSt-FGM completely misses
the distribution of species in mixture fraction space due to preferential diffu-
sion/curvature interaction, whereas 3D MuSt-FGM reproduces the results of the
detailed chemistry case very well. To evaluate how accurately the 3D MuSt-FGM
case captures the distribution of species, conditional plots of YCO2 at Zt = 0.5
and Zt ,st = 5×10−3 against ZH are plotted and shown in Fig. 4.12. It is observed
that 3D MuSt-FGM captures the trend of the distribution of the species quite
accurately for both Zt values, whereas 2D MuSt-FGM misses this information
completely. However, it is important to note that although the mass fractions
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Figure 4.9: Evolution of max. Y1 (a) and Y2 (b) in 1D calculations for κ= 0 to -1 mm−1

case with detailed chemistry, 3D MuSt-FGM, and 2D MuSt-FGM.
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vary considerably at Zt = 0.5, at Zt ,st = 5× 10−3 the range of mass fractions is
incredibly small.

It is important to check if the difference in the scatter of species for the
2D and 3D MuSt-FGM cases alters the ignition behavior. For this purpose, the
maxima of Y s are calculated for all DNS cases, and the results are shown in
Fig. 4.13.

It is observed again that 3D MuSt-FGM method can predict the ignition de-
lay successfully, and the switch from autoignition to oxidation is well captured,
too. However, in this case the same is valid for the 2D MuSt-FGM case as well.
This is a surprising result considering the a priori test results and analyses re-
garding the species scatter in this section. Before investigating the causes for
this discrepancy, some observations from Fig. 4.13 should be mentioned. Firstly,
it is seen that neither of MuSt-FGM applications could capture the maximum of

(a) (b)

(c)

Figure 4.10: Distribution of YCO2
in 3D DNS at 0.15 ms with detailed chemistry (a), 3D

MuSt-FGM (b), and 2D MuSt-FGM (c).
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Y1 (HO2) happening in the detailed case. When the reason is investigated, it
was found that HO2 mass fraction was very high at very rich mixture fraction
values in the detailed case, which could not be reproduced in the flamelet calcu-
lations. This might be something to be examined further in the future. Another
observation from the figure is that the maximum of Y2 is fluctuating in the
oxidation region in all cases, and they do not exactly match. This is actually
expected, since in turbulent cases there are many realizations and the location
of maximum of Y2 is changing with time.

When the reason why 2D MuSt-FGM could predict the ignition delay cor-
rectly even though the error terms were high in a priori analysis is inspected,
it was seen that the regions where error terms were high are irrelevant to the
ignition, i.e., at very rich mixture fractions. Thus, the ignition delay results were
not altered. However, it cannot and should not be concluded from these results

(a) (b)

(c)

Figure 4.11: Distribution of YH2
in 3D DNS at 0.15 ms with detailed chemistry (a), 3D

MuSt-FGM (b), and 2D MuSt-FGM (c).
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that curvature effects can be ignored in every turbulent flame calculations. It is
rather due to some peculiarities of this system which can be listed as:

• The mixture used ignites very quickly, and therefore there is not enough
time for curvature effects to build up and alter the ignition chemistry. This
can also be seen from the 1D analyses: when the curvature is varied from
0 to -1 mm−1, 2D MuSt-FGM could predict the ignition delay accurately.

• Since the Reynolds number is moderate, the radii of curvatures in the
current system are moderate as well.
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Figure 4.12: Change in YCO2
with ZH in 3D DNS for detailed chemistry, 3D MuSt-FGM,

and 2D MuSt-FGM; conditioned on Zt = 0.5 (a) and Zt ,st = 5×10−3 (b).
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Figure 4.13: Evolution of max. Y1 (a) and Y2 (b) in 3D DNS mixing layer calculations
with detailed chemistry, 3D MuSt-FGM, and 2D MuSt-FGM.
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• Stoichiometric mixture fraction for this case is extremely low, and thus the
iso-surfaces of stoichiometric mixture fraction lie very close to the oxidizer
side, where the shear layer is not that effective. As a result, the curvature
parameter, which is defined as c = κD|∇Z | (see Chapter 2), is very low at
the stoichiometry.

• The species that are used as progress variables have Lewis numbers very
close to unity, and are not affected by preferential diffusion greatly. If a
highly diffusive species like H2 was used as a progress variable, the effects
would be much stronger.

• MuSt-FGM helps the situation because Y1 (HO2) is zero in the mixture
initially, and therefore cannot scatter at the start. In addition, the initial
scatter in Y2 (H2O) is not immediately felt around stoichiometry because
the tabulation for the second table does not start until Y1 reaches its max-
imum.

4.3.4 Additional Case with Delayed Ignition

To demonstrate that the curvature effects are indeed important when the igni-
tion is not too rapid, a hypothetical case was created with a delayed ignition:
species concentrations were kept the same as in Adelaide JHC nominal case,
but the oxidizer temperature was reduced to 1055 K from 1300 K. Again for
this case 2D MuSt-FGM, 3D MuSt-FGM and detailed chemistry DNS runs were
performed. Evolution of the maximum Y2 (H2O) in the whole domain and the
average heat release rate are shown in Fig. 4.14.

It is obvious from the maximum Y2 profile that 3D MuSt-FGM case predicts
the ignition delay very well, while 2D MuSt-FGM calculation fails to do so. In
addition, the end value of the maximum Y2 seems to be diverging for the 2D
MuSt-FGM case. Looking at the average heat release rate, 2D MuSt-FGM has a
large and sudden peak, while 3D MuSt-FGM and detailed chemistry cases have
a mild and delayed increase, and later does not show an abrupt decrease. These
observations are a direct result of the curvature effects: in the presence of the
curvature, different regions of mixing between the fuel and the oxidizer expe-
rience diverse curvatures throughout the simulation, and thus show different
diffusion characteristics. This results in separate local spots of ignition, with
changing timings. Whereas when the curvature effects are ignored, preferential
diffusion differences due to the curvature cannot be modeled, which results in
a more simultaneous and earlier ignition.
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As anticipated, when the ignition is sufficiently delayed such that the pref-
erential diffusion-curvature interaction can play a role in flame dynamics, cur-
vature effects must be considered in the model to have a good prediction.

