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Abstract

Imaging of OH* or CH* chemiluminescence with intensified cameras is often used
for the determination of heat release in turbulent flames. Proportionality is com-
monly assumed, but was never proven. This study investigates which information
about turbulent flame heat release rate can be obtained from chemiluminescence.
It is found that although the integral heat release rate can be obtained from the
integral chemiluminescence intensity, no information about the local heat release
rate is provided by chemiluminescence due to turbulence-chemistry interactions.

A model based correction method is introduced to obtain a better approximation
of the spatially resolved heat release rate of lean turbulent flames from OH* mea-
surements. The correction method uses a statistical strain rate model to account
for the turbulence influence. The strain rate model is evaluated with time-resolved
velocity measurements of the turbulent flow, and is linked with one-dimensional
simulations of strained counterflow flames. In this way the non-linear effect of
turbulence on chemiluminescence intensities and heat release rate is taken into
account and corrected, heat release rate proportional OH* intensities are obtained.

For all investigated flames in the lean, partially premixed regime the corrected
OH* intensities are in very good agreement with the heat release rate distributions
of the flames.
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Kurzfassung

OH* und CH* Chemilumineszenz wird oft zur Charakterisierung der Wirme-
freisetzung in turbulenten Flammen verwendet. Meist wird ein linearer Zusam-
menhang angenommen, was jedoch nicht gerechtfertigt ist. Die Studie unter-
sucht die Verwendung von OH* als Maf fiir die Wirmefreisetzung in mageren
turbulenten Flammen. Es wird gezeigt, dass lediglich die integrale Wiarmefreiset-
zung durch OH* abgebildet wird. Die lokale Wirmefreisetzung wird aufgrund der
Turbulenz-Chemie-Interaktion in der Flamme nicht durch OH* charakterisiert.

Eine modellbasierte Korrekturmethode wird vorgestellt, um eine bessere Abbil-
dung der lokalen Wirmefreisetzung durch OH* zu erhalten. Die Korrekturmeth-
ode basiert auf einem statistischen Modell der durch Turbulenz verursachten Flam-
menstreckung und Simulationen von Gegenstromflammen, um die nichtlinearen
Zusammenhinge zwischen Turbulenz, OH* Intensitdt und Wirmefreisetzung zu
modellieren.

Fiir alle untersuchten Flammen im mageren vorgemischten Regime zeigt die
korrigierte OH* Chemilumineszenz eine gute Ubereinstimmung mit der Wirme-
freisetzungsverteilung.
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Nomenclature

Latin characters
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thermal diffusivity [m2 sfl]

tangential strain rate s

quenching strain rate [s~!]

reaction progress of combustion [—]

speed of light [m sfl]

isobaric heat capacity [J (kg K)~1]

center body diamater [m]
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unit vector [—]
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imaginary unit [—]

chemiluminescence intensity [photons s~ !]
single electron total angular momentum vector [J s]
Boltzmann constant [J K*I]

reaction rate coefficient [mol (m3 s)~!]

single electron azimuthal quantum number [—]
turbulent length scale [m]

single electron orbital angular momentum [J s]
thickness of preheat zone [m]

integral length scale of turbulence [m]
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thickness of oxidation layer [m]

Taylor length scale [m]

Kolmogorov length scale [m]

mass [kg]
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single electron magnetic quantum number [—]
single electron spin quantum number [—]
single electron principal quantum number [—]
flame front normal vector [—]
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pressure [N mfz]

strain rate probability density function [—]
volumetric heat release rate [J (m3 s)’l]
radial coordinate [m]

arbitrary spatial coordinate [m]

stretch rate [s 1]

single electron spin vector [J s]

flame front propagation speed [m s~!]

time [s]

velocity [m s

velocity vector [m sfl]

flame front velocity vector [m s~!]
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vibrational state within electronically excited state [—]
vibrational state within electronic ground state [—]
turbulent velocity scale [m s’l]
Kolmogorov velocity [m s~
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flame coordinate [m]

distance [m]
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proportionality constant [-]
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energy [J]

self similar function [—]
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rotational state within electronically exited state [—]
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resulting multi-electron orbital angular momentum vector (atom) [J s]
temperature exponent [—]

relative amount of radicals in state i [—]
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Sij fluid dynamic strain rate tensor [s ]
T temperature [K]
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U potential [V]

volume [m>]
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wavelength [m]
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172 amplitude of wave function
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At time difference / time step size [s]

Av difference in vibrational state [-]
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v time-dependent wave function
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Q;; rotation rate tensor [s 1]

Subscripts
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r radial
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turbulent fluctuation
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1 Introduction

The world wide consumption of energy is increasing steadily. With growing pub-
lic awareness for environmental protection, the amount of electric power produced
from renewable sources like wind, water, or solar technologies is increasing but
approximately 85% of electric power is still generated by burning fossil fuels. Ac-
cording to the World Energy Outlook of the International Energy Agency combus-
tion of fossil fuels will remain an important cornerstone for the power generation
throughout the next decades [2] even though the accessible amount of fossil fuels
is limited, and the exploitation of new sources is becoming increasingly expensive.
Thus, new combustion systems, such as gas turbines, have to be highly efficient
and low in emissions at the same time.

These contradicting goals cannot be achieved with diffusion flames, which have
been commonly utilized in gas turbines in the last decades. Lean premixed com-
bustion is an auspicious technology to improve efficiency and to meet actual legal
regulations to reduce emissions. Fuel and air are mixed and homogenized up-
stream of the burner in lean premixed combustion systems. This results in lower
combustion temperatures and thus a significant reduction of emissions of nitro-
gen oxides. Additionally, the amount of unburnt hydrocarbon in the exhaust gases
are reduced. However, lean premixed combustors are prone to combustion in-
stabilities, such as thermoacoustic instabilities [S1| 4, |5, 26] and flame flashback
[4918711501148]]. These instabilities are strongly influenced by the local heat release
rate or heat release fluctuations.

1.1 Background of this study

The utilization of potentially unstable combustion technologies, like lean premixed
combustion, requires that the desired combustion states can be stabilized by the
layout of the combustor based on simulations during the development process, or
by active control of unsteady combustion states based on predictive simulations
(e.g. [62]). In both cases the heat release rate of the flame has to be measured,
either to validate the simulations or as input parameter for active control mecha-
nisms. However, the heat release rate of technical flames is hardly accessible by



1 Introduction

measurement. Dependable time resolved measurement techniques which provide
the local heat release rate, like heat release imaging1 [29], are so complex in terms
of experimental effort that they can be applied to laboratory flames only [7]. In
general, the application of such measurement techniques to technical combustion
systems is not possible.

Therefore, the heat release rate is measured indirectly in most applications. A
common quantity for such indirect measurements is the light emission of the flame,
the so-called chemiluminescence. Chemiluminescence is light emitted from elec-
tronically excited atoms or molecules formed by chemical reactions. Chemilumi-
nescence can be measured without external excitation by optical means and thus
non-invasively. Since chemiluminescence originates from the reaction zone of the
flame, it is commonly assumed to characterize the heat release rate of flames.

The first studies on chemiluminescence date back to the 19th century. Since the
middle of the last century it is studied systematically in combustion research. It is
shown in several studies that the integral emissions of specific chemiluminescent
species can be used to measure the integral heat release rate of flames [17, 43| 140}
76l 132]). Furthermore, it is shown that the spatially resolved chemiluminescence
from the hydroxyl radical is a measure for the spatially resolved heat release rate
in laminar flames [33}6].

Generally, these results cannot be transferred to turbulent flames. Flame para-
meters such as turbulence intensity, strain rate, and curvature have a strong impact
on the chemiluminescence intensity [40l |61} 155} 6. Since these quantities may
vary substantially in turbulent flames, a direct proportionality between the spa-
tially resolved chemiluminescence and heat release rate cannot be expected for the
turbulent case.

Nevertheless, chemiluminescence is often used in turbulent flame studies to
characterize the heat release rate. This is contrary to the studies described before,
but especially for confined and adiabatic turbulent flames the integral chemilumi-
nescence intensity is successfully used to monitor the integral heat release of the
flame in many studies, e.g. [4} 126, 24]. The correlation between heat release and
chemiluminescence is determined empirically in these studies. This approach is
not based on an understanding of the underlying processes but rather sanctified by

1 Heat release rate imaging is the convolution of planar laser induced fluorescence signals from hydroxyl
and formaldehyde. If both signals are quantified the convoluted signal correlates well with the local
heat release rate [29]. Two synchronized laser systems with high pulse energies at 355nm and 283nm,
and two image intensified cameras are necessary for heat release rate imaging. Additionally, the flame
must be optically accessible from at least two sides.



1.2 Context of this study

the results. In any case, local heat release information of turbulent flames obtained
from chemiluminescence seems highly questionable.

1.2 Context of this study

The current knowledge about chemiluminescence is fragmentary at the best. Es-
pecially in turbulent flame studies chemiluminescence is commonly used as an
indicator for heat release rate based on empirical studies. A fundamental under-
standing of the basic relationships between chemiluminescence and heat release is
missing.

Since 2006 the interdisciplinary research project Chemiluminescence and Heat
Release funded by the German Research Council®> works on improving the under-
standing of chemiluminescence. Seven institutes have systematically investigated
chemiluminescence to develop a basic understanding of the underlying mecha-
nisms and a reliable measurement technique for the heat release rate based on
chemiluminescence, which can be applied to a wide range of flames.

The present study is part of the contribution of the Lehrstuhl fiir Thermodynamik
at the Technische Universitidt Miinchen to the DFG-funded research project. In
particular, lean premixed turbulent flames close to technical application have been
investigated. The two scientific aspects of this study are:

 To investigate which information can be (reliably) determined from chemi-
luminescence measurements in turbulent flames. The commonly assumed
direct proportionality between chemiluminescence and heat release rate is
based on studies of laminar flames. These results cannot be transferred to
turbulent flames in general, since several studies indicate that the results
from laminar lames are not valid for turbulent flames.

The development of a correction method, allowing to determine heat release
rate from chemiluminescence by taking all non-linear effects into account
that have been identified before to be important in turbulent flames.

An important precondition to tackle these aspects is the ability to measure rep-
resentative chemiluminescence signals. This is non-trivial problem, because of the
complex spectral characteristics of chemiluminescence. Additionally, a recorded

2 Deutsche Forschungsgemeinschaft, DFG
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chemiluminescence signal is not proportional to the incident light intensity in gen-
eral. All elements of the optical measurement setup have certain wavelength de-
pendent transmittances which distort measured intensities. As a consequence, two
measurement signals of the same intensity, but recorded in different wavelength
ranges, do not necessarily indicate identical incident light intensities. Another
distorting effect on measured intensities is the non-linear characteristic of certain
elements in the measurement setup, such as CMOS sensors and image intensifiers
of cameras. Such non-linear characteristics cause that the measurement signal is
not proportional to the incident light intensity.

As a consequence, commonly used bandpass filtered measurement signals
usually are not representative for the number or electronically excited molecules or
radicals in a flame. Thus, in addition to the two scientific aspects of this study in-
troduced before, the development of a measurement and data evaluation procedure
to obtain representative chemiluminescence measurements is an important aspect
in this study. This measurement aspect can be divided into the following tasks:

¢ To identify which parts of the chemiluminescence spectrum of a flame are
representative for the different chemiluminescence species.

* To develop a measurement and data evaluation procedure to recover the pre-
viously identified parts of the chemiluminescence spectrum from measure-
ment signals with high spatial and temporal resolution.

¢ To account for all non-linear characteristics of the measurement hardware.

1.3 Outline

In the following chapters the theoretical background is presented. The main focus
will be on chemiluminescence in Ch.[2] In this chapter the basics of the spectral
characteristics of flame chemiluminescence and a literature review on chemilu-
minescence studies are presented. Additionally, basic considerations on how a
representative chemiluminescence signal can be measured are introduced here.

The fundamentals of turbulence and turbulence-chemistry interaction, as far as
they are of importance for this study, are introduced in Ch.[3]

Thereafter, the experimental rig and the measurement techniques, which are
used in this study, are described in Ch.[d] This chapter introduces a convenient
measurement and data evaluation procedure to obtain representative chemilumi-
nescence measurements, based on the basic considerations described in Ch.



1.3 Outline

This is followed by an introduction to a newly developed reference technique
for heat release rate measurements in Ch. [5] This reference technique is used to
determine the information about heat release rate that can be obtained from che-
miluminescence in turbulent flames. Additionally, the error made when assuming
a direct proportionality between chemiluminescence and heat release in turbulent
flames is quantified.

In Ch. [6]data from the comparison of heat release rate and chemiluminescence
are used to develop a model based correction method, which allows for a reliable
determination of spatially resolved heat release rate from a turbulent flame’s che-
miluminescence. The model description is given in two parts: Firstly, the fluid
mechanical part, a statistical strain rate model proposed by Pope and co-workers,
which describes the statistics of flame straining caused by turbulence, is given.
Secondly, one-dimensional simulations of counter flow flames with detailed chem-
istry, which describe the effect of straining on heat release rate and chemilumi-
nescence intensity, are presented. Then both parts of the model are combined to
describe the effect of turbulence on chemiluminescence. The model is then used to
correct measured hydroxyl radical chemiluminescence in a way to reliably exhibit
heat release rate proportional intensities. Additionally, counterflow simulations
are presented to investigate the impact of pressure, preheating, and fuel composi-
tion on the chemiluminescence of turbulent flames. Also the applicability of the
presented method for diffusion flames is briefly discussed.

The study is concluded with a summary in Ch.[7}






2 Chemiluminescence

The term chemiluminescence refers to light emitted from atoms, molecules, or
radicals, returning from an electronically excited state to ground state. The pre-
fix ’chemi’ indicates that the excitation energy comes from a chemical reaction.
Chemiluminescence can be found in many processes which involve unstable and
energetic intermediate species, such as combustion processes'. Figure shows
a typical chemiluminescence spectrum of a non-preheated, turbulent methane-air
flame at atmospheric pressure.
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Figure 2.1: Typical chemiluminescence spectrum of a methane-air flame at atmospheric
pressure. The spectral resolution is 1nm.