4.4 Conclusions

In this chapter, it is aimed to develop a method to capture the curvature-preferential
diffusion coupling using MuSt-FGM modeling. To this end, firstly curved flamelets
were created using an opposed tubular flow configuration, and then a new CV
which can represent the curvature effects was defined. Using this newly de-
fined CV (ZH ), transported mixture fraction (Zt ) and two progress variables for
pre-ignition and oxidation stages (Y1 = YHO2 , and Y2 = YH2O), 3D MuSt-FGM ta-
bles were generated. Using these tables, both 1D and 3D DNS validations have
been performed. An additional case has been calculated with DNS to show the
importance of the curvature modeling for larger ignition delays. The following
conclusions were drawn from the results of these simulations:

• Representing curvature-preferential diffusion coupling with ZH works well
and both steady and unsteady curvature effects can be captured. Ignoring
curvature effects and using a 2D manifold completely miscalculates the
flame characteristics when curvature is prominent.
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Figure 4.14: Evolution of max. Y2 (a) and average heat release rate (b) in DNS calcula-
tions of the additional case with detailed chemistry, 3D MuSt-FGM, and 2D
MuSt-FGM.
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• For the original Adelaide JHC case, there are differences between 3D
MuSt-FGM and 2D MuSt-FGM results in terms of distribution of species
in Zt space. When this information is of interest, the inclusion of curva-
ture effects in modeling is crucial.

• When the ignition time is very short, 2D manifold simplification does not
deteriorate the ignition delay predictions compared to 3D manifold appli-
cation for the turbulent calculations.

• For the cases with sufficiently delayed ignition, inclusion of curvature ef-
fects in the manifold is of utmost importance to have an adequate model.





Chapter 5

Modeling Temperature
Variations

5.1 Introduction

In combustion modeling, it is often the case that the total enthalpy at each mix-
ture fraction does not deviate from the value corresponding to adiabatic mixing.
For many cases this is a valid assumption [11,17]. However, if there is heat loss
through the combustor walls [69], or the flame is considerably radiating [26],
or there are heat losses even before the mixture enters the combustor [25,80];
then this assumption is no longer valid and the effects of the enthalpy change
need to be modeled. In the context of flamelet based chemistry tabulation meth-
ods such as flamelet/progress variable (FPV) [97], flame prolongation of ILDM
(FPI) [49], and FGM; the most often used approach is to utilize the enthalpy as
an additional control variable [34,44,61].

As shown in Fig. 5.1, for the Adelaide JHC case, there is a large variation
in the oxidizer temperature when the oxidizer enters the primary combustor,
because of the cooling jacket around the fuel [25]. In some studies, this effect
was completely ignored [5, 20]. However, it was shown in Chapter 2 that this
temperature variation is of utmost importance for the ignition delay and related
chemistry. Therefore, to have an accurate description of this case, taking the
species and especially temperature variations in the oxidizer into account is a
must, as has been addressed by several studies before [60, 62, 75, 103]. Ihme
and See [62] have utilized a three stream FPV approach to include the effects
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of the air shroud present in the Adelaide JHC experiments. They have intro-
duced an extra control variable called oxidizer split, which was set to 0 and
1 for the diluted coflow and air shroud regions, respectively. By varying the
progress variable and the oxidizer split in the coflow region, they included the
temperature and species variations in the coflow. They applied this approach
to simulate the HM3 (YO2 = 9%) case of the Adelaide JHC case, and later their
work was extended by Ihme et al. [60] to model the HM1 and HM2 (YO2 = 3%
and YO2 = 6%, respectively) cases as well. Sarras et al. [103] also introduced an
extra mixture fraction to take the oxygen variations in the coflow, and further
utilized enthalpy deficit to model the temperature variation, to model the Delft
JHC burner [89]. Ma and Roekaerts [75] used enthalpy directly as a control
variable to model the enthalpy deficit due to intense droplet evaporation, to
simulate spray combustion operating under MILD conditions.

This chapter is devoted to the development of a suitable model in the MuSt-
FGM context in order to handle the temperature and species variations in the
oxidizer stream of the Adelaide JHC burner. In the remaining parts of this chap-
ter; the methodology is explained, results are presented, and some conclusions
are drawn.
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Figure 5.1: Inlet radial profiles of temperature (a) and YO2
(b), scaled from the measured

experimental values.

5.2 Methods

Since the main goal of this chapter is to model the effects of temperature and
species change in the oxidizer stream (see Fig. 5.1), the first issue to address is
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how to determine the control variable which can take these profile changes into
account. Note that only the temperature and O2 content changes are considered
and other species’ (namely H2O and CO2) profiles in the oxidizer are assumed to
be constant because their variations are marginal and the effects on chemistry
are negligible, as observed in 1D flame analyses (not shown here). Depending
on the O2 content, the mass fraction of N2 is adjusted so that

∑
Yi = 1.

As seen in Fig. 5.1, the temperature values in the oxidizer are unique for
this range, which makes it a good candidate as a control variable. However,
because temperature changes with chemical progress, it is not independent of
the progress variables. To solve this problem, a normalized and passive version
of temperature is defined, i.e., it varies between 0 and 1, and has no source
term. It is therefore similar to a mixture fraction which is defined specially for
the oxidizer region, and it was coined as “ZO”. The diffusivity of ZO was chosen
the same as the diffusivity of temperature, i.e., thermal conductivity, and thus
LeZO = 1. The profiles of ZO in composition and physical space for the Adelaide
JHC case are shown in Fig. 5.2, where Zt is the transported mixture fraction. In
this chapter, again the transported mixture fraction is used to make it indepen-
dent of ZO . Mathematical description and transport equations solved for ZO are
shown in Equations (5.1)-(5.3), where T0 represents the initial temperature.

ZO = T0 −T0,mi n

T0,max −T0,mi n
(5.1)

ρ
∂(ZO)

∂t
+ρui

∂(ZO)

∂xi
= ∂

∂xi

(
λ

LeZO cp

∂(ZO)

∂xi

)
(5.2)

LeZO = 1 (5.3)

With the introduction of ZO , the species mass fractions and temperature
can be represented as Yi = Yi (Zt , ZO ,Y1,Y2),T = T (Zt , ZO ,Y1,Y2), where Y1 is
the first progress variable representing the pre-ignition chemistry, and Y2 is the
second progress variable representing the oxidation chemistry in the MuSt-FGM
context.

The definition and selection of ZO as the control variable representing the
oxidizer is similar to what Ihme et al. have used, where they defined an ox-
idizer split, which would model the effects of the outermost air shroud as
well [61]. However, unlike in their study, in this work ZO was varied within
the coflow during the flamelet generation process, and the outermost air shroud
part was ignored. The ZO definition used here is also very similar to the sec-
ond mixture fraction from the work of Sarras et al. [103], which is defined as
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a scaled oxygen mass fraction. However, they further included enthalpy deficit
as an extra control variable, and thus represented the species mass fractions as
Yi = Yi (Z1, Z2,Y ,∆h). In their case, the temperature variation in the coflow can-
not uniquely represent the oxygen variation, and thus the addition of enthalpy
deficit as an extra control variable is reasonable.
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Figure 5.2: Initial profiles of ZO (solid) and Zt (dashed) in radial direction (a), and
against each other (b).

In order to create the required flamelets, ZO values corresponding to ex-
perimental data points were selected, and 1D autoigniting flame calculations
were performed using the composition and temperature data corresponding to
each ZO value as the boundary condition for the oxidizer side. The composi-
tion at the fuel side was kept constant as 50% hydrogen and 50% methane by
volume. It was observed that at some lower ZO values, autoignition does not
happen because the oxidizer temperature is too low. In Fig. 5.3, the selected ZO

values for which autoignition occurs are shown. The smallest ZO value which
autoignites is 0.710, which corresponds to the oxidizer temperature of 1009 K;
and the largest ZO value which does not autoignite is 0.664, which corresponds
to the oxidizer temperature of 962 K. Having non-autoigniting ZO values poses
two problems: the first one is that the MuSt-FGM tables for the second stage
(oxidation) at those ZO values simply cannot be generated, due to the lack of
autoignition. The second issue is that even though compositions corresponding
to low ZO values cannot autoignite by themselves, when the ignition occurs at
higher ZO values, heat and species would diffuse into the lower ZO regions and
could trigger ignition. To be able to model such an ignition triggering, and to be
able to create tables at lower ZO values, additional measures have to be taken.

To solve this problem, Ma and Roekaerts used a smaller strain rate than
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Figure 5.3: Selected ZO values with autoignition occurring (plus) and not occurring (cir-
cle).

what they used by default, and later switched to the extinguishing flamelet
approach [75]. In the current case, however, even for strain rates as low as 1
s−1, autoignition could not be obtained for the lower ZO values. Furthermore,
since this case is an autoigniting one overall, utilizing extinguishing flamelets
for every composition is not representative of the system. Using extinguishing
flamelets for the non-igniting compositions and autoigniting flamelets for the
igniting compositions would cause discontinuity in the tables.

In this work, several methods are proposed to tackle this problem. They are
outlined one-by-one in the following subsections.

5.2.1 Method 1 - 2D Flamelets

A possible solution to non-igniting oxidizer points problem is to use 2D flamelets
like in Hasse and Peters’ work [57], where they applied it to model one oxidizer
and two fuel streams in Diesel engine combustion. In the current study, instead
of solving the case in flamelet coordinates, a simulation was performed in 2D
physical space, and converted into flamelet coordinates subsequently (x, y , t
→ Zt , ZO and PVs). The temperature, ZO and Zt profiles of this simulation are
given in Fig. 5.4, where the top part is the oxidizer with temperature gradient,
and the bottom part is the fuel. Open outflow boundary conditions were given
on all boundaries, and zero initial velocity was defined in the domain. The
transient evolution of species and temperature was calculated. As can be seen in
Fig. 5.4, Zt is varied in y-coordinate, ZO is varied in x-coordinate, and changes
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in the progress variables are represented by the time coordinate. While the
temperature rises with time due to chemical progress, Zt and ZO only diffuse.
By using 2D flamelets, the diffusion of heat and species from higher ZO regions
to lower ZO regions is also included, which means that the ignition of lower ZO

values triggered by higher ZO values can be modeled, and lower ZO points pose
no problem for the table generation.

Figure 5.4: Temperature (top), ZO (middle) and Zt (bottom) fields for the 2D flamelet
generation simulation at t = 0.0, 1.0, 3.0 ms from left to right. Temperature
contours range from 305 K to 1550 K, ZO and Zt contours range from 0 to 1
(from blue to red contours).

5.2.2 Method 2 - Forced Ignition

A different approach to solving the problem of non-autoigniting flamelets would
be to ignite them artificially. This can be achieved by mixing the initial compo-
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sition of the non-autoigniting cases with the steady burning composition of the
same case by an appropriate ratio, and then letting this artificial mixture to ig-
nite. Note that even though these low ZO compositions cannot autoignite, when
initialized using an already burning solution, steady burning solutions can be
obtained. The initial composition is obtained by purely mixing the fuel and ox-
idizer, and it constitutes the first flamelet of the MuSt-FGM table for that ZO

value. The artificial mixture becomes the second flamelet, and the transient so-
lution from the artificial mixture towards steady solution constitute the rest of
the flamelets. To describe the process step by step:

• By initializing the solution with an already burning case, obtain a steady
burning solution of a non-autoigniting ZO point.

• By mixing the steady burning solution of that non-autoigniting ZO point
with its initial state, obtain an artificial mixture that can autoignite by
itself. This step is shown in Equations (5.4) and (5.5), where Ynew , Yst

and Yi n represent the species mass fraction of the artificial mixture, steady
solution and initial mixture, respectively, and h represents the enthalpy
with the same notation of the subscripts.

• By trial and error, find the minimum weight m in Equations (5.4) and
(5.5), which can provide a mixture that can autoignite.

• Using the initial mixing state, artificially created mixture, and the time
evolution of the autoigniting case from the artificial mixture until the
steady burning solution; create MuSt-FGM tables.