The spectrum is a superposition of the emissions from four electronically ex-
cited species: The radicals OH*, CH*, and C3, and the molecule carbon dioxide
CO;Z. The diatomic radicals emit light in narrow spectral bands whereas the emis-
sions from COJ are broadband in the wavelength range from approximately 270nm

1 ltis important to note that although the chemiluminescence light investigated in this study is generated
by combustion processes, the origin of the chemiluminescence lies not in the temperature rise caused
by combustion. Thus, a direct proportionality between chemiluminescence and heat release cannot be
expected a priori.

2 Throughout this study the asterisk is used to indicate electronically excited molecules or radicals.



2 Chemiluminescence

to 550nm. In a hydrogen flame, OH* is the only chemiluminescence emitter (Fig.

22).
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Figure 2.2: Typical chemiluminescence spectrum of an atmospheric hydrogen-air flame.
OH* is the only chemiluminescence emitter.

In combustion research most studies use OH* chemiluminescence as a marker
for the heat release rate. OH* is emitted by all flames burning gaseous fuels.
Therefore, this study will focus on OH* chemiluminescence.

This chapter introduces the relevant fundamentals of chemiluminescence.
Firstly, the spectral characteristics of OH* chemiluminescence and the underlying
quantum mechanical background will be presented. Secondly, a literature review
of chemiluminescence studies will be shown. The last section of this chapter intro-
duces experimental considerations on how to measure OH* chemiluminescence.
These considerations are the basis for the measurement and data evaluation proce-
dure described in Sec.[#3.2] which aims for a representative measurement of the
number of electronically excited radicals. This measurement and data evaluation
procedure is one of the main aspects of this study and the basis for the scientific
aspects sketched in the introduction (Sec.[I.2).

2.1 Spectral characteristics of OH*

The chemiluminescence spectrum of a diatomic radical or molecule is consider-
ably more complicated than the discrete emission lines from single atoms [23]]. As



2.1 Spectral characteristics of OH*

an example, Fig. @shows a 2200K hydrogen flame chemiluminescence spectrum
between 305nm and 320nm.
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Figure 2.3: Spectrum of the OH* chemiluminescence between 305nm and 320nm. The ob-
served structure is caused by the complex energetic structure of the OH* radical
introduced below. The spectral resolution is 0.06nm.

The observed emission spectrum of the hydroxyl radical results from its ener-
getic structure. In the following, the quantum mechanical model describing the
energetic states of its electrons will be introduced. The energetic states of the elec-
trons couple with the rotational and vibrational states of the radical. This causes
the electronic states to be split and is explained thereafter. The corresponding
nomenclature commonly used in chemiluminescence studies is introduced. The
overview presented here follows closely the more detailed descriptions of Eck-
breth [23], Tipler [84], Vogel [86], and Mayer-Kuckuk [59]]. It is followed by an
explanation of the OH* emission spectrum.

The fundamentals of chemiluminescence are introduced using the example of
OH*, because it is the most important chemiluminescence species in this study.
Other chemiluminescence molecules or radicals can be described analogous.



2 Chemiluminescence

2.1.1 Schrédinger equation and electronic quantum numbers

An electron in a potential field U (¥,¢), which is caused for example by the nu-
cleus of an atom or the nuclei of a molecule, is described by the time-dependent
Schrodinger equation [S9]:

= 2 2 Y(x
V2W(E ) - 20RO + 7’"1"9 8(;”)

=0 2.1

Here, W(X,t) is the time-dependent wave function characterizing the electron.
m is the electron mass, and /4 is the Planck constant. i is the imaginary unit. Equa-
tion[2.T]is called time-dependent Schrédinger equation, because the potential field
U (%,1) is time-dependent. For the stationary case, i.e. a time-independent potential
field U (X), the wave function W(¥,7) can be split into a spatial amplitude function
y(X) and a time dependent part:

E
Y(X,1) = y(X)exp (—iﬁt> 2.2)

E is the total energy of the electron. Substituting Eq. (2.2) in Eq. (Z.I) gives the
time-independent Schrodinger equation [84]]:

2m

V(@) + 5 (E-UE)y(E) =0 23)

Atoms and molecules, which do not absorb or emit light, have a time-
independent potential field. Thus, the electrons of such atoms and molecules can
be described by the time-independent Schrodinger equation [86]. The squared
magnitude of the wave function |y/(¥) |2 can be interpreted as the probability den-
sity function of the position of the electron. Thus, the volume integral of the
squared magnitude of the wave function must equal unity. This so-called normal-
ization condition is a constraint for possible solutions of the Schrédinger equation.
[84]:

/ ly@[Fav =1 Q2.4
14

Only certain discrete pairs of E and y/(X) satisfy the Schrddinger egiation (Eq.
(2.3)) and the normalization condition (Eq. (2.4)). These are eigenvalues and

10



2.1 Spectral characteristics of OH*

eigenfunctions of the Schrédinger equation and can be interpreted as possible en-
ergy levels and associated wave functions of the electron®. Due to this quantization
of the possible energy levels, a single electron in the potential field of an atom or
molecule is unambiguously characterized by four quantum numbers [23]]:

* Principal quantum number n. n characterizes the average distance between
electron and nucleus, and represents the so-called shell or orbital. Only
discrete orbitals can occur, namely those which satisfy T=n-h /2w, with T
being the orbital angular momentum of the electron. n is a positive integer
value,n =1,2,3, ...

Azimuthal quantum number /. / characterizes the orbital angular momentum
T or subshell of the electron and can be interpreted as the basic shape of the
orbital. [ is an integer, 0 </ < n. Commonly, / = 0,1,2,3,4 orbitals are
denoted by the lower case (roman) letters s, p, d, f, and g.

¢ Magnetic quantum number ;. Each electronic orbital has a specific mag-
netic momentum. Thus, in an magnetic field the orbital of the electron is
subject to a torque which tends to align the orbital angular momentum Tpar—
allel to the magnetic field. The magnetic quantum number m; characterizes
the projection of the angular momentum on a reference plane, and can be
interpreted as the direction the angular momentum Tis pointing to. my; is an
integer, —/ <my; <.

 Spin quantum number m;g. mg characterizes the spin § of an electron. my is
either —1/2 (counter-clockwise spin) or 1/2 (clockwise spin).

The three quantum numbers 7, /, and m; define the orbital angular momentum
[ of the electron. The spin quantum number m; defines the spin vector § of the
electron. The total angular momentum fof an electron is the vector sum of the
orbital angular momentum and spin, i= I+5.

In contrast to atoms, the orbital angular momentum of molecules can only have
distinct orientations with respect to the internuclear axis of the molecule. In order
to distinguish the energetic states for given n and / in a molecule, a new quantum
number, A, is introduced*. The magnitude of A is defined by A = |my|. Since

3 The only atomic system, for which an exact solution of the Schrédinger equation can be obtained
without any approximations, is the hydrogen atom. For all other atoms and molecules the potential field
U (X) is too complex to obtain a self-contained solution of the Schrédinger equation.

4 Commonly, roman letters are used in spectroscopy for atoms, greek letters for molecules. Single elec-
trons are characterized by lower case letters. Capital letters are used to characterize electron configu-
rations consisting of several electrons.
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2 Chemiluminescence

states of A # 0 correspond to two values of my, either positive or negative, these
states are split. This effect is called lambda-doubling. Electrons with A =0,1,2,3
are commonly denoted o, 7, 8, ¢. To identify a specific electron orbital one writes
nlA, with a succeeding superscript to identify the number of electrons in this state,
such as (2po)! or (4dm)?.

In multi electron systems like atoms or molecules, the various orbital angular
momenta of the electrons form a resulting orbital angular momentum (I for atoms,
A for molecules) of the electron configuration. It is characterized by the quantum
number L (in case of a atom) or A (in case of a molecule). Analogously to the
nomenclature of single electrons the electron configurations corresponding to L =
0,1,2,3 and A =0,1,2,3 are denoted by capital letters S, P, D, F and X, IT, A, ®.

Similar to the lambda-doubling effect of a single molecule electron, also the
electron configuration of a molecule is double-degenerated for states other than
A = 0 because of the opposing directions A can point to. A = 0 states split into
two states whose electronic wave functions are either symmetric or anti-symmetric
to any plane through the internuclear axis of the molecule. The symmetric case
is indicated with a trailing superscript *, the anti-symmetric case with a trailing
superscript .

In multi electron systems also the electron spins form a resulting spin vector.
S is the resulting total electron spin vector of an atom. In a molecule ¥ denotes
the component of the resulting spin vector S along the internuclear axis of the
molecule. Consequently, the total (orbital + spin) angular momentum of an atom’s
electron configuration is calculated as J=L+S§, of a molecule’s electron configu-
ration as Q = A +X. The value of J or Q is usually written as trailing subscript of
the capital letter which identifies the electron configuration.

In general, the total angular momentum vectors J and Q are split into 25+ 1
components by the so-called spin-orbit coupling. The number 25 + 1 is called
multiplicity and is usually written as leading superscript of the capital letter which
identifies the electron configuration.

For example, the denotation 2H3 /2 identifies a molecule with quantum number
A =1, multiplicity 2, and total angular momentum A+T= 3/2.

2.1.2 Energy levels of the hydroxyl radical

The electron configuration of ground state OH is (1s5)?(2s0)?(2po)?(2px)3 or
2H3 /2,1/2- The two possible values of the total angular momentum, 3 /2 and 1/2,
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2.1 Spectral characteristics of OH*

arise from the two possible alignments of the orbital angular momentum and spin
vector. 3/2 corresponds to a parallel alignment, 1/2 to an anti-parallel alignment.
In general®, ground states, which are also referred to as electronically non-excited
states, are indicated with an preceding X. The complete description of the ground
state OH radical electron configuration is X?II5 /2,12- For simplicity, the ground

state of OH is usually written as X2Hi [23].

The excited state of OH is obtained when one of the 2po electrons is transfered
to 2pz. The remaining 2pc electron determines the excited state, which is 2X+
[23]. The first excited state is denoted with a preceding A. Thus, the electron
configuration of OH* is AZX". Further excited states would be denominated B, C,
etc.

The energy levels of the radical are divided into more sub-levels because of
the vibration and rotation of the radical, which are independent from the electron
configuration. Comparably to the discrete electronic states, only discrete rotational
and vibrational states can occur. Figure [2.4] shows a simplified scheme for the
energetic levels of the hydroxyl radical.

The figure shows the two potentials for the ground state and the first excited
state of the OH radical. The potential curves describe the energy of the radical as
a function of the average nuclei distance. For very low distances the potential is
very high. At larger distances the radical dissociates into the atoms O and H with
electron configurations shown in Fig. [2:4] Between these extrema lies a region
with lower energies in which the radical is stable.

For each potential curve also the vibrational states are shown. In ground state
the vibrational level is denominated v”, the excited state vibrational level is de-
nominated v'. The vibrational states are numbered consecutively starting with 0
for the lowest energetic level. Each vibrational state is split into several rotational
states denominated by J” (ground state) and J' (excited state). Furthermore, the
rotational states are split due to the spins of the nuclei (not shown in the figure)
[23].

2.1.3 Emission spectrum of OH*

In general, electronically excited states are unstable. An OH* radical tends to
return to the stable ground state. One possible transition from excited state to

5 The only exception from this rule is Cy, where a lower energy level was discovered after a marginally
higher energy level was denominated X [23].
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Figure 2.4: Simplified sketch of the OH radical’s energy levels [57]. The potential curves are
divided into several vibrational states. Each vibrational state is split in several
rotational states.

ground state is fluorescence - the spontaneous emission of the energy difference
as a photon. The average lifetime of an electronically excited hydroxyl radical
before a photon is emitted, if the excitation energy is not dissipated by any other
means, is in the order of 700ns [10} (8 39]. However, most excited radicals return
to ground state without emission of light. The dominant deactivation mechanism
is the energy transfer by collision, the so-called quenching [27]].

Not all collisions return the electronically excited radicals to electronic ground
state. Collisions can also change the vibrational or rotational state of the excited
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2.1 Spectral characteristics of OH*

radical. Both, transfer to higher and lower energy levels can occur. The ratio be-
tween upward and downward energy transfer is a function of temperature [19].
Thus, after a sufficient number of collisions, the shares of radicals in the different
rotational and vibrational states of the electronically excited state reach an equilib-
rium distribution, which can be described by a steady state rate balance [19]. The
derivation of an equation describing the equilibrium distribution of OH* radicals
to the different vibrational states will be discussed in detail in Sec.2.3.1}

Quantum mechanically, transitions from each electronically excited rotational
and vibrational state to each rotational and vibrational ground state can occur.
However, fluorescence transitions only occur between states which have the same
multiplicity [23]. But since the states AZX* and X2IT; both have multiplicity 2,
there is no constraint for the possible fluorescence transitions. The emission spec-
trum of OH* is determined by the equilibrium distributions of the vibrational and
rotational states and the Einstein coefficients for spontaneous emission. The re-
sulting chemiluminescence spectrum shows characteristic bands which represent
the different rotational and vibrational transitions.

normalized intensity [—]
o
>
:
.

0.2+ /AU:il .

0.0

275 300 325 350 375 400 425 450 475 500
wavelength [nm)]

Figure 2.5: Emission spectrum of OH* at approximately 2200K and atmospheric pressure.
Three vibrational bands from Av = 1, Av = 0, and Av = —1 can be seen.

Figure[2.3] shows a hydroxyl radical emission spectrum after 283nm laser exci-
tation at approximately 2200K and atmospheric pressure. Three vibrational bands
can be seen at 280nm, 309nm, and 345nm. The emission band around 280nm
originates from transitions with Av =V —v" = 1. The strongest emission band at
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2 Chemiluminescence

around 309nm originates from transitions with Av = 0. Additionally, an emission
band from transitions with Av = —1 can be seen around 345nm. Rotational energy
levels are not resolved in this measurement.

Each vibrational band is divided into several rotational bands. Figure[2.6]shows
the OH* Av = 0 band. The different peaks correspond to different rotational tran-
sitions.

309.2nm

normalized intensity [—]

0.0 !
300 320 340

wavelength [nm)]

Figure 2.6: Rotational bands within the Av = 0 vibrational band of OH*.

It is important to notice that this chemiluminescence band is the superposition
of the X2IL;(v"" = 0) «— A2ZH (v = 0) and the X?IL;(v' = 1) — A2ZH(V = 1)
transitions. Figure [2.7] shows a computed emission spectrum in the same wave-
length range in which both transitions are shown distinctively [S8|]. The spec-
trum is computated with the software LIFBASE [56]). It can be seen that the ro-
tational peaks at 306.7nm and 309.2nm in Fig. originate from the X2IT;(v/ =
0) « A2Z* (v = 0) transition, the two peaks at 312.5nm and 314.8nm from the
X2IL (V" = 1) « A2ZF (v = 1) transition.

The fine structure within the rotational bands as seen in in Fig.[23]is caused by
the nuclei spins discussed in Sec. @ Throughout the rest of this study, only
vibrational states will be considered. The splitting of the vibrational states into
rotational states and the fine structure of the rotational states are not relevant in
this study and therefore not further considered.
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Figure 2.7: Computed emission spectrum of the Av = 0 band. OH* chemiluminescence
in the wavelength range between 300nm and 340nm is a superposition of the
X2IL; (V" = 0) « A2ZF (v = 0) and the X2TT;(v/ = 1) « AT+ (V' = 1) transi-
tions. The spectrum is computed with the software LIFBASE [56].

2.2 Literature review

In this section a brief overview of the previous studies on chemiluminescence is
given. The literature review is divided into three parts. The first part is on che-
miluminescence as an indicator for the heat release rate. The second part of the
literature review outlines equivalence ratio® measurements via the ratio of different
chemiluminescence emissions. The last part describes the modeling of the reaction
kinetics of OH*.

The first part of the literature review is further divided. Firstly, the early studies
of the 1950s and 1960s are presented, which investigate the integral chemilumi-
nescence of laminar and turbulent flames. These rather phenomenological studies
show that turbulence strongly affects chemiluminescence intensities. Secondly, the
most important recent studies are presented, which investigate the use of chemilu-
minescence as a measure for the local heat release rate as well as the underlying
mechanisms forming chemiluminescence. Also the influence of pressure on che-
miluminescence intensities is presented in this part of the literature review.

6 The equivalence ratio is the ratio of the oxygen mole fraction necessary for stoichiometric combustion
and the actual oxygen mole fraction of the air-fuel mixture.
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2 Chemiluminescence

The section is concluded with a short summary of the actual state of knowledge
and an evaluation of the reliability of OH* as an indirect heat release rate and
equivalence ratio indicator in combustion research. Although not all chemilumi-
nescence studies can be discussed in this literature review, the presented studies
give a complete picture of the actual state of knowledge.

2.2.1 Heat release rate
Early studies

The first systematic experimental investigations on the correlation between chemi-
luminescence and integral heat release rate of a flame date back to the 1950s. In
1954 Clark and Bittker [17]] investigated the integral chemiluminescence of lami-
nar and weakly turbulent propane-air bunsen type flames with fuel flow rate and
equivalence ratio as flame parameters. They investigated flames with Reynolds
numbers’ up to 6,000. The chemiluminescence was measured in two wavelength
ranges, 360nm to 500nm, and 460nm to 600nm. Clark and Bittker found a lin-
ear dependency of both measured chemiluminescence signals on fuel-flow rate at
constant equivalence ratios as well as a decrease of the intensity with decreasing
equivalence ratio. No difference in the chemiluminescence spectra of laminar and
turbulent flames was observed. From this, Clark and Bittker [17] concluded that
the reaction kinetics of chemiluminescence are identical for laminar and turbulent
flames.

The work of Clark and Bittker [17]] was continued in 1958 by Clark [16]]. OH*,
CH*, CO3, and C; were investigated in flames with Reynolds numbers up to
18,000. The results of the former study for Reynolds numbers up to 6,000 were
confirmed. However, for Reynolds numbers higher than 6,000 lower chemilumi-
nescence intensities were observed than those predicted by a linear extrapolation
from the lower Reynolds number range.

The results of Clark [16] were confirmed by Hurle et al. ten years later [40].
Hurle et al. investigated the emissions from C; and CH* in ethylene-air flames.
For Reynolds numbers up to 10,000 a linear dependency of chemiluminescence
intensity on fuel-flow rate and heat release rate was observed. The slope of the
correlation was found to be a function of the equivalence ratio. For Reynolds
numbers in the range from 10,000 to 13,000 lower intensities were observed than

7 The Reynolds number is the ratio of inertia and viscous forces of the flow and characterizes the turbu-
lence of the flow. The definition and interpretation of the Reynolds number is given in Sec.E]
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those expected from linear extrapolation from smaller Reynolds numbers. For
Reynolds numbers higher than 17,000 decreasing intensities with increasing fuel-
flow rate were observed.

Another study on the effect of turbulence on chemiluminescence intensities was
published in 1957 by John and Summerfield [43]. They investigated the light emis-
sions from CO}, C3, and CH* in highly turbulent propane flames with Reynolds
numbers up to 100,000. For all investigated chemiluminescent species turbulence
was found to reduce the specific intensity of the chemiluminescence with the inten-
sity reduction being stronger for CO; than for C5 or CH*. According to John and
Summerfield these results indicate that sufficiently high turbulence breaks up the
laminar flame sheet. This modifies the chemical reactions and transport processes
in the flame.

Recent studies

In 1995 Samaniego et al. studied the emissions from CO; in laminar and turbu-
lent premixed methane-air and propane-air flames with a numerical model [76].
They found COj3 chemiluminescence to be a good indicator for fuel consumption
in flames with varying dilution, strain rate, and equivalence ratio. However, in the
investigation of Najm et al. [61]], a complex dependency of CO} chemilumines-
cence on flame curvature and flow history is reported. This leads to an ambiguous
correlation of the chemiluminescence with burning rate and heat release. Further-
more, Najm et al. showed a detailed analysis of the reaction mechanism of the
methane oxidation. The fractions of carbon in the different reaction paths were
quantified. Najm et al. concluded that only a small fraction of the carbon follows
side reaction paths forming the chemiluminescence radicals OH*, CH*, and C3.
Most of the carbon follows the main reaction path which produces only COj (Fig.

23).

Moreover, it was shown that for stoichiometric and lean flames carbon is trans-
ferred from the side paths to the main reaction path, reducing the chemilumines-
cence intensity from the OH*, CH*, and C; radicals. This mechanism explains the
observed reduction in chemiluminescence intensities for leaner flames as already
shown by the experiments of Clark and Bittker [17], Clark [16], and Hurle et al.
[40]. Najm et al. concluded that OH*, CH*, and C3 are no reliable markers for the
turbulent flame front, burning rate, or heat release rate because their appearance in
the flame is no indicator for the pathway of carbon oxidation for the major fraction
of carbon.
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Figure 2.8: The simplified reaction mechanism for methane oxidation [61]]. The main frac-
tion of the carbon follows the reaction path depicted with the bold arrows. Only
a small fraction of carbon follows the side paths producing OH*, CH*, and C;.

In 2003 Lee and Santavicca investigated the integral visible chemiluminescence
emission from a turbulent swirled flame [55]. They reported a linear dependency of
the chemiluminescence signal on fuel-flow rate, and an exponentially decreasing
signal with decreasing equivalence ratio. Moreover, they reported a strong influ-
ence of premix level, flame curvature, and flame stretch on the chemiluminescence
signal.

In 2004 Hardalupas and Orain [33]] investigated the chemiluminescence of coun-
terflow flames with Reynolds numbers up to 10,000. They found that OH*, CH*,
and CO; chemiluminescence are good markers for the spatially resolved heat re-
lease rate in this Reynolds number range. This is a milestone compared with the
results of the earlier studies, which only correlate integral quantities. However, a
study of Ayoola et al. in 2006 showed that the results of Hardalupas and Orain [33]]
are not applicable for highly turbulent flames [6]. Ayoola et al. used heat release
rate imaging to characterize OH* chemiluminescence as a measure for spatially re-
solved heat release rate®. Several turbulent, premixed, ethylene-fueled flames with
Reynolds numbers in the range from 19,000 to 29,000 were investigated. OH* was

8 Heat release rate imaging aims at the measurement of the formyl radical concentration, which corre-
lates very well with the spatially resolved heat release rate |67} 161]. Since the formyl radical is very
difficult to detect, the formyl precursor species hydroxyl and formaldehyde are detected by planar laser
induced fluorescence. It was shown that the convolution of the OH and CH,O LIF signals correlates
well with the forward reaction rate of the reaction forming formyl, and thus is a good indicator for the
local heat release rate |67 161].
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found to be very sensitive to strain and turbulence. It was observed that strong OH*
chemiluminescence signals emerged from regions within the flame with relatively
low heat release rate. It was also observed that in bluff-body stabilized flames
the equivalence ratio dependency of the OH* chemiluminescence is different for
different positions in the flame brush. Ayoola et al. concluded that OH* chemilu-
minescence is no reliable indicator for the local heat release rate in moderately to
highly turbulent flames.

The influence of pressure on chemiluminescence intensities was systematically
investigated by Higgins et al. [36]. The integral OH* chemiluminescence of a
laminar methane-air flame was measured for varying pressure, equivalence ratio,
and fuel mass flows. Figure[Z.9]shows the obtained results. From their experimen-
tal data Higgins et al. defined a empiric correlation between OH* intensity, fuel
mass flow, equivalence ratio, and pressure [36]:

ion ~ ric, 9> p 086 2.5)

The results of Higgins et al. show that the fuel mass flow normalized OH* inten-
sities are decreasing with increasing pressure. However, since the fuel mass flow is
increasing linearly with pressure in most applications, slightly increasing absolute
OH* intensities with increasing pressure have to be expected.
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Figure 2.9: Results for the dependence of OH* intensity on pressure, equivalence ratio, and
fuel mass flow rate obtained by Higgins et al. [36]. The chemiluminescence
intensities are normalized with the maximum values at Sbar. Symbols indicate
measurements, the lines are obtained from the correlation defined in Eq. @)
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2.2.2 Equivalence ratio

Despite the shortcomings in determining the heat release rate from the chemilu-
minescence of a single chemiluminescent species as pointed out before, the equi-
valence ratio of a flame can be determined from the ratio of different chemilumi-
nescence signals. This effect was first investigated by Clark in 1958 [[16]. Clark
found that the C5/CH” ratio is characteristic for the equivalence ratio. However,
the correlation between the chemiluminescence ratio and the equivalence ratio was
not universal but fuel specific.

In later studies the OH*/CH* ratio was used for equivalence ratio measurements.
In 2000 Haber [31] investigated this ratio in methane fueled Bunsen type flames
and flat flames. In the equivalence ratio range from 0.6 to 1.1 a monotonically
decreasing OH*/CH* ratio was observed for increasing equivalence ratios. Similar
results were also reported for natural gas and propane fueled premixed counterflow
flames by Hardalupas and Orain [33] |64], and for propane-air and methane-air
fueled bunsen type flames by Ikeda et al. [41]. Nori and Seitzman [63]] and Wisle
et al. [89] used the OH*/CH* ratio to measure the equivalence ratio in turbulent
methane fueled swirl flames.

In 2009 a study of Panoutsos et al. [65] also investigated the OH*/CH* ratio.
Numerical simulations of counterflow flames with detailed chemistry were com-
pared with experimental data. The used reaction mechanisms were extended by
elementary reactions, accounting for the formation and deactivation of OH* and
CH*. This study showed that the OH*/CH* ratio is a monotonic function of the
equivalence ratio. Additionally, it was shown that this function does not depend
on the straining of the flame, although the single intensities of OH* and CH* are
strongly dependent on the strain rate. The numerical results were in good agree-
ment with the experimental data. Furthermore, it was shown that the OH*/CH*
ratio of a diffusion flame is significantly lower than the ratio of a stoichiometric
premixed flame. This difference can be used to distinguish between non-premixed
and premixed combustion in turbulent flames.

The strain rate range of the investigation of Panoutsos et al. [65] was limited by
the operation range of counterflow diffusion flames which is significantly lower
than the strain rates of technical flames. However, Guyot et al. [30] showed that the
OH*/CH* chemiluminescence ratio can also be utilized in swirl-stabilized flames
with much higher strain rates close to technical application.
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2.2.3 Modeling of OH* reaction kinetics

The reaction kinetics of OH* formation and deactivation were investigated in many
theoretical and experimental studies. An overview on the reaction kinetics of OH*
is given, for example, by Kathortia et al. [44]. Three important OH* formation
reactions are known [44]:

CH+0, — OH* +CO (2.6)
CHO+0 — OH* +CO 2.7)
H+O+M — OH*+M (2.8)

The predominant deactivation reaction of OH* is the collisional quenching [81]]
(Reaction (2.9)). Only a small fraction of electronically excited OH* returns to
ground state by the emission of a photon (Reaction (2.10)):

OH* +M — OH+M 2.9)
OH* — OH + % (2.10)

Reaction is the dominant OH* formation reaction in hydrocarbon combus-
tion [44]]. Thus, the ability of a reaction mechanism to predict the concentration
of OH* correctly is not only dependent on the correct reaction rate coefficients of
the OH* formation and deactivation reactions, but also on the ability of the mecha-
nism to predict the concentrations of CH and the species responsible for collisional
quenching of OH* accurately.