Ynew = m ·Yst + (1−m) ·Yi n (5.4)

hnew = m ·hst + (1−m) ·hi n (5.5)

This approach is called as “Forced Ignition” in the remaining of the text. The
idea behind this approach is to find the minimum weight m where the originally
non-autoigniting composition can take off by itself in terms of ignition, and
tabulate this autoignition region. Any flamelet which has lower precursor values
than the threshold flamelet will quench and not lead to ignition. During an
FGM run, if the diffusion of precursor species and heat from an autoigniting
ZO value are high enough to reach this threshold, then the composition at non-
autoigniting ZO will be able to sustain ignition. If the diffusion levels are lower
and not continuous, then they will not be sufficient to cause an ignition.
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To explain the flamelet creation process in the forced ignition approach
more clearly, flamelets from an originally non-autoigniting ZO value are given
in Fig. 5.5. The blue curve represents the initial mixing line, which does not
autoignite by itself. By initializing the field from an already burning solution, a
steady burning solution for this ZO value can be obtained, and it is represented
with the black curve. Later, the solutions represented by the blue and black
curves were mixed by different ratios and then it was checked whether this new
solution could autoignite by itself. The mixture that could autoignite with a
minimum contribution from the initial mixture solution (min blue/black ratio,
so to say) is shown with the red curve in the figure. The red curve, which was
also called as artificial mixture so far, will be referred to as “forcing flamelet”
from here on. The autoigniting flamelets obtained from the forcing flamelet
were stored to create the MuSt-FGM tables, and they are represented with the
gray curves in Fig. 5.5. While creating MuSt-FGM tables, the source terms at
the forcing flamelet were set to the same source terms as the initial mixing
line (blue curve), because otherwise any increase in progress variable would
result in a significant source term during MuSt-FGM run. This is caused by the
large gap between the blue and red curves, the linear interpolation used in the
lookup procedure, and the non-linear relation between progress variables and
their source terms.

(a) (b)

Figure 5.5: Flamelets created with forced ignition approach. Blue line is the initial mix-
ture, black line is the steady burning solution, and the red line is the mixture
of the two which then autoignites and generates flamelets represented with
gray lines. This case is for ZO=0.664, with a weight m = 0.05. (a) and (b)
show different Zt ranges of the same figure.
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5.2.3 Method 3 - Default Method

The third approach to the non-autoigniting ZO points issue is to perform no ad-
ditional treatment, and leave the non-autoigniting flamelets as they are. Since
each progress variable represent a different stage in the MuSt-FGM approach,
even though the mixture would not ignite, some pre-ignition chemistry happens
regardless and thus can be parameterized by Y1. As a result, the first lookup
table would be nonempty, and the lookup would proceed using only the first
table. The implementation of this approach is straightforward, but it misses the
conditions where the diffused heat and species from the autoignited composi-
tions would ignite the non-autoigniting compositions. This approach is referred
to as “Default Method” in the rest of the text.

Figure 5.6 shows two sample MuSt-FGM tables for the first (pre-ignition)
stage. Figure 5.6a is from an autoigniting ZO value, and it is seen that the
maximum value for Y1 and its source term reach approximately 3× 10−5 and
0.035, respectively. Whereas it is seen from Fig. 5.6b, which is from a non-
autoigniting ZO value, that both the source term and maximum value for Y1 are
orders of magnitude lower. This is expected because of the lack of autoignition.
However, the table shown in Fig. 5.6b is still usable in a MuSt-FGM calculation
as the source terms are very small but non-zero.

(a) (b)

Figure 5.6: MuSt-FGM first stage table samples for the default method. (a) is an example
of an autoigniting ZO value (ZO=0.710), and (b) is an example of a non-
autoigniting ZO value (ZO=0.664). Contour values represent the source
term of Y1. Note the difference in the range of Y1 values and source terms.

5.2.4 Method 4 - Extrapolation

The final approach for the problem of non-autoigniting ZO values is to remove
those flamelets from the MuSt-FGM table generation all together, and to per-
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form an extrapolation for those compositions during the MuSt-FGM simulations
using the autoigniting compositions. For all the variables that are looked up
from the tables, linear extrapolation is adapted.

In the forced ignition, default and extrapolation methods, the flamelets were
created using counter-flow (CF) flames with a strain rate of 200 s−1. CF was
preferred over igniting mixing layers (IML) because due to the variation in the
oxidizer, some entrainment between the fuel jet and surrounding oxidizer is
needed before the system can ignite, which induces a strain in the system and
can be represented better with the CF than IML. Even though a single strain rate
is used in the table generation, it can capture the behavior of flamelets with a
wide range of strain rates [35]. As in previous chapters, progress variables were
selected to represent the pre-ignition and oxidation chemistries properly, which
results in Y1 = YHO2 and Y2 = YH2O.

5.3 Results

5.3.1 1D Results

As a first validation step, comparing the results of different modeling approaches
with the detailed chemistry case in 1D is reasonable, because the capability of
the models to represent the chemistry and diffusion in the absence of turbulence
can be verified. In 1D simulations, the initial profiles of ZO and Zt as seen in
Fig. 5.2 are provided as initial conditions, no velocity is induced, and transient
interaction of thermal/molecular diffusion and chemistry is calculated. There-
fore this calculation is not a counter-flow flamelet simulation.

The extrapolation approach failed to give any results as the computations
diverged after only a few time steps. This is because the lowest ZO value
(ZO=0.514) is the one closest to the fuel, and therefore the whole region be-
tween the fuel and oxidizer is being extrapolated (see Fig. 5.2b). In addition,
the extrapolation step is very large, from ZO=0.710 to ZO=0.514, while the
range of ZO values for which the MuSt-FGM tables exist is from ZO=0.710 to
ZO=1.0. This introduces a large error in the lookup procedure of many crucial
variables, which leads to a quick divergence in the computations.

From the 1D calculation results, spatially averaged heat release rate and the
maximum Y2 = YH2O in the whole computational domain are shown in Fig. 5.7.
These two variables give a good indication of when the ignition happens, and
how fast and intense the oxidation reactions take place. As seen in the figure,
the forced ignition and default table cases predict the ignition delay fairly well,
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with an error of about 4% for both cases compared to the detailed chemistry
case. The accuracy of the same cases in predicting the peak of the average heat
release rate is less, with an error of about 20%. On the other hand, the 2D
flamelet table case completely misses the ignition delay, and performs worse in
terms of the peak average heat release rate. It is worth investigating why the
2D flamelet table performs so poorly.
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Figure 5.7: Evolution of average heat release rate (a) and maximum Y2 in the whole
domain (b) in 1D calculations with detailed chemistry, default table, forced
ignition table, and 2D flamelet table.