In general, the reaction rate coefficient k of a chemical reaction is calculated as
[85]:

AE
k=ATVN exp (—R—Yi‘) 2.11)

A is the so-called pre-exponential factor, 7' the temperature, N the temperature ex-
ponent, AE4 the activation energy of the reaction, and R the universal gas constant.
The known rate coefficients of the OH* formation and deactivation reactions are
summarized in Tab. 2.1
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Number Reaction [ A | N [AE, |
2.6 CH+ 0, — OH* +CO 324E+14 | -04 17
2.7 CHO+0 — OH*+CO 2.89E+11 0.0 1.93
2.8 H+O0+M — OH*+M 1.20E+13 | 0.0 29
2.9 OH*+M — OH+M

M=0, 2.10E+12 | 0.5 -2.0
M =H,0 5.93E+12 | 0.5 -3.6
M=H, 2.95E+12 | 0.5 -1.9
M =CO, 2.76E+12 | 0.5 -4.1
M=N, 1.08E+11 | 0.5 -5.2
M=CO 3.23E+12 | 0.5 -3.3
M = CHy 3.36E+12 | 0.5 2.7
M = OH 6.01E+12 | 0.5 -3.2

M=H 1.31E+13 | 0.5 -0.7

[ @10) | O —OHthc/A || L45E+06 | 0.0 [ 0.0 |

Table 2.1: Known reaction rate coefficients of the OH* formation and deactivation reactions
[44].

2.2.4 Summary

The studies of Clark [16], Hurle et al. [40], Najm et al. [61], Lee and Santavicca
[S5], and Ayoola et al. [[6] summarize the problems of heat release measurements
via chemiluminescence in turbulent flames. The chemiluminescence signal of all
emitting species are strongly affected by turbulence intensity, strain rate, curvature,
fuel-flow rate, degree of premixing, and equivalence ratio. But these quantities are
not necessarily spatially or temporally constant in turbulent flames. Thus, the local
chemiluminescence intensity of any species is not a reliable measure for the local
heat release rate of a turbulent flame.

However, the equivalence ratio can be determined reliably from the OH*/CH*
chemiluminescence ratio of a methane or propane fueled flame, as shown by Haber
[31], Panoutsos et al. [65], and Guyot et al. [30]9. Since the variation of the
OH*/CH* ratio is approximately one order of magnitude stronger than the corre-

9 Orain and Hardalupas [64] also investigated the OH*/CH* ratio of methanol, ethanol, and isooctane
fueled flames. For these fuels the OH*/CH* ratio was found to be a function of the strain rate.
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sponding equivalence ratio variation, the OH*/CH* ratio is a very robust measure
for the equivalence ratio [31].

The modeling of the OH* reaction kinetics is summarized in the work of Kartho-
tia et al. [44]. A complete set of reaction rate coefficients for the most important
OH* formation and deactivation reactions is given. However, the rate coefficients
presented by Kathrotia et al. [44] and shown in Tab. are validated for low
pressure and atmospheric pressure flames only. The rate coefficients for higher
pressures are generally unknown. The determination of the pressure influence on
the reaction rates of OH* reactions is subject of actual research, e.g. [70].

2.3 Experimental considerations

In a stationary flame the formation and deactivation of electronically excited rad-
icals are in equilibrium. Thus, at each time a specific amount of electronically
excited radicals is present. This number of radicals is the desired measure and is
proportional to the chemiluminescence intensity with the Einstein coefficient of
spontaneous emission as proportionality factor [18]]. In this section it is discussed
how the number of electronically excited radicals can be obtained from a che-
miluminescence measurement. This is a non trivial problem because the emission
spectrum of OH* is a superposition of different OH* transitions (Sec.[2.1.3). Thus,
a wavelength range of the chemiluminescence spectrum must be identified, which
is representative for the number of electronically excited radicals. Furthermore, the
OH* emissions are superimposed with the emissions of CO}. This superposition
also has to be taken into account.

2.3.1 Representative OH* measurements

In the following an equation describing the share of OH* radicals in the different
vibrational states is derived. Based on this description it will be shown that the
integral intensity of the Av = 0 emission band of OH* is a representative measure
for the number of OH* radicals.
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2 Chemiluminescence

Vibrational equilibrium

As discussed before in Sec. [2.1.3] the OH* radicals are distributed to different
vibrational states. A steady state balance for the number of OH* radicals N; in
vibrational state v/ = i reads [23]]:

dN;
dt

(2.12)
= Nisource + 3, (NjVj—i) —Ni <Z Viej+ Y, Qi+ Y Ak + Pi)
‘ 7 X 3

J

Here, the subscripts i and j denote vibrational states within the electronically
excited state (i # j), the subscript k denotes vibrational states in the electronic
ground state. N; and N; denote the number of OH* radicals in a vibrational states
iand j, ]V,-7s()urce is the production rate of OH* radicals in state i by the chemical
reactions. V, O, A, and P are the rate constants which describe the change of the
vibrational state within the electronically excited state, the collisional quenching of
electronically excited states to ground state, the spontaneous emission of photons,

and predissociation.

The following assumptions and simplifications are made:

* Only vibrational states are considered. The effect of rotational states on the
rate constants is neglected [19].

e The share of radicals in vibrational states v/ > 2 is small compared to the
share in vibrational states v/ = 0 and v/ = 1. Although the exact amount of
radicals in vibrational states v/ > 2 is unknown at this point, an estimation
based on a Boltzmann distribution shows that for temperatures lower than
2500K more than 96% of the radicals are in vibrational states v/ = 0 and
v/ =1 [58,[56]]. Thus, vibrational states v/ > 2 will be neglected.

For vibrational states v = 0 and v/ = 1 predissociation does not occur [23]].

* The Einstein coefficient for spontaneous emission A is much smaller than
the vibrational transfer rate constant V and the quenching rate constant Q.
Thus, also A is neglected [19].
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2.3 Experimental considerations

* Based on the work of Paul [66] the quenching rate constants Q; are assumed
to be approximately identical for vibrational states v/ =0 and v/ = 1:

Qo~ Qi (2.13)

* The upward vibrational transfer rate constant Vj_,; can be related to the
downward vibrational transfer rate constant Vj_,o by detailed balancing
[19]:

V0~>l AEl—PO
= — 2.14
Vieo cxp ( kT ) ( )

AE|_, is the energy difference between state v/ = 1 and v/ = 0, k the Boltz-
mann constant, and 7' the temperature.

o It is assumed that the production rates Np source and Nj source Can be de-
scribed by a yet to be defined function of temperature:

N source
LSS (T 2.15)

N 0,source

With the above made simplifications and assumptions, the rate equation (Eq.
(2.12))) for vibrational state v/ = 1 reads:

dN,
20
dt

:Nl,source +NoVo—1 —NiVio—N1Q (2.16)

: AE1
= NO,sourcef(T) + NoVi—0exp (* kT ) —NVio—N1Q

Solved for the ratio N1 /Ny Eq. (2.16)) reads:

. _AE|
& _ NO,source f(T) + exp( kT >

NO_J\’OVHOH%)0 1+ v

(2.17)

The rate equation for the vibrational state v = 0 reads:
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2 Chemiluminescence

dNy
a0 _ g
dt

= No source +N1Vi—o —NoVo—1 —NoQ (2.18)

. AV )
= Np source + N1 V10 —NoVi_oexp | — T ) NoQ

By rearranging Eq. (Z-I8) the following expression can be obtained:

N AE;_, N
0source _ QO texp [ _AE10) _ M 2.19)
NoVio  Vieo kT No
Substituting Eq. (2.19) in Eq. (2.17) and solving for Nj /Np gives:
[¢] AE| AE;
N v f(T) +exp (—k—T) f(T)+exp <—k—r)
e (2.20)

No 1+ &+ £(T)

The ratio of the quenching rate constant and the vibrational transfer rate constant
Q/Vi_y is a function of the gas composition, and thus fuel and equivalence ratio.
Moreover, Q and V;_,g are also dependent on temperature. However, as shown by
Copeland et al. [18]], the ratio can be approximated with a constant value of 0.59.

Unfortunately, no information on the function f(7), defining the ratio of the
production rates No source/N1 sources is available in literature. Thus, lacking any
better information, it is assumed that the ratio can be described with the Boltzmann
distribution!?:

Nl ,source AElﬁO
F(T) = —souree _ oy (— 2.21)
( ) NO,source P kT

By substituting Eq. Z:2T) in Eq. (Z:20) it can be seen that with the above made
simplifications and assumptions the shares of OH* radicals in the different vibra-
tional states are also described by the Boltzmann distribution:

Ny AE| o
N—O—exp( = ) (222)

10 This assumption will be verified at the end of this subsection.
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2.3 Experimental considerations

Figure shows the distribution of the OH* radicals to the different vibra-
tional states, assuming that also states v > 2 follow the Boltzmann distribution

[58L156].
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Figure 2.10: Distribution of the OH* radicals to different vibrational states, computed with
the software LIFBASE [58 [56]]. States of v/ = 2 and higher only account for
less than 4% of the radicals and are neglected in this study.

Characteristic spectral range for OH* measurements

Based on the above obtained result for the distribution of the OH* radicals to the
different vibrational states it now will shown that the integral chemiluminescence
intensity of the Av = 0 band is a representative measure for the number OH* radi-

cals.

A steady state balance of all OH* radicals reads:

dN

dr

0=Y (Ni,source +Y (NjVii) N (Z Viej+Y Qii+ ZAi—»k) )
7 ' ' 3 k
! ! (2.23)
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2 Chemiluminescence

The integral chemiluminescence intensity igg+ of all vibrational transitions is
obtained by rearranging Eq. (Z:23):

ion =Y, (N,-;Ai_)k)

i

= Z <Ni,source +Z (NjVjHi) —N; <ZViﬂj +2Qiﬂk> )
i J J k

(2.24)

It can be seen from Eq.[2.24]that the chemiluminescence intensity only depends
on the number of radicals N; and the Einstein coefficient of spontaneous emission
A;_,j. The Einstein coefficient can be considered to be constant [S7]], however, the
number of radicals N; is strongly affected by collisional quenching. The quenching
rate constant is in general a function of gas composition and temperature. Thus,
the dependency of the quenching rate constant on equivalence ratio, which de-
fines gas composition and temperature, has to be investigated. Figurem shows
the quenching rate constant as function of the equivalence ratio of the mixture.
The values for Q are calculated from the gas composition in the reaction zone of
the flame, obtained from one-dimensional counterflow simulations with detailed
chemistry (Sec.[6.3), and temperature dependent values of the quenching rate con-
stants for different collisional species published by Garland and Crosley [27].
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Figure 2.11: Dependency of the quenching rate constant on equivalence ratio. The values of
Q are normalized with the value for ¢ = 0.77.

It can be seen that the quenching rate in the lean regime can be approximated
with a constant value with an accuracy of +5%. This means that independent
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2.3 Experimental considerations

from the equivalence ratio a constant share of OH* radicals is quenched before a
photon is emitted. As a consequence, the share of radicals which emit photons is
also independent from equivalence ratio. Thus, even in non-constant equivalence
ratio flames the influence of quenching on chemiluminescence intensities is ap-
proximately constant and thus it does not need to be explicitly considered in this
study.

Since for flame temperatures below 2500K more than 96% of the OH* radicals
are in vibrational states v/ = 0 and v/ = 1 (Fig.[2.10), vibrational states v = 2 and
higher are neglected. The vibrational state v/ = 1 accounts for up to 15% of the
radicals and must be considered. By neglecting the higher vibrational states Eq.

(229 reads:

ionr =No ) Ao—j+N1 Y Al (2.25)
j j

With the above introduced simplification of neglecting the higher vibrational
states, the Av = 0 emission band can be assumed to consist only of the v/ = 0 «
v =0and v’ =1« =1 transitions (Fig.[2.12).
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Figure 2.12: The emission of Av = 0 band of OH*, which can be considered as the superpo-

sition of the v/ =0 <1’ =0and v’ = 1 </ = | transitions [538]. The spectrum
is computed with the software LIFBASE [36].
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2 Chemiluminescence

Thus, the chemiluminescence intensity of the Av = 0 emission band can be cal-
culated as:

ioH* Av=0 = NoAp—0 +N1A 11 (2.26)

Since the temperature and thus the relative amounts of the radicals in the two
vibrational states are usually not known, and the Einstein coefficients Ay_,g and
Aj_,1 are not identical'l, Eq. cannot be inverted to calculate the number
of radicals N = Ny + N; from the chemiluminescence signal. However, since the
number of radicals in the v = 0 state is approximately one order of magnitude
larger than in the v/ = 1 state, and since Ag_.o and A|_,; are of the same order of
magnitude, it is possible to approximate Aj_,; ~ Ag_o. With this approximation
the number of OH* radicals is directly proportional to the integral chemilumines-
cence signal of the Av = 0 transition band:

IOH* Av—
N =Ny +Nj ~ 2HAv=0 2.27)
Ap—0
The error e of this approximation can be estimated as:
1 Ao, A
e:l—( ‘(NO 0=0 4 N 2 ‘)) (2.28)
No+ Ny Ap—o Ag—o

Figure [2.13]shows this error as a function of flame temperature.

It can be seen that the error increases with increasing flame temperature. e
is approximately 5% for a non-preheated, stoichiometric methane-air flame, and
approximately 6% for a non-preheated, stoichiometric hydrogen-air flame. For
flame temperatures usually found in modern combustion systems the error is typ-
ically less than 3%. Thus, the integral emission of the Av = 0 band is a good
approximation for the total number of OH* radicals.

Analogously, based on a steady state balance for the vibrational state v/ = 1,
and the approximations and simplifications made before, it can be easily shown
that the number of radicals in vibrational state v = 1 can be obtained from the
chemiluminescence signal of the Av = 1 band:

11 Ago = 1.451-10%~", A;_; = 0.8595- 105! [57).
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Figure 2.13: The error ¢ made when the chemiluminescence of the Av = 0 transitions is
assumed to be a representative measure for the number of OH* radicals. The
maximum error is made for the highest flame temperature. For temperatures
usually found in gas turbines it is approximately 3%.

_ioH*,Av=1

Ny
Ao

(2.29)

with A; o =0.4643 - 10051 [57]l. The number of radicals in v = 0 state can then
be calculated as:

lOH* Av=0 _ IOH* Av=1
Ap—o Ao

No=N—-N; = (2.30)

Check of assumed Boltzmann distribution for the production rate ratio

(Eq. 2:21))

With these results for the number of OH* radicals in vibrational states v/ = 0 and
v =1 (Eq. and Eq. ), the above made assumption of a Boltzmann dis-
tribution for the production rate ratio N source/. No source can be checked indirectly:
Based on measured spectra of a premixed, non-preheated, atmospheric methane-
air flame with different equivalence ratios, the ratio of radicals in vibrational states
v =0 and V' = 1 is obtained from the integral chemiluminescence intensities of
the Av =0 and Av = 1 vibrational bands:
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2 Chemiluminescence

Mo ioH* Av=1/A1-0 231)
No  ioHr Av=0/A0—0 — loH" Av=1/A1-0

Figure shows ratio N} /Ny obtained from the experimental data in compar-
ison with the ratio obtained from Eq. (@), assuming a Boltzmann distribution
for the ratio Nl,source /N()’SOMCC. For the calculation of the Boltzmann distribution
it was assumed that OH* is predominately produced in a region of the flame where
the temperature is approximately 90% of the maximum flame temperature. This
assumption is based on the counterflow calculations described in Sec.[6.3]
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Figure 2.14: Comparison of the ratio of OH* radicals in vibrational states v/ =0 and v/ = 1
obtained from the Boltzmann distribution (Eq. @) with measurements.

The measurements are in good agreement with the Boltzmann distribution.
Thus, it can be concluded that the ratio N1 /Ny can be accurately modeled by Eq.
(222). This also means that by solving Eq. (2:22) for the temperature T, chemilu-
minescence can be used to measure the local temperature of the flame.

2.3.2 CO2* chemiluminescence

In flames of carbonaceous fuel, a broadband CO? chemiluminescence is superim-
posed to the OH* emissions. Each measurement in the wavelength range of OH*
contains a certain signal from CO3 chemiluminescence (Fig. . The COj con-
tribution can be of similar or even higher intensity than that from the radical [S3].
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2.3 Experimental considerations

Thus, a measurement signal including the signal from COj is no characteristic
measure for the number of electronically excited radicals. In order to obtain a rep-
resentative measurement signal, the CO; contribution must be eliminated from the

measurement.

Section 3.2 will show the application of the experimental considerations dis-
cussed in this section to bandpass filtered measurement data. The result is a repre-
sentative measure for the number of electronically excited radicals recovered from
bandpass filtered measurements with high spatial resolution. These measurements
are the basis for the comparison of OH* chemiluminescence with heat release rate

in this study.

T'T 10 typical bandpass filter transmission
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Figure 2.15: A typical chemiluminescence spectrum of a methane-air flame. The OH* emis-
sions are superimposed with the emissions from COj3. A typical bandpass fil-
tered measurement cannot distinguish between OH* and CO3 chemilumines-
cence. In general, a measurement in the wavelength range of OH* is not repre-
sentative of the number of electronically excited OH radicals.
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3 Basics of turbulence and turbulence-flame interaction

This chapter gives an introduction to turbulence, premixed combustion, and
turbulence-chemistry interaction as far as they are relevant for this work. Sec-
tions [3.1] and [3.2] provide the basics and definitions of turbulent flows. This is
followed by the fundamentals of premixed combustion in Sec.[3.3] The flamelet
concept, the interaction of turbulence and combustion, and the turbulence induced
flame straining are described in Sec.[3.4}

3.1 Turbulence

The term turbulence or turbulent flow characterizes a fluid mechanical regime in
which the properties of the flow are fluctuating stochastically around a mean value

(Fig. 3-1).

axial flow velocity

time

Figure 3.1: Typical time series of the axial component of the flow velocity at a fixed position
X in a turbulent flow field.
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3 Basics of turbulence and turbulence-flame interaction

Each flow property, such as the axial component of the flow velocity uy(¥,1),
can be written as the sum of the average over a period of time (uy(¥X)); and the
instantaneous deviations from this time average:

e (%,1) = (ux(%))s + 14, (1) 3.1

Commonly, the intensity of the turbulence is given as the rms' value of the
fluctuation of a characteristic flow property. The rms value of the axial velocity
component for instance, is defined as:

u,/r,rms (f) = <”;2 (5('7 t)»)-s (3.2)

The turbulent velocity fluctuations in the flow are generated by shear in the
mean flow, i.e. by velocity gradients perpendicular to the mean flow [83]. The
Reynolds number Re is used to characterize a flow as laminar or turbulent. This
dimensionless number is the ratio of inertial forces p{(u)?/L and viscous forces
wlu), /L7 [80]:

WL byl ()L
Re = u(Lu> = = (3.3)
e ° v

where p is the density of the fluid, (u); the mean flow velocity, and L a charac-
teristic flow length scale. u and v are the dynamic and kinematic viscosities.

3.2 Turbulent energy cascade and length scales

An important characteristic of turbulent flows is the formation of eddies, which is
also caused by the presence of shear in the mean flow. The initial eddies are of
the size of the flow scale L and are commonly characterized by the integral length
scale of turbulence I;. I; is defined as the integral of the two-point correlation

function Ry, (r;), normalized by uﬁms [73)3:

1 root mean square
2 A Reynolds number calculated from the integral length scale and the rms value of the velocity fluctuation
Re, = ul, i /v is called turbulent Reynolds number. The transition from laminar to turbulent flows

occurs at Re, ~ 1, with Re, > 1 indicating turbulent flows, and Re; < 1 indicating laminar flows.
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3.2 Turbulent energy cascade and length scales

L(E) = / R ¥1i) / (@G +&ni)) G
- 2 L > i .
o u:zrms (x) rZo u;,zrms (x)

With r; being an arbitrary spatial coordinate and €; the unit vector pointing in
the direction of r;.

Large eddies are unstable and break up into smaller eddies, with their kinetic
energy being transferred to smaller eddies. This process is repeated many times
transferring the kinetic energy successively to smaller and smaller eddies until a
minimum size is reached. The kinetic energy of these eddies is then dissipated
by molecular viscosity. The breakup process forming smaller eddies from larger
eddies is inviscid, i.e. the total kinetic energy of the initial eddies is passed through
different sizes of eddies until the energy is dissipated by the smallest eddies [[73]].
Since the motion of the smallest eddies is dominated by viscosity, their size can
be estimated by a dimensional analysis of the dissipation rate of turbulent kinetic
energy € and the kinematic viscosity v:

= () i )= (Y s

Iy is the Kolmogorov length scale, named after the mathematician who first
deduced this length scale [46]3.

In 1935, Taylor showed that the dissipation rate of turbulent kinetic energy € can
be calculated from the rms value of the velocity fluctuation and a newly introduced
length scale, the so-called Taylor length scale [, [82]:

M/Z
£= 15\»% (3.6)
A

[ can be obtained geometrically by constructing a parabola, which osculates*
the normalized two-point correlation function at r; = 0. The intersection of the
parabola with the r;-axis defines the Taylor length scale [; [73]. Figure3.2]shows
a sketch of the geometrical construction of /) .

3 First published in Russian in Dokl. Akad. Nauk SSSR (1941) 30(4).
4 Two functions are called to osculate at a point P when they have the same value there and also the
same derivatives, up to order 2.
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Figure 3.2: Sketch of the two-point correlation function and the parabola defining the Taylor
length scale.

In general, the large eddies of a flow are anisotropic. Their geometry is de-
termined by the mean flow field and the boundary conditions. However, the di-
rectional properties of the large eddies are lost by the breakup process forming
smaller eddies. As a consequence, the small scale turbulent motions are isotropic
and the statistics of this small scale turbulent motion have a universal form, which
is well-defined by the dissipation rate of turbulent kinetic energy € and the kine-
matic viscosity v [46]. Eddies in a turbulent flow can be divided into three size
ranges [73]]:

» Energy containing range
The largest, anisotropic eddies form the energy containing range. These are
the initial eddies, which are produced by the shear of the mean flow.

e [Inertial subrange
In the inertial subrange, viscous effects are negligible. The energy of the
larger eddies is transferred to smaller eddies.

* Dissipation range
In the dissipation range effects of viscosity become increasingly important.
The turbulent kinetic energy is finally dissipated completely. The smallest
eddies in the dissipation range are of the size I;.
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3.2 Turbulent energy cascade and length scales

Figure @ shows a schematic spectrum of the turbulent kinetic energy with all
relevant size ranges and energy transfer processes as discussed above [73]].
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Figure 3.3: Sketch of the turbulent Energy spectrum E (k) as a function of the wavenumber

of the eddies x = I~! [73].

All turbulent length scales / are associated with a turbulent time scale 7, which
is the typical turn-over time of an eddy of size /, and a characteristic velocity scale
v defined as v = /7. The Kolmogorov time scale T and velocity vy are important
parameters in the strain rate model which will be introduced in Ch. [] They are
defined as

and

1/4

vy = (ev) (3.7)
vy1/2
w=(2)" (38)
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3 Basics of turbulence and turbulence-flame interaction

3.3 Premixed combustion

In premixed combustion, oxidizer and fuel are completely mixed before combus-
tion occurs. If the equivalence ratio of the mixture is within the flammability lim-
its and a heat source is supplied, the mixture ignites and a flame front propagates
through the mixture. Typically, a chemical equilibrium is reached quickly down-
stream of the flame (burnt state), while the gas upstream of the flame remains in the
unburnt state. Therefore, the flame can be interpreted as a heat source, separating
the two stable states of the mixture, burnt and unburnt [69]. For lean hydrocarbon-
air mixtures the overall reaction equation reads:

1 m 79
Cabn + 5 (n—O—Z) (02+5N2) .

m 1 m 79 79 m
nCO+ T HyO + (5_1) (n+z) (02+ﬁN2> + o ("+Z) N,

(3.9)

¢ is the equivalence ratio, defined as the ratio of the fuel-to-oxidizer ratio of the
mixture to the stoichiometric fuel-to-oxidizer ratio.

The speed with which an undisturbed flame propagates normal to itself into
quiescent products is the laminar flame speed #;. The maximum achievable com-
bustion temperature for complete oxidation of the fuel without any loss of heat is
the adiabatic flame temperature 7,4. Both, u; and T,q, are functions of the fuel and
the equivalence ratio.

An undisturbed flame can be treated as a one-dimensional problem introducing
a flame coordinate as shown in Fig.[3.4] The flame can be divided in four zones,
as described by Peters [69]:

* Preheat zone
The preheat zone is chemically inactive and has the thickness /z. The pro-
ducts are heated to ignition temperature by heat conduction from the burnt
gases. An approximation of the thickness of the preheat zone can be ob-
tained by a comparison of the heat conduction from the flame into the un-
burnt gases, represented by the thermal diffusivity a, with the undisturbed
propagation speed of the flame, represented by the laminar flame speed u;:

b= (3.10)
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Figure 3.4: Internal structure of a premixed flame [69].

* Inner Layer
Most of the fuel is consumed and radicals are formed by chain-branching
reactions in the inner layer, releasing almost all of the heat produced by
the flame. A simple estimate for an atmospheric methane-air flame with a
preheat zone thickness of /¢ gives a thickness of the inner layer /5 of:

Is ~0.11f @3.11)

Oxidation Layer
In the oxidation layer - thickness Iz - CO produced in the inner layer is
oxidized to CO; and the maximum combustion temperature is reached.

le ~ 3 (3.12)
e Equilibrium zone

All chemical species have reached an equilibrium in this zone. There is no
heat release in the equilibrium zone.

The thickness of the entire flame is commonly approximated by the thickness
of the preheat zone .
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3 Basics of turbulence and turbulence-flame interaction

3.4 Turbulence-flame interaction

A premixed flame is influenced by turbulence in the unburnt mixture ahead of
the flame. To estimate the impact of turbulence on combustion, the laminar flame
speed u; and the flame thickness /; are compared with the characteristic turbulence

intensity u;ms and the integral length scale of turbulence /; [69].
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Figure 3.5: Regime diagram for turbulent premixed combustion [69].

3.4.1 Flame regimes

Based on the characteristic quantities for combustion and turbulence, flames can
be divided into five regimes (Fig.[3:3) [69]]. The classification of these regimes is
based on the comparison of the thickness of the different flame layers with the size

of the smallest eddies.
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3.4 Turbulence-flame interaction

e Laminar flames
A region with Re; < 1 refers to laminar flames. In this region the turbulent
fluctuations are so small that the flame propagation is not influenced by them
at all.

Wrinkled flamelet regime

In the wrinkled flamelet regime the turbulent velocity fluctuations are
smaller than the laminar propagation speed of the flame. Therefore, the la-
minar flame speed remains the dominant parameter for the flame propaga-
tion. The flame front is wrinkled but the laminar one-dimensional structure
described in Sec. [3.3|remains unaffected by turbulence.

Corrugated flamelets

In the corrugated flamelets regime the flame front is strongly wrinkled
by turbulence. However, the size of the smallest eddies is still larger than
the flame thickness. Therefore, the eddies cannot penetrate the inner flame
structure and thus cannot influence the combustion process. The flame re-
mains locally laminar and one-dimensional, but the reacting surface of the
flame is significantly enlarged.

e Thin reaction zone
In the thin reaction zone regime the smallest eddies are smaller than the
thickness of the flame’s preheat zone, but larger than the thickness of the
flame’s inner layer. The diffusion of heat and radicals from the inner layer
to the preheat zone is increased by turbulence, but the chemical reactions in
the inner layer itself remain uninfluenced by turbulence.

* Broken reaction zone
In the broken reaction zone regime, eddies can enter the inner layer of the
flame. This causes the reaction to break down locally because of excessive
heat loss to the preheat zone. The heat loss causes a temperature drop and a
subsequent loss of radicals which can extinguish the flame locally.