When the progress variable source terms for the first flamelets were checked
for the 2D flamelet case at non-autoigniting ZO values, it was seen that they
were at sufficient levels to autoignite by themselves, as shown in Fig. 5.8. It is
seen that even though the source term for Y2 at the first flamelet of ZO=0.664
case is not as high as in ZO=0.710 case, it is still much larger than its coun-
terpart created with the default table option. This level of source term is suf-
ficient to lead to autoignition. The reason for this high source term can be
explained as follows: During the 2D flamelet simulation, higher ZO values ig-
nite and Y1 values increase orders of magnitude, and then Y1 diffuses into lower
(non-autoigniting) ZO values. This creates source terms at lower ZO values and
triggers ignition, as intended with the 2D flamelet approach. However, these
source terms are also tabulated at lower progress variable values, i.e., close to
the initial mixing line, and cause lower ZO values to autoignite during an FGM
simulation. This is an unintended consequence, because the goal is not to cause
lower ZO compositions to autoignite, but to let them sustain the ignition trig-
gered by diffusion. Since lower ZO values are closest to the fuel in physical
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space, this error causes the 2D flamelet case to fail in terms of ignition delay
prediction.
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Figure 5.8: Source term of Y2 at the first flamelet for different cases. Solid and dashed
lines represent ZO=0.710 and ZO=0.664 values of the 2D Flamelet table,
respectively. Symbols represent ZO=0.664 value of the default table.

The default case can predict the ignition delay well because no extra treat-
ment is performed and thus no artificial source term is induced, and in the
forced ignition case the artificial source term is removed by setting the source
terms at the forcing flamelet same as in the initial mixing line. However, it
should be mentioned that part of the reason why extra treatment is performed
for non-autoigniting compositions is to be able to capture the effects of trig-
gered ignition at those compositions with the help of diffusion from autoignit-
ing regions. These effects are more visible in the turbulent cases, because the
turbulence helps the entrainment of hot parts of the oxidizer with fuel. It is also
worth mentioning that judging by the success of ignition delay prediction, it can
be concluded that ZO represents the variation in the oxidizer temperature and
resulting chemistry changes well.

To check why peak average heat release rate is lower in the MuSt-FGM cases,
the distribution of the heat release rate in the ZO coordinate is investigated. In
Fig. 5.9, this distribution for each case when the peak average heat release
rate happens is given. It can be seen that location and distribution of the heat
release rate in ZO space is well captured in the forced ignition case compared
to the detailed chemistry case, whereas the default case predicts a heat release
at higher ZO values. This is reasonable because the default case does not have
any second stage table (and thus considerable heat release) at lower ZO values.
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It is also seen that both MuSt-FGM cases predict the maximum heat release
rate correctly, but the heat release rate remains high for a wider range of ZO

values in the detailed chemistry case, which explains the difference in the peak
average heat release rates. This might be because the tables are generated using
a constant strain rate of 200 s−1, which does not represent the situation for this
1D simulation, where there is only diffusion transport. Nevertheless, the actual
goal is to simulate the 3D cases properly, and because it is necessary to entrain
the hot parts of the oxidizer and bring them into contact with the fuel to get
ignition in the 3D case, flamelets generated with a strain rate is a better option.
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Figure 5.9: Heat release rate at different ZO values. The values are taken from the time
when the peak average heat release rate occurs for each case.

5.3.2 3D Results

As in the previous chapters, 3D DNS computations were performed in the form
of igniting turbulent mixing layers, where the composition is varied in y-direction,
and periodic boundary conditions are applied in x and z-directions. In this chap-
ter, only the actual profile case is investigated, as shown in Fig. 5.1. The reader
is referred to Section 1.5 for more information on the DNS conditions. As in
1D simulations, average heat release rate and maximum Y2 are calculated and
shown in Fig. 5.10 to make a first comparison between the detailed chemistry
and MuSt-FGM. Note that since the 2D flamelet case performs poorly for the
1D case, it was not used further in the 3D simulations. The forced ignition case
predicts the ignition delay with an error of 12% compared to the detailed chem-
istry case, which is a decent prediction given the complex structure of the case
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with preferential diffusion, temperature variations and turbulence. The default
case does not perform that well, with the error increasing to 30%. Both MuSt-
FGM cases over-predict the maximum increase of Y2 by about 25%, which is a
considerable error. It is also noteworthy that the ignition delay drops by a factor
of two compared to the 1D simulations due to the turbulent entrainment, and
this effect can be captured with MuSt-FGM cases without any extra treatment.
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Figure 5.10: Evolution of average heat release rate (a) and maximum Y2 in the whole
domain (b) in 3D DNS calculations with detailed chemistry and 3D MuSt-
FGM with default and forced ignition tables.

Looking at the average heat release rates, it is seen that both MuSt-FGM
cases over-predict the peak values compared to the detailed chemistry case.
For the forced ignition case, the error for the prediction of the peak average
heat release rate is 68%, whereas for the default case it is 43%. Especially
for the forced ignition case, the error is at unacceptable levels. In addition to
the peak values, also the end value of the average heat release rate is over-
estimated by both MuSt-FGM cases. However, it should also be mentioned that
the initial increasing slope and the final decreasing slope in time for the average
heat release rate are captured rather well with the forced ignition case. As for
the maximum Y2 prediction, the peak value throughout the simulation is over-
predicted by 10% by both cases.

When the reasons for early ignition and high heat release rates for the MuSt-
FGM cases are investigated, it is seen that the preferential diffusion-curvature
interactions are playing a role again. To demonstrate this effect, the a priori
analysis from Chapter 3 is performed for the detailed chemistry case at t = 0.9
ms (before the ignition) using the forced ignition table. Again the source term
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of Y2 is checked from the a priori analysis and compared with the actual source
terms from the detailed chemistry case. The results are shown in Fig. 5.11. First
thing noticed in Fig. 5.11 is that for the a priori case there are some outliers in
the richer mixture fraction parts. It is revealed that these are the points that
fall into the second table limits, and thus in the lookup procedure of MuSt-FGM
method, the source terms are retrieved from the second stage table. This pre-
mature lookup from the second stage table is due to the scatter in species mass
fractions, which stems from the preferential diffusion-curvature interactions as
shown in the previous chapter. The scatter of H2O for the detailed chemistry
case at this time instance is shown in Fig. 5.12. It is also seen in Fig. 5.11 that
even the source terms retrieved from the first stage table for the a priori case
are considerably higher than the detailed chemistry counterparts. These two
observations explain the reason for early ignition and high heat release rate
predictions by MuSt-FGM cases. This conclusion is in line with the findings of
the previous chapter, where it was shown that when the ignition delay is large
enough, the curvature-preferential diffusion interaction is sufficient to affect the
ignition characteristics.