The wrinkled flamelet regime, the corrugated flamelets regime, and the thin re-

action zone regime are commonly called flamelet regime, in which a locally lami-
nar flame front and an one-dimensional flame structure can be assumed. A turbu-
lent flame in these regimes can be described as an ensemble of laminar flamelets
with locally one-dimensional structure. This flamelet concept is widely used in
combustion research to describe turbulent flames [69].
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3.4.2 Flame straining

As described in Sec. [34.1] increasing turbulence intensity results in a stronger
wrinkled flame. As a consequence, the effective flame surface of a turbulent flame
is larger than that of a laminar flame [68]]. Another important impact of turbulence
on a flame is the straining of the flame front. The correlation between turbulence
and straining is explained next and deduced from the basic properties of turbulent
flows:

The velocity gradient tensor of a turbulent flow can be split in a symmetric and
an antisymmetric part [79]:

8u,< - au,- al/lj 8u,- Buj N
7%, =05 (aTﬁ ax[)w's(axj - ax,») = Sij—Q;j (3.13)

The symmetric part S;; is the fluid dynamic strain-rate tensor of the turbulent
flow and the antisymmetric part £;; is the rotation rate tensor, which also describes
the formation of eddies. Equation (3.13)) shows that each eddy in a turbulent flow
is accompanied by a straining structure. Figure[3.6]shows how an isolated counter
rotating vortex pair and its associated straining structures affect an initially undis-
turbed flame front. The propagation of the flame is from top to bottom. A detailed
analysis of this flame-turbulence interaction is given by Steinberg and Driscoll
[791:

At 1o the flame front is uninfluenced by the vortices and straining structures.
At 1) the flame front propagates over the leading strain structure and a positive
strain rate is imposed to the flame front resulting in a longer but flat flame front.
This is depicted in Fig. 3.6 by a longer bold line in the flame front. At #, the
strained flame is wrinkled by the eddies and a cusp is formed in the flame front.
At 3 negative strain is imposed to the flame by the trailing strain structure. The
interaction of turbulence and flame typically attenuates the turbulence during the
interaction [[79]. As a consequence, the negative strain imposed on the flame by the
trailing strain structure and the positive strain imposed by the leading structure do
not compensate each other. Steinberg and Driscoll showed in their study that the
contribution of the trailing strain structure is small compared to the positive strain
imposed by the leading structure. Thus, net positive strain rate is imposed on the
flame by the interaction with the eddies and the associated straining structures,
resulting in an increased flame surface.

In addition to the straining of the flame, which is caused by the turbulence of
the flow, also the propagation of a non-flat flame normal to itself entails a change
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3.4 Turbulence-flame interaction
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Figure 3.6: Schematic of the interaction of an initially undisturbed flame front with an iso-
lated counter rotating vortex pair and its associated straining structures [[79]. The
bold part of the flame front illustrates a representative flame front element.

of flame surface. The rate of flame surface change due to the propagation of the
flame is called curvature. The sum of strain and curvature is the stretch rate s
and can be interpreted as the change of flame surface with time. It was shown by
Candel and Poinsot in 1990 that the stretch rate s of a flame surface element 0A ¢
can be written as [[14]]

o 6;[13(1‘:‘}‘) = (- () ap e Vi) Vi G4

a; Ke
with 7i being the flame surface normal vector, pointing into the reactants, iy the
velocity vector at the flame element surface, and s; the propagation speed of the
flame>. The first two terms on the right side of Eq. describe the influence of
velocity gradients on the flame surface element. Those are the tangential strain a,
imposed on the flame. The third term represents the curvature rate k.. In highly
turbulent flames the curvature effects are much smaller than the tangential straining

5 Note that s; is in general not identical to the laminar flame speed because of the strechting of the flame.
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3 Basics of turbulence and turbulence-flame interaction

and can be neglected [12]]. With this approximation and substituting Eq. (3:13) in
Eq. (3.14) the flame stretch can be written as®

s a = —n- (71 (Sij)f) +V-ﬁf = (5,~j—n,-nj) (Si.f)f (3.15)

The change in flame surface area due to tangential strain alters the heat and mass
transfer processes at the flame front and, as a consequence, the rate at which reac-
tants are consumed by the flame and the heat lost to the reactants by the reaction
zone. At sufficiently high strain rates a; > a, these effects can cause the flame to
be locally quenched. This effect is equivalent to the breakup of the reaction zone
and the extinction of the flame described for the broken reaction zone regime.

6 7i-(ii-Q;;) = 0 due to the antisymmetry of the rotation tensor.
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4 Experimental setup and measurement techniques

This chapter introduces the test rig, measurement techniques, and data evaluation
procedures. The characteristics of the test rig, the burner, and the investigated
operation points are discussed first. Then the optical measurement techniques are
presented. In the last subsection, the data evaluation procedures and the flame
parameters derived from the measurements are explained.

The emphasis of this chapter is on chemiluminescence measurement and data
evaluation procedures and how a representative chemiluminescence signal can be
obtained with high spatial resolution. In Sec.[d.3.2] the realization of the experi-
mental considerations introduced in Sec. is shown. Additionally, all wave-
length dependent and non-linear effects of the measurement hardware are dis-
cussed in this chapter. The developed chemiluminescence measurement and data
evaluation procedures are of crucial importance for this study. They are necessary
to determine what information can be obtained about turbulent flame heat release
rate from chemiluminescence (Ch. [5), and to develop a correction method, allow-
ing to determine heat release rate from chemiluminescence by taking all identified
non-linear effects into account (Ch.[G).

4.1 Testrig

The investigated flame in this study is a turbulent swirl flame at atmospheric pres-
sure. Turbulent swirl flames are found in gas turbines and aircraft engines and are
of outstanding importance in technical applications.

The fuel used is natural gas with a methane content of approximately 98%. Fuel
and air are externally premixed in a static mixer to avoid mixture fluctuations in
the burner. The mass flows of fuel and air are adjusted by thermal mass flow
controllers. Control parameters are the equivalence ratio and the thermal power
of the flame. The thermal power Py, can be adjusted between 10kW and 120kW,
the equivalence ratio ¢ between 0.5 and 1.25. The premixed mixture is injected
into the plenum. A plate made of sintered metal' is used to uniformly distribute

1 The porosity of the plate is 0.46, the pore diameter 30um. This is sufficiently small to quench propa-
gating flames [85].
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4 Experimental setup and measurement techniques

the mixture over the plenum cross section. Furthermore, the sintered metal plate
quenches the flame in case of a flashback and prevents propagation of the flame
into the feed pipe of the plenum.

The burner used in this study is the so-called 7D’ burner, which was first de-
scribed by Fischer [25]. The modular burner consists of a tangential swirler, a
conical nozzle, and a cylindric center body. This geometry stabilizes the flame by
the formation of an inner recirculation zone, which is caused by the cross-sectional
jump at the nozzle exit and the swirled flow. The center body reduces the flashback
tendency of the burner by prohibiting the inner recirculation zone from penetrating
into the burner. The flame stabilizes at the inner shear layer between the recircula-
tion zone and the fresh mixture, where the reactants and the burnt gases are quickly
mixed by the turbulent transport processes and the fresh mixture reaches ignition

conditions (Fig. .T).

inner
recirculation

zone
(burnt gases) shear layer between
swirled flow

and ambient air

shear layer
between
burnt gases and
unburnt mixture

reaction zone

unburnt
mixture

__________ burner exit plane x=0

burner

center
enter body burner nozzle

Figure 4.1: Sketch of the flow field at the burner exit.
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4.1 Testrig

The inner diameter of the nozzle is D = 40 mm, the diameter of the center body
is d = 16mm. The swirl number can be adjusted by partially blocking the tangen-
tial slits of the swirler, but was held constant at 0.55 in this study [88]]. The lean
blow off limit of the burner in this configuration is ¢p,;, = 0.56. Test rig and the
burner are shown schematically in Fig. [£2]

A}C

-
plenum ——> nozzle
\ APMH body
D .
‘ ‘ swirler
rwonves §4 T
M —— 2|

¢ sintered metal plate
(/4
?fTTTTTTTTTTTTz natural gas  air
premixed
natural gas/air mixture
TR\ HN

( static
mixer

Figure 4.2: Sketch of the test rig.

In the present study, the fuel mass flow is equivalent to Py = 60kW, and the
equivalence ratio is varied from ¢ = 0.63, which is close to the lean blow off limit
of the burner, to ¢ = 1.11. The Reynolds number in the burner nozzle ranges
from 25,600 (¢ = 1.11) to 43,600 (¢ = 0.63). The test rig is operated with a
non-preheated air-fuel mixture. Figure@ shows the investigated operation points
plotted in a flame regime diagram. All investigated flames lie within the thin reac-
tion zone regime and can be described by the flamelet model (Sec. [341).
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Figure 4.3: Flame regime diagram. The diamonds indicate the investigated flames. All
flames lie within the thin reaction zone regime. u,,,,; and I, are the average values
of the reaction zone obtained from PIV measurements (Sec. , u and [y are
calculated from relations found in literature, e.g. Turns [85]], as functions of the
equivalence ratio.

The flame is burning unconfined without a combustion chamber. This causes
a non-constant equivalence ratio. As shown by Wisle et at. [90], the axial mass
flow downstream of the burner exit increases linearly due to turbulent admixing of
ambient air in the shear layer between the swirled flow and the ambient air (Fig.
E4).

As a consequence, the mixture becomes leaner with increasing axial distance
from the burner nozzle. The ambient air entrainment takes place in the outer shear
layer, but the flame stabilizes at the inner recirculation zone. Thus, the dilution
of the mixture does not affect the flame close to the burner exit. Starting from
axial distances of approximately x/D = 0.5, the flame burns the diluted mixture.
The local equivalence ratio decreases with increasing axial distance as expected
from the increasing mass flow (Fig.[4.3). This flame property is used to study the
influence of equivalence ratio gradients in partially premixed flames, or to mimic
admixing of air in confined gas turbine flames leading to mixture gradients.
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Figure 4.4: Increase in axial mass flow downstream of the burner nozzle due to ambient air
entrainment, as measured by Wisle at el. via Particle Image Velocimetry [90].

o measurement o
1.8 H - - - approximation —‘0—9’ ]
. CoYo
i i 00 _.0° T
y Q0"
g i o 1
2 < —'O_-d
Y L P 4
0—6’6 °
1.0¢-6-5 0 - 2-2° 1
0.0 1.0 20 30
z/D [-]

Figure 4.5: Radially averaged equivalence ratio in the flame mid plane of an unconfined
flame, measured via the OH*/CH* chemiluminescence ratio. The equivalence
ratio stays constant until an axial distance of approximately 0.5D is reached.
Then, the flame reaches the diluted mixture and @yymer/ ¢ increases linearly. The
equivalence ratios shown are normalized with the equivalence ratio in the burner

exit plane @urner [Iz“

4.2 Measurement techniques

In this section, the measurement techniques are described. This study focusses
on chemiluminescence, which is measured spectrally resolved with a spectrometer
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4 Experimental setup and measurement techniques

as well as bandpass filtered with image intensified cameras. All wavelength de-
pendent and non-linear effects of the optical measurement hardware are discussed.
The consideration of these effects is of crucial importance for measuring represen-
tative chemiluminescence signals.

The time resolved velocity of the flow is measured via Particle Image Velocime-
try (PIV). Additionally, the instantaneous flame front is measured via Planar Laser
Induced Fluorescence of the hydroxyl radical (OH-PLIF).

4.2.1 Spectrally resolved chemiluminescence

Spectrally resolved chemiluminescence measurements are acquired with an Acton
Research Cooperation imaging spectrometer SpectraPro 275. The spectrometer is
a Czerny-Turner type with in-line optical path. The focal length of the spectro-
meter is 275mm with an aperture ratio of 1:3.8. An UV camera lens (Nikkor-UV)
with a focal length of 105mm and a maximum aperture of 1:4.5 is used to project
the flame on the bilaterally adjustable slit assembly of the spectrometer. The slit
assembly is used to tailor the light of the flame projection that enters the spectro-
meter. The slit width can be adjusted between 10um and 3.0mm by an external
micrometer. It is set to 10um for all measurements in this study. The height
of the slit is 8.5mm. The focal plane of the spectrometer lies 19mm beyond the
housing, which allows for easy positioning of detection devices. The spectrome-
ter has three diffraction gratings with 150g/mm, 600g/mm, and 2400g/mm (g/mm
= grooves per millimeter). The 150g/mm grating is used to record the complete
flame spectrum with a spectral resolution of approximately 1nm in a single image.
The other gratings are used to achieve higher spectral resolution in selected sub-
ranges of the flame spectrum. The 150g/mm and 600g/mm gratings have a blaze
wavelength of 500nm and an optimum wavelength range from 330nm to 750nm.
The 2400g/mm grating is a holographic grating and has an optimum wavelength
rage from 200nm to 600nm [1].

An image intensified high speed camera, type Photron Fastcam Ultima APX I?,
is attached to the spectrometer to record the spectra. The CMOS (complementary
metal oxide semiconductor) sensor of this camera has a maximum resolution of
1024x1024 pixel at a frame rate of 2000 frames per second, and a fiber optically
coupled image intensifier. The pixel size is 17x17um? [71]. The quantum effi-
ciency of the image intensifier’s photo cathode is better than 10% between 210nm
and 550nm. Figure [4.6]shows a sketch of the spectrometer setup.
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Figure 4.6: Sketch of the spectrometer setup.

Only the spectra of first diffracted order are of interest in this study. However,
the larger wavelength of the spectrum of first diffracted order are superimposed by
the shorter wavelength of the spectrum of second diffracted order (Fig. 7). The
superposition of both spectra is recorded by the camera. Thus, the camera images
show a distorted spectrum.
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Figure 4.7: Diffraction spectrum of the spectrometer. The spectra of first and second
diffracted orders are shown as well as the superposition of these spectra which
would be recorded by the camera.

The shortest observable chemiluminescence wavelength with this setup is
275nm (Fig.[2.I). Thus, the interference of different order diffraction spectra only
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4 Experimental setup and measurement techniques

matters for wavelengths larger than 550nm. In order to reduce the intensities from
second order diffracted spectra, wavelengths larger than 550nm are measured with
a long-pass edge filter with a cut-on wavelength of 550nm. This filter removes the
intensities from second order diffracted spectra from the measured spectra.

The combination of UV-lens, grating, image intensifier, and CMOS sensor re-
sults in an unknown, wavelength dependent sensitivity of the spectrometer setup.
In order to measure reliable data, this wavelength dependent sensitivity must be
known and considered. This is achieved by a calibration. The spectrum of a halo-
gen lamp is measured and compared with the reference spectrum of the lamp.
The reference spectrum is obtained from a calibration measurement provided by
the manufacturer. From this, a wavelength dependent calibration factor can be
obtained and subsequently applied to all spectrometer measurements. Figure [4.8]
shows the reference spectrum of the calibration lamp, the measured spectrum, and
the resulting wavelength dependent calibration factor.
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Figure 4.8: Reference and measured emission spectra of the calibration lamp. Additionally,
the resulting wavelength dependent calibration factor is shown.

A typical measured spectrum is an image recorded by the camera. The exact
wavelengths corresponding to the pixels of the image are obtained by an additional
calibration measurement. For this, the spectrum of a mercury arc lamp is measured
(Fig.£9).

Since the exact wavelength of the mercury emission lines are known, the pixel-
scale of the images can be converted to a nm-scale. In Tab. 1] the pixel count of
the identified mercury lines and the corresponding wavelengths for the spectrum
shown in Fig. 9] are specified. The wavelengths are taken from McLennan et al.
[60] and Sansonetti et al. [[77].
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Figure 4.9: Spectrum of the mercury lamp used for wavelength calibration.

pixel count [-] [ wavelength [nm] [ reference [
105 296.7282 Sansonetti et al. [77]
125 302.1503 Sansonetti et al. [77]]
163 312.9691 Sansonetti et al. [[77]
239 334.1485 Sansonetti et al. [[77]
353 365.7793 Sansonetti et al. [77]]
495 406.2201 Sansonetti et al. [77]]
609 435.8334 Sansonetti et al. [77]
675 456.324 McLennan et al. [60]]
863 506.61 McLennan et al. [60]]
1011 546.0749 Sansonetti et al. [77]

Table 4.1: Pixel count of the identified mercury lines with their corresponding wavelength
[60L77]).

The resulting conversion rule to obtain the nm-scale from the pixel-scale of the
image is shown in Fig. 10|
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Figure 4.10: Conversion rule of pixel-scale and nm-scale of the spectrometer measurements.

4.2.2 Bandpass filtered chemiluminescence

Bandpass filtered chemiluminescence signals are detected with two Photron Fast-
cam ultima APX I? high speed cameras with fiber optically coupled image intensi-
fiers and silica glass camera lenses. The Cerco Sodern lenses have a focal a length
of 45mm and a maximum aperture of 1:1.8. The resolution of the CMOS sensor of
the cameras is 1024x1024 pixels for frame rates up to 2000 frames per second. The
wavelength dependent quantum efficiency of the image intensifiers is provided by
the manufacturer and considered in all measurements. Three bandpass filters are

used in this study for chemiluminescence measurements:

* The chemiluminescence of the Av = 0 transition of OH* with superimposed
COj} background is measured with an interference filter with a maximum
transmission of 16.57% at 309.65nm and a full width at half maximum

(FWHM) of 10.2nm.

* Chemiluminescence of CH* with superimposed CO; background emissions
is measured with an interference filter with a maximum transmission of

48.63% at 431.39nm and a FWHM of 10.6nm.

e A third interference filter with a maximum transmission of 68.18% at
456.42nm and a FWHM of 2.4nm is used. This filter transmits in a wave-
length range in which only COj is emitting chemiluminescence.
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4.2 Measurement techniques

The two cameras are used simultaneously, positioned on opposite sides of the
flame facing each other to record two chemiluminescence signals at the same
time. One camera is running at a frame rate of 1kHz and acting as the master
camera. The slave camera is synchronized to the master camera. The external trig-
ger signal, which is set manually by the user, is passed from the master camera to
the slave camera. Additionally, an external frequency generator, running at 125Hz,
is used to mark every eighth frame. This marking function is a special feature of
the cameras and is used to check the synchronization of the cameras. Figure @.11]
shows a sketch of the camera setup.

frequency generator

slave camera -
marker signal

L 125Hz
ext.
trigger

marker signal
125Hz

o—— flame

master camera

burner nozzle

synchronisation signal
1kHz

Figure 4.11: The setup of the two chemiluminescence cameras.

For a simultaneous measurement of two different chemiluminescence signals,
the image intensifiers of the two cameras are typically operated with different am-

2 OH* and CH* are measured one after each other. In Sec.mit will be shown that in order to obtain
a representative measurement signal for OH* or CH*, the chemiluminescence in the wavelength range
of the radical must be measured simultaneously with the chemiluminescence at around 456nm. Since
only two cameras are available in this study, two measurements in succession are necessary to obtain
the chemiluminescence of OH* and CH*. All details of the data acquisition and evaluation procedure
are given in Sec.m
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4 Experimental setup and measurement techniques

plification factors (gain settings). This is done because the chemiluminescence
signals have different intensities in the two observed wavelength ranges. Although
the cameras and image intensifiers are technically identical, the quantum efficiency
of the two image intensifiers is not, due to the different deterioration states of the
intensifiers because of their different ages. To account for this effect, a calibration
measurement is done. Both cameras are positioned opposite to each other at iden-
tical distance from the burner axis. On the burner axis a light emitting diode is
placed and recorded with both cameras at all image intensifier gain settings. The
exposure time of the CMOS sensor is gated to get a constant camera signal for all
gain settings. Since the light emission of the LED is constant, the gain dependent
quantum efficiencies of the image intensifiers can be determined and considered
in the measurements of the flame chemiluminescence. This is necessary to get
quantitatively comparable intensities from simultaneous measurements with two
cameras. Figure[f.12] shows the intensities recorded by the two cameras as a func-
tion of the image intensifier gain setting.
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Figure 4.12: Quantum efficiencies of the cameras as a function of the image intensifier gain
setting.

Chemiluminescence measurements are always line-of-sight integrated because
of the low optical density of the flame. As a consequence, there is no spatial infor-
mation normal to the camera detection plane. However, in case of time-averaged
rotationally symmetric flames, such as the flames investigated in this study, the
local time-averaged intensity in the flame mid-plane can be reconstructed from
a time-averaged measurement using a deconvolution algorithm [22]. Absorption
of chemiluminescence within the flame is not considered, as it was shown to be
negligible in atmospheric flames [13143].
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Additionally, the non-linear response of the CMOS sensor to the incident light
intensity has to be considered in all camera measurements. The firmware of the
camera automatically applies a gamma correction factor of 0.7 to all recorded im-
ages. Therefore, a gamma correction of 1.3 is applied to all images in the post
processing. After this correction, the intensities shown by the chemiluminescence
images scale linearly with the incident light intensity.

4.2.3 Velocity

The velocity field of the reacting flow is measured with Particle Image Velocimetry
(PIV). Only a brief overview on this measurement technique is presented here,
details are given by e.g. Raffel et al. [74]. The measurement setup is shown in
Fig. To capture the motion of the fluid, the flow is seeded with a tracer.
This idea is based on experiments of Ludwig Prandtl in 1904, who used a dye to
visualize the flow of water. The tracer can consist of particles added to the flow or
particles contained in the fluid such as, for instance, bubbles in a two-phase flow.
However, care must be taken to choose appropriate tracer particles, because the
particles must closely follow the flow without any time lag in order to get reliable
information about the fluid motion.

The particles are illuminated with two laser pulses to visualize and capture the
tracer motion with a camera recording the light scattered by the particles. The laser
beam is widened into a light sheet with appropriate optics to illuminate a plane of
the flow field. The camera is positioned perpendicular to the light sheet to capture
the undistorted, planar distribution of the tracer particles in a two-dimensional
cross section of the flow field. The velocity of the flow field is then reconstructed
from the particle distribution of two consecutive images by a statistical analysis:
A cross correlation of the particle distribution of the two images gives the local
displacements of the particles A5(¥). The local velocity of the particles - and of
the flow - is calculated from the displacement vector and the time A¢ between two
laser pulses:

(%) = Ai(f 4.1)

N2

PIV is a laser optical measurement technique which does not require the place-
ment of probes within the measurement volume. Thus, it is non-invasive and can
provide velocity data also from high temperature flows like flames, where probes

61



4 Experimental setup and measurement techniques

double pulse laser

light sheet optics

PIV light sheet\ \ ~

N,

.’/Tioz seeded flame

burner nozzle - high speed camera

Figure 4.13: Setup of the Particle Image Velocimetry measurement.

might be destroyed by the heat. PIV is capable of providing instantaneous ve-
locity information of a complete two-dimensional cross section of the flow field
with a single measurement. This makes PIV well suited for flows with large scale
structures like turbulent flames.

The laser system used in this study is a high repetition rate NewWave Pegasus
double cavity laser. This frequency doubled neodymium-doped yttrium lithium
fluoride (Nd: YLF) laser emits at 527nm with 10mJ per pulse. The pulse width is
110ns, with a repetition rate of the double pulses of 1kHz. The illuminated height
of the flow field is four burner exit diameters. Depending on the maximum flow
Velocgty, the time delay between the two laser pulses is adjusted between 15us and
30us’.

The detection camera is a Photron FASTCAM-ultima APX high speed CMOS
camera. The camera has a maximum resolution of 1024x1024 pixel (dynamic
range 10bit) at frame rates up to of 2kHz. The camera has 2.6GB memory, which
is sufficient to record 1s at a frame rate of 2kHz and maximum resolution. Camera

3 Guidelines on how to choose the appropriate time delay between the laser pulses are given by Raffel
etal. [74].
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and laser system are synchronized and triggered by an external synchronization
unit. The trigger scheme is shown in Fig. [F.14]
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Figure 4.14: Timing of the PIV system. The lasers are running at a repetition rate of 1kHz,
the camera at 2kHz. The time delay between the single frames is 8us, between
the two laser pulses 20us.

The laser pulses of the first cavity are triggered at the end of odd-numbered
frames, the pulses of the second cavity at the beginning of even-numbered frames.
The time delay between the laser pulses is chosen short enough in order to be able
to analyze particle motion with the cross correlation method even for high flow
velocities.

The camera is running at a frame rate of 2kHz to obtain velocity fields every
1ms. The camera uses an 85mm focal length lens with a maximum aperture of
1:1.4. The aperture was closed to 1:5.6 during the experiments to increase the
depth of focus. To reduce disturbing signals from the chemiluminescence of the
flame, an interference filter with a center wavelength of 532nm is used. The ma-
ximum transmission of the filter is 90%, the FWHM is 20.2nm. The transmittance
at the wavelength of the laser (527nm) is approximately 77%.

Titanium dioxide (TiO,) particles with 0.3um diameter are used as tracer parti-
cles. The particles are admixed to the air-fuel mixture in the plenum and follow the
flow without any relevant time lag [47]. The high temperature resistance of TiO;
allows to measure the velocity field of stoichiometric flames. Moreover, TiO, is
non-toxic and can be released to the environment without aftertreatment of the
exhaust gases.
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4.2.4 Flame front

In order to track the instationary flame front, planar laser induced fluorescence of
the hydroxyl radical (OH-PLIF) is used. The hydroxyl radical is an intermediate
product of combustion and shows a sudden increase in its concentration in the
reaction zone. The boundary between burnt and unburnt gases can be detected
from the largest gradient of the hydroxyl radical concentration [23]]. To visualize
the hydroxyl concentration the radicals are excited from ground state to the first
electronically excited state with a narrow band laser. The excited radicals are
subject to the same energy transfer processes discussed in Sec. m Flgure@
shows schematically the laser induced excitation process of the

AZxt (v/ = 1) transition and the subsequent energy transfer processes.

rotational vibrational
energy energy
transfer  transfer

, = ~
Ayt D ~ \
v'=0 7

AN N\
N\

N\
@@ \quenching
@Ognm

X211,

Figure 4.15: Schematic of the energy transfer processes of Laser Induced Fluorescence.

For the excitation of the radicals a frequency doubled Lambda Physik Scanmate 1
dye laser, pumped with a Lambda Physik Starline neodymium-doped yttrium alu-
minum garnet (Nd:YAG) laser is used. The frequency doubled pump laser
(532nm) is operated at a repetition rate of 1kHz. The pulse energy is SmJ,
the pulse duration 10ns. The pumped dye is Rhodamin 6G, which has a high
absorption between 510nm and 550nm and emits broadband between 555nm
and 585nm with a quantum conversion rate of approximately 32% [11]. The
dye laser selects the 565.850nm line from the emission spectrum and converts
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it to 282.925nm by a second harmonic generator to excite the Q;(6) line of
the X2IT;(v/ = 0) — A2ZT (v = 1) transition. This excitation wavelength was
empirically determined to be most suitable within this study [91]. The pulse
energy after frequency shift and doubling (532nm — 565.850nm — 282.925nm)
is approximately 100uJ. The UV-laser beam is then widened with a light sheet
optics to illuminate a planar section of the flow field. The height of the light sheet
is four times the diameter of the burner exit. Figure f.16] shows a sketch of the
experimental setup.
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Figure 4.16: Setup of the planar Laser Induced Fluorescence measurement of OH radicals.

Due to the vibrational energy transfer processes within the excited state, the
laser excited OH radicals predominantly emit light around 309nm. The detection
camera is identical to that used in the the chemiluminescence setup and it is syn-
chronized with the diodes of the pump laser with a delay of 204.2us. To separate
the laser induced fluorescence from the laser light, a bandpass filter BrightLine
HV 320/40 is used. This filter is transmitting light with 320£20nm at an average
transmission rate of 76%. Since this filter is also transmitting chemiluminescence,
the separation of laser induced fluorescence and chemiluminescence is achieved
by a short gating of the image intensifier. The gate time is 200ns. In this way it
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4 Experimental setup and measurement techniques

is achieved that the very short but high intensity laser induced fluorescence is not
superimposed by the low intensity but continuous chemiluminescence signal.