(a) (b)

Figure 5.11: Scatter plot of the source term of Y2 for detailed chemistry case (a) and
from the a priori analysis using the forced ignition table (b), at t = 0.9 ms.

In order to demonstrate how the error in the a priori analysis reflects in
the actual MuSt-FGM run, contour plots of heat release rate from the detailed
chemistry and forced ignition case are shown in Fig. 5.13. The time chosen for
each case is when the peak average heat release rate occurs, and the slice in z-
direction is chosen as where the maximum heat release rate happens. It is seen
that the detailed chemistry case has a more spotty ignition only at the bottom
side, whereas the MuSt-FGM case with forced ignition table has a distributed
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Figure 5.12: Distribution of Y2 for the 3D detailed chemistry case at t = 0.9 ms. Note the
wide scatter despite almost unity Lewis number of Y2 (LeY2 = 0.98).

ignition region both at the top and bottom sides. It should also be pointed
out that while the average heat release rate differs in two cases by 68%, the
difference in maximum heat release rate is 25%, which further supports that
the over-prediction of the average heat release rate is because the MuSt-FGM
cases lack the variations caused by the scatter of the species.

Because the results indicated that an effect of curvature was present, the
same case with a MuSt-FGM table with the curvature effects included was sim-
ulated, only using the forced ignition table case because its ignition delay pre-
diction is better. Similar to what is done in Chapter 4, ZH was defined as the
extra control variable, and curved flamelets were generated for each ZO value.
In the end the resulting tables are 4D MuSt-FGM tables with Zt , ZO , ZH and two
progress variables as control variables. This way the effects of both the tempera-
ture variations and curvature are included. The same autoigniting mixing layer
case was simulated and the results are given in Fig. 5.14.

The ignition delay prediction for the 4D table case shows a clear improve-
ment compared to the 3D table case: the error drops from 12% to 5% compared
to the detailed chemistry case. In addition, the peak value of maximum Y2 is
also estimated better with the 4D table case. For the average heat release rate,
it is seen that the 4D table case does not show the peaky behavior that the 3D
table and detailed chemistry cases show; reactions take place at a milder rate
for a longer duration, then show a decline towards the end of the simulation.
Looking at the absolute numbers, the peak average heat release rate prediction
improves with the introduction of the curvature parameter and the error drops
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(a) (b)

Figure 5.13: Heat release rate contours (in W/m3) for the detailed chemistry case (a)
and the MuSt-FGM forced ignition table case (b), at the time when the peak
average heat release rate occurs (t = 1.25 ms and t = 1.16 ms, respectively),
and at the z-coordinate where the maximum heat release rate occurs. Please
note the difference in color scales.
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Figure 5.14: Evolution of average heat release rate (a) and maximum Y2 in the whole
domain (b) in 3D calculations with detailed chemistry, 4D MuSt-FGM and
3D MuSt-FGM with forced ignition table.
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from 68% to 30% from 3D MuSt-FGM to 4D MuSt-FGM case.
To investigate why 4D MuSt-FGM exhibits a lower average heat release rate

compared to the detailed chemistry case, as a first step the heat release rate dis-
tributions are compared with the detailed chemistry case, as shown in Fig. 5.15.
It is observed that there is a more distributed behavior in 4D MuSt-FGM, with
some local high heat release regions. What is also notable in Fig. 5.15 is that
the relative difference in maximum heat release rate between the 4D MuSt-
FGM case and the detailed chemistry is almost the same as the relative dif-
ference in peak average heat release rates. This is an indication that the 4D
MuSt-FGM case shows sufficient variation as in the detailed chemistry, but just
under-predicts the reaction rates.

(a) (b)

Figure 5.15: Heat release rate contours (in W/m3) for the detailed chemistry case (a)
and the 4D MuSt-FGM forced ignition table case (b), at the time when
the peak average heat release rate occurs (t = 1.25 ms and t = 1.40 ms,
respectively), and at the z-coordinate where the maximum heat release rate
occurs. Please note the difference in color scales.

To check the reason behind milder reaction rates, the distribution of ZH , the
CV that represents the effects of curvature, in composition space was checked.
In Fig. 5.16, ZH distributions are given for two time steps, t = 0.15 ms and
t = 1.00 ms, together with the distribution of ZH in the flamelets with different
curvature values (from κ =1 mm−1 to κ =-1 mm−1, from top to bottom). It is
seen that at t = 1.00 ms, ZH values coalesce towards lower curvature flamelets,
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with no data point above the κ=0 mm−1 curve, and even reach out of the limits
of the MuSt-FGM table. On the other hand, at t = 0.15, the distribution across
different curvature values is more uniform, with also data points above κ =0
mm−1 flamelet. Curvature variations throughout the simulation are expected to
be uniform: there should be nearly as many positively curved as there are neg-
atively curved regions. Therefore, it is expected that there are other physical
mechanisms in play to cause the distribution of ZH to approach lower curvature
flamelets. One possible mechanism is that the presence of turbulence is causing
species to exhibit more unity-Lewis number distribution, due to small eddies
disturbing molecular diffusion, as explained in Chapter 2. Another effect might
be that in the presence of curvature and preferential diffusion, flame stretch
can also cause different species distributions. Lastly, the flamelets were created
using an opposed tubular flow configuration, which provides a cylindrical cur-
vature, but the flame curvatures in the 3D turbulent calculation can be more
spherically shaped, which might alter the effects.

(a) (b)

Figure 5.16: Distribution of ZH (gray dots) for the 4D MuSt-FGM case at t = 0.15 ms (a)
and t = 1.00 ms (b), together with the curved flamelets (black curves) with
curvature ranging from κ=1 mm−1 to κ=-1 mm−1, top to bottom.

Because ZH has the same Lewis number as H2, no matter what the phys-
ical mechanism is, it is expected that the H2 distribution due to transport is
predicted almost perfectly. However, due to the other possible mechanisms as
discussed above, the rest of the species might not be predicted accurate enough,
which in turn affects the reaction rates predicted. It should also be pointed out
that apparently these extra mechanisms were not strong enough to affect the
predictions in the Chapter 4, especially for the additional case with delayed
ignition.
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There are also some other aspects that the 4D MuSt-FGM cannot capture
fully, both from numerical and physical perspective. Numerically, the MuSt-
FGM approach relies on the accurate determination of the stage of combustion
the process is in (such as pre-ignition, oxidation, post-oxidation, etc.), and a 4D
lookup table makes the determination of the table limits highly susceptible to
interpolation errors. From the physics perspective, there are flamelet-flamelet
interactions in a 3D flame, as shown in Fig. 5.17, which cannot be modeled with
the current approach.

5.4 Conclusions

In this chapter, temperature and oxygen variations in the oxidizer of the Ade-
laide JHC burner were modeled in the MuSt-FGM context. A new passive vari-
able was defined based on the normalized temperature values, coined as ZO ,
and used as the extra control variable. Unsteady counter-flow simulations were
performed for each ZO point to create the necessary flamelets for MuSt-FGM
table generation. However, it was realized that not all the compositions in the
oxidizer can autoignite. To solve this problem, four approaches were proposed;
1) 2D flamelet creation, 2) helping the non-autoigniting compositions to ignite
by mixing with the steady burning solution, 3) simply performing nothing extra
and using only the first table (pre-ignition chemistry) of the non-autoigniting
regions, 4) not using the non-autoigniting ZO points in the table generation
and applying an extrapolation for those regions. Based on the 3D simulation
results, it was decided to take curvature effects into account. This was again
accomplished by using ZH as the control variable and creating MuSt-FGM ta-
bles from curved flamelets. The following conclusions can be drawn from the
analyses:

• Judging from 1D simulation results, ZO is a good control variable defini-
tion to model the variations in the oxidizer.

• For the current case, creating flamelets from a physical 2D flame simu-
lation did not work well, due to the highly diffusive precursors creating
source terms at mixing lines of non-autoigniting ZO points.

• Extrapolation towards non-autoigniting ZO values caused the simulations
to quickly diverge.



5.4 Conclusions 103

• Although 3D MuSt-FGM with the default table performed well in the 1D
simulation, the prediction of the ignition delay as well as the heat release
rate deteriorated considerably in the 3D DNS computations.

• 3D MuSt-FGM with the forced ignition case performed better than the
default table case, especially for the ignition delay prediction. However,
investigation of the results made it clear that the curvature-preferential
diffusion effects had to be taken into account.

• 4D MuSt-FGM with curvature effects included performed better than 3D
MuSt-FGM in terms of the ignition delay, the overall maximum value of
Y2 and the peak average heat release rate predictions. However, the trend
of the average heat release rate could not be captured well enough, and
the peak average heat release rate is under-predicted.

Although there are open points for improvement such as the inclusion of the
effects of turbulent eddies and strain rate on the distribution of species, and
the flamelet-flamelet interactions; considering the difficulty of the investigated
MILD combustion case with preferential diffusion, turbulence and the temper-
ature variations; the overall modeling performance for the 4D MuSt-FGM ap-
proach can be regarded as successful. Compared to the detailed chemistry case,
the ignition delay was predicted almost perfectly, while the peak value of the
average heat release rate is under-predicted by 30%, which is not a poor pre-
diction.
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Figure 5.17: Flamelet-flamelet interaction in action: Two independent flamelets ap-
proach each other and merge. Contours represent temperature. To show
the interaction more clearly, images are taken from a 2D DNS case.



Chapter 6

Conclusions and Outlook

6.1 Conclusions

In this thesis, a multistage flamelet generated manifold (MuSt-FGM) method
was developed to model MILD combustion. It was then successfully applied to
DNS of the Adelaide jet in hot coflow (JHC) case, which mimics MILD combus-
tion conditions. This case is a notorious one to model, because the fuel has 50%
hydrogen by volume, which makes the inclusion of preferential diffusion effects
a must. On the other hand, it is also a highly relevant one, because hydrogen is
expected to be the fuel of the future due to its “green” nature, especially when
generated from renewable energy sources.

DNS with detailed chemistry was used to model the case in the form of
autoigniting mixing layers. This way, all the physical mechanisms and their
interactions were simulated and analyzed in detail. It was found that even in
the turbulent 3D conditions, preferential diffusion effects are of utmost impor-
tance to predict the ignition and flame characteristics. At the same time, it was
also found that turbulence is causing species to diffuse at different rates via the
interaction of molecular diffusion with turbulent eddies and flame curvature.
Furthermore, it is demonstrated that the species and temperature variations in
the oxidizer have a large influence on the ignition delay. Without these varia-
tions, the ignition is determined by the molecular diffusion and chemistry, and
not by turbulence. As a result, the ignition delay is the same in the 1D case
as in the 3D one. However, when the variations in the coflow are included,
there is a large difference between the 1D and 3D cases, with ignition much less
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delayed in the latter one due to the faster entrainment of hot parts of the oxi-
dizer with the fuel. Lastly, it was revealed that the dominant mode of ignition
is via sequential autoignition, rather than flame propagation, which shows the
importance of capturing the pre-ignition chemistry correctly. All these findings
clarified the important physical mechanisms in this system, and paved the way
to develop suitable computational models.

While attempting to model the case with FGM, it was quickly realized that
due to the stark difference between different stages of combustion, it is very
difficult to find a suitable progress variable that can cover all the processes.
Based on this finding, the MuSt-FGM method was developed, which uses spe-
cific progress variables for each stage of combustion. In this method, different
FGM tables are generated for each combustion stage using the corresponding
progress variable. During the MuSt-FGM simulation, all progress variables are
solved at all combustion stages, and a lookup procedure is performed using
the table for that particular combustion stage. Using the MuSt-FGM method,
both the pre-ignition and oxidation reactions could be captured perfectly in 1D
igniting mixing layers.

When the MuSt-FGM approach was applied in an a priori manner to MILD
combustion in turbulent settings, it was seen that the error terms are quite
large. Investigating this more in depth revealed that this is due to the preferen-
tial diffusion-curvature interactions, which were already shown to have a large
impact on the ignition chemistry. To model these effects, a new passive con-
trol variable was defined, which is basically a mixture fraction with a non-unity
Lewis number. Curved flamelets were solved, and the effects of the curvature
were tabulated using the newly defined control variable. This approach was
then successfully applied to model 1D curved flames, as well as to the 3D turbu-
lent case. However, it was also observed that in the absence of the temperature
variations in the oxidizer, the curvature effects do not have a significant im-
pact on the ignition delay, as the MuSt-FGM without curvature parameter could
predict the ignition delay just as well. When the ignition is delayed more, the
curvature effects have sufficient time to affect the species transport and thus
chemistry.

To complete the modeling of the Adelaide JHC case, it was required to model
the species and temperature variations in the coflow. To take these variations
into account, another control variable was defined as the normalized initial
temperature, without chemical source term. During the flamelet creation pro-
cess, it was realized that not all the coflow compositions selected could au-
toignite. This situation poses two basic problems in modeling: MuSt-FGM tables
for the oxidation stage cannot be generated for those points, and the diffusion
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of species and heat from the autoigniting parts cannot propagate the flame to-
wards non-autoigniting parts. Several solutions were proposed to tackle this
problem: using an unsteady 2D flame simulation to create flamelets, artificially
forcing ignition at non-autoigniting points, doing no extra treatment and creat-
ing MuSt-FGM tables only for the first stage (pre-ignition), and finally excluding
non-autoigniting compositions all together and performing an extrapolation for
those regions. Among these, the “forced ignition” and “no treatment” cases per-
form the best in MuSt-FGM simulations in 1D igniting mixing layers. When
3D DNS calculations were performed, it was seen that the forced ignition case
predict better than the no treatment case. It was also observed that because
the ignition is delayed more, curvature effects become important. When the
curvature effects were also included and the 3D DNS was repeated using the
4D MuSt-FGM tables, the ignition delay is predicted almost perfectly, and the
peak average heat release rate estimation improves. However, the trend of the
average heat release rate is not exactly captured. Several possible reasons for
this non-perfect prediction were realized.

Considering all the complex physical mechanisms such as turbulence, pref-
erential diffusion, the unconventional nature of MILD combustion chemistry,
and temperature and species variations in the coflow; this modeling result can
be regarded as successful. Computations for the MuSt-FGM case with 4D tables
take 5 times less time than the detailed chemistry case. When an incompress-
ible solver is used instead of a fully compressible DNS, the time step for the
MuSt-FGM case can be much larger than the detailed chemistry case, and the
computational gain would be much higher. On the other hand, it should also be
mentioned that the table generation process becomes really tedious to be able
to model such a complex case. For every case to be modeled; each combus-
tion stage should be identified, progress variables for all these stages should be
selected, each non-autoigniting coflow point for each curvature value needs to
be artificially ignited, and then 4D MuSt-FGM table for each combustion stage
needs to be created. When there is turbulence modeling involved, all these
processes become even more complicated due to the presence of means and
variances of control variables. Therefore, to make such a modeling approach
practical, all these processes need to be automated and simplified as much as
possible.
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6.2 Outlook

In the MuSt-FGM method, combustion stages and the corresponding progress
variable are selected based on the experience with the case. Combustion stage
selection process can be automated by looking at the time scales of the chem-
istry. After the combustion stages are identified, the progress variable selection
for each stage can still be based on previous knowledge of the case, or it can also
be combined with existing progress variable optimization studies [86, 87, 92].
Because the combustion process is divided into appropriate stages, the progress
variable optimization procedure would also be easier.

Again in the MuSt-FGM approach, the determination of which table to use
for the lookup is based on the lower limit of the second stage table: If Y2 passes
over this limit, then the lookup is performed from the second table; otherwise
from the first table. This approach works well when both progress variables
are calculated correctly. However, if either of the progress variables is solved
incorrectly, then there would be a discontinuity in the lookup procedure. For
example, if Y1 is still half way through the pre-ignition stage, while Y2 already
reaches the oxidation stage because of a miscalculation, then the lookup would
continue using the second stage table and there would be a sudden jump in the
lookup of all the terms. One way to tackle this issue could be storing Y2 itself in
the first stage table, retrieving and comparing it to the calculated value of Y2 in
the pre-ignition stage, and somehow forcing the retrieved and calculated values
to match each other if there is a discrepancy between the two.

In the curved flamelets calculations, an opposing tubular flame configura-
tion was used, which imposes the curvature in cylindrical coordinates. It can be
the case that in 3D turbulent calculations, the shape of curvature in the flame is
more spherical-like. This point should be investigated in the future to improve
the modeling of curvature-preferential diffusion interactions. In addition, when
curved flamelets are solved in counter-flame configuration, it was seen that the
strain rate also had an effect on the distribution of species. Using a different
strain rate during the flamelet generation than during the FGM simulation was
shown to be accurate enough in [35]. However, that case was without prefer-
ential diffusion and curvature effects. Therefore, the effects of strain rate used
in the flamelets on the accuracy of predictions in the presence of preferential
diffusion and curvature should be investigated further.

In Chapter 5, it was suspected that not only flame curvature, but also small
scale turbulent eddies contribute to the scatter of species in composition space.
This point should be investigated in more detail, and possible ways of model-
ing should be addressed. In addition, as is also shown in Chapter 5, flamelet-



6.2 Outlook 109

flamelet interactions are not modeled in the current implementation of MuSt-
FGM. The effects of ignoring these interactions in the model should be analyzed
further, and if the effects are considerable, possible solutions should be pro-
posed.

The biggest advantage of MILD combustion is reduced pollutant emissions,
especially NOx . However, due to the tremendous computational costs, a de-
tailed reaction mechanism which includes NOx chemistry could not be em-
ployed in the 3D DNS with detailed chemistry case. As a result, there was
no baseline for MuSt-FGM cases to be compared to. In the future, prediction
capabilities of MuSt-FGM for the NOx emissions should be assessed. This can be
checked in 1D studies as a first step, and later by running DNSs on supercom-
puters that can handle such computational costs. It is expected that MuSt-FGM
would perform better than other flamelet based models, because of its capability
to represent the post-combustion emission zone as an independent stage.
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