4.3 Data evaluation procedures

4.3.1 Spectrometer measurements

The spectral characteristics of the different chemiluminescence species and the
equivalence ratio dependence of the intensities are evaluated using the spectro-
meter measurements. For this measurements, the flame is confined with a quartz
cylinder with an inner diameter of 158mm to avoid entrainment of ambient air and,
as a consequence, to have a flame with no equivalence ratio gradients. For each
measurement, 2048 spectra with an exposure time of 1ms are averaged to reduce
the noise of the image intensified camera. The thermal power of the flame is set
to 60kW. Flame spectra of eight equivalence ratios, ranging from 1.11 to 0.63, are
recorded.

The broadband CO3 emissions are fitted with a 5th order polynomial. The poly-
nomial is found to be self similar for all investigated equivalence ratios. Also, the
shape of the X?IT; — A2Z+(Av = 0) OH* transition and X2IT — AZA(Av = 0)
CH* transition are approximately self similar in the investigated equivalence ratio
range*. Figure shows the comparison of a model spectrum constructed from
the self similar functions and a measured spectrum.

The equivalence ratio dependent ratio of OH* and CH* intensities also is ob-
tained from the spectrometer measurements. The Av = 0 transition of OH* and
CH* around 309nm and 43 1nm are spectrally integrated and the ratio of the inten-
sities is calculated. It is found that the OH*/CH* ratio has a monotonic dependence
on equivalence ratio within the investigated equivalence ratio range (Fig. [F.18).
This is in accordance with results published by, for instance, Haber [31]], Panout-
sos et al. [[63]], and Guyot et al. [30] (Sec. . The OH*/CH* ratio increases by
more than a factor of ten when doubling the equivalence ratio. As noted in Sec.
2.2.4] this makes the OH*/CH" ratio a very robust measure for the equivalence
ratio.

4 The shapes of the radical transitions change slightly with flame temperature due to the temperature
dependent population of the different rotational states. However, the changes are small within the
temperature range investigated in this study and can be neglected.
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Figure 4.17: Comparison of a model spectrum, constructed from the determined self simi-
lar functions for OH*, CH*, and CO3 chemiluminescence with the measured
spectrum of a lean methane-air flame.
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Figure 4.18: The dependence of the OH*/CH* chemiluminescence ratio on the equivalence
ratio.

4.3.2 Bandpass filtered chemiluminescence and local equivalence ratio
As discussed in Sec.[2.3.1]and Sec.[2.3.2] a bandpass filtered measurement in the

wavelength range of OH* or CH* is not representative for the number of elec-
tronically excited radicals. Each measurement signal contains a certain amount of
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COj chemiluminescence. In addition, not the complete chemiluminescence band
is transmitted by typical bandpass filters. This is illustrated in Fig.[#.19] The figure
shows a typical chemiluminescence spectrum with narrowband emissions from the
radicals superimposed by the broadband emissions from CO3. The signals to be
obtained from the measurements and the transmission curves of the used bandpass
filters are also shown.
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Figure 4.19: Typical chemiluminescence spectrum of an atmospheric turbulent methane-air
flame. The dashed line is an approximation for the broadband emission from
COj3. The highlighted areas represent signals of interest from OH* and CH*.
Additionally, the transmission curves of the used bandpass filters are shown.

The chemiluminescence from COj} and the radicals can be written as the pro-
duct of self-similar functions described in Sec. [#3.1] and specific proportionality
constants. The bandpass filtered measurement signal of OH* can be written as:

SBP,310nm = /((COH* Fon (A) + Cco; Feo; (1)) T131>,310nm()v)>d7L 4.2
0

Here, Sgp31onm denotes the bandpass filtered measurement signal at around
310nm and Tgp 310nm (A ) the corresponding bandpass filter transmittance. F(A)
denotes approximation of OH* and CO; with self-similar functions, and C the
corresponding proportionality factors. A is the wavelength.

The self-similar functions F(A) are obtained from the spectrometer measure-
ments described before, the bandpass filter transmittance 7(4) is provided by the
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manufacturer. The proportionality factors Coy+ and Cco; have to be calculated.
Ccoy can be obtained from a second bandpass filtered measurement in a wave-
length range in which only COj is emitting light. Such wavelength ranges can
be found between the a’I1;(v' = 0) «— d°I, (V' = 2) and the @’IT,(V/ = 2) «
d3Hg(v" = 3) transitions of C} at 438nm and 476nm. A bandpass filtered mea-
surement at around 456 nm can be written as:

SBP 456nm = / Ccos Fcoy (A) Tap 4senm () dA (4.3)
0

Ccoj; can be obtained from this second measurement signal by solving Eq. @
numerically. The constant Coy+ can then be calculated from Eq. (#.2). The OH

chemiluminescence intensity igy+ is given by:

iow = [ Conr Fonr (1) d2 @4
0

In order to obtain the necessary measurement data to calculate the chemilumi-
nescence intensity of OH*, bandpass filtered signals around 310nm and 456nm
are recorded simultaneously as described in Sec.[d.2.2] For each pixel of each im-
age pair, the instantaneous OH* chemiluminescence of the flame is calculated. For
every measurement 2048 of such image pairs are captured. The resulting OH* che-
miluminescence intensities are averaged and deconvoluted to obtain the spatially
resolved OH* intensities in the flame mid-plane [22].

The described data evaluation procedure is a non-linear operation. Thus, it is
important that the procedure is applied to instantaneous - i.e. non averaged - mea-
surement data, since the chemiluminescence intensities are fluctuating due to the
turbulent character of the flame. The application of the procedure to time-averaged
measurement data would lead to an erroneous result. As a consequence, it is neces-
sary that the chemiluminescence signals at around 310nm and 456nm are captured
simultaneously”.

5 Due to the line-of-sight character of chemiluminescence measurements, instantaneous measurement
signals only represent the intensities integrated spatially in direction perpendicular to the camera de-
tection plane (Sec. . Thus, even by application of the presented data evaluation procedure to
instantaneous measurement signals, a certain error is made. Since a three-dimensionally spatially
resolved measurement of chemiluminescence is not possible in general, this error cannot be avoided.
However, the presented data evaluation procedure is the best available approximation for a represen-
tative OH* measurement and minimizes all error sources as far as possible.
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The chemiluminescence from CH* is measured and calculated analogously after
the OH* measurement. These intensities are representative measures for the time-
averaged number of electronically excited OH* and CH* radicals in the flame mid-
plane. The necessity for this complex measurement and data evaluation procedure
becomes obvious by comparing bandpass filtered chemiluminescence signals with
intensities measured according to the procedure presented here (Sec.[5.3.2).

Additionally, the ratio of the OH* and CH* intensities in the flame mid-plane
is calculated and the local, two-dimensional spatially resolved equivalence ratio in
the flame mid-plane is obtained from the calibration curve shown in Fig.

4.3.3 Time resolved velocities and turbulent flow properties

The image pairs recorded by the PIV camera are analyzed with the commercial
software VidPIV 4.6 by ILA [42]. A four-step adaptive cross-correlation with an
8x8 pixel interrogation area size and 4 pixel separation is applied. This results in
259x259 instantaneous velocity vectors with a spatial resolution of approximately
1 mm. For each operation point, 1024 image pairs are analyzed. From these data,
the macroscopic turbulence properties of the reacting flow can be calculated, i.e.
the spatially resolved rms value of the turbulent velocity fluctuation u] . (Eq.
(3-2)) and the integral length scale of turbulence I; (Eq. (3.4)). ,

However, calculation of the turbulent length scale from Eq. (3:4) is problematic,
because the spatial resolution of the velocity measurement is similar to the integral
length scale. Thus, integration of Eq. (3.4) based on experimental data would
result in great uncertainties. This problem can be solved by using an analytical
expression for the normalized two-point correlation instead [37]:

Ru,-ui(z:ri) _ _r Ti ’
m exp< 2 (lt()_c')) ) 4.5)

The integral length scale can be determined reliably by fitting the experimental
data with this exponential function with /;(X) as the only free parameter. Figure
[£:20] shows a measured two-point correlation with the corresponding fit and the
integral length scale of turbulence determined with this approach.

A direct determination of the Taylor length scale from PIV data is not possible.
The spatial resolution of the PIV measurement is too low to determine the slope
and curvature of the two-point correlation function accurately enough. Thus, the
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Figure 4.20: Measured two-point correlation fitted with the exponential function defined in
Eq. @) and the integral length scale /;. The integral length scale of 1.49 mm
is determined reliably from velocity vectors with 0.64 mm spatial separation.

Taylor length scale is estimated from the integral length scale based on previous
studies found in literature and outlined in the next paragraph:

In 1935 Taylor [82] investigated grid generated turbulence. With Constant Tem-
perature Anemometer (CTA) measurements he obtained the relation /) ~ 0.5/;.
Girimaji and Pope [28] obtained the integral length scale and the Taylor length
scale from direct numerical simulation (DNS) of isotropic turbulence. They deter-
mined a range from /), = 0.33/; to [; = 0.5/, depending on the Reynolds-number
of the turbulent flow. Steinberg and Driscoll [79] characterized the Taylor length
scale with laser doppler velocimetry (LDV) in 2009 and obtained [; ~ 0.63/;.
Based on the above results, the Taylor length scale is approximated with /; =0.5/;
in this study.

4.3.4 Flame front detection and reaction progress of combustion

The instantaneous flame front is determined from the LIF images by detecting the
steepest gradient in the OH concentration field [23]]. The used flame front detection
algorithm follows closely the algorithms of Winkler [91]] and Konle [48]. Thus,
only a brief outline of the algorithm is given here. Details can be found in both
references.
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Figure 4.21: Example for the flame front detection procedure. The left image is a raw im-
age captured with the LIF camera. In the middle an enhanced image after the
correction of the Gaussian laser beam profile and the divergent light sheet is
shown. On the right side the mask of the flame obtained by applying threshold
criteria to the enhanced image is shown. In the original and enhanced images
the detected flame front is shown as a white line.

The images are processed with a radial averaging filter with a radius of five pixel
to reduce the noise from the image intensifier. The image intensity is adjusted
to account for the Gaussian intensity profile of the laser beam and the intensity
drop in radial direction of the flame due to a divergent light sheet. Then, a local
threshold algorithm is used to create a bit mask of the flame from the images with /
indicating burnt gases and 0 unburnt mixture. The contour of the binarized image
is the boundary between burnt and unburnt gases and corresponds to the flame
front (Fig. .2T). For each operation point, 2048 LIF images are evaluated. The
resulting bit masks are averaged to obtain the time-averaged reaction progress of
combustion c. ¢ can be interpreted as a dimensionless temperature of an adiabatic
flame [85]]:

c= T— Tunbumt (4.6)

Tad — Tunburnt

Here, T is the temperature, 7,4 the adiabatic flame temperature, and Tynpurnt
the temperature of the unburnt mixture. For the unconfined flames with equiva-
lence ratio gradients investigated in this study, the local flame temperature can
also be calculated from the reaction progress of combustion. In this case the local
equivalence ratio, which is measured via the two-dimensionally spatially resolved
OH*/CH* chemiluminescence ratio in the flame mid-plane, has to be taken into
account in order to obtain the local, equivalence ratio dependent adiabatic flame
temperature:
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T(c, ¢) = c(Tad(9) — Tunburnt) + Tunburnt 4.7

The adiabatic flame temperature 7,4 can be obtained from literature, e.g. Turns
[I85]], as function of the local equivalence ratio. Thus, the measured reaction
progress of combustion can be used to determine the local time-averaged tem-
perature of the flame. Further details on the relevance of the reaction progress of
combustion are given, for instance, by Turns [85]].
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5 Heat release rate measurements

In the last chapter all relevant measurement techniques and data evaluation proce-
dures were introduced. In particular, a method to obtain representative chemilu-
minescence measurements was presented. With this chemiluminescence measure-
ment method and a precise heat release rate measurement procedure, which is in-
troduced in this chapter and used as a reference, it is investigated what information
on the turbulent flame heat release rate can be obtained from chemiluminescence.

The measurement and data evaluation procedure introduced in this chapter is ca-
pable of determining the local heat release rate of the flame quantitatively. Based
on the first law of thermodynamics, this technique assumes that the local net heat
release rate of the flame is balanced by the increase of the fluid’s sensible enthalpy
due to combustion. For evaluation of this energy balance, measurement data from
chemiluminescence, PIV, and OH-PLIF are required. Due to the complexity of this
reference method in terms of experimental effort, it is hardly applicable to experi-
mental setups close to technical application. However, the technique is capable of
providing the quantitative heat release rate of the laboratory flames investigated in
this study and thus can be used to validate chemiluminescence.

Firstly, the theoretical background of the heat release measurement technique
is given. Since the required experimental input parameters cannot be acquired si-
multaneously, the procedure is based on time-averaged quantities. Secondly, the
results of the reference technique are discussed and checked for plausibility. In the
last section, the obtained heat release distributions are compared with chemilumi-
nescence distributions and the applicability of chemiluminescence measurements
to characterization of the local heat release rate of turbulent flames is discussed.

5.1 Theoretical background

The flame in this study can be described as an open, stationary system with con-
stant pressure and reaction (Fig. [5.1).
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Figure 5.1: Energy balance of a finite flame volume. Heat losses are negligible in this study
[54]. The heat release rate of the flame Qg is balanced with the enthalpy of
combustion mAh%.

For such a system the first law of thermodynamics reads:

01 = 0 =it (hout — hin) (5.1

Here, Q; denotes the heat losses of the flame, which are negligible in this study
[54], 2 the mass flow over the system boundaries, and % the specific enthalpy. The
mass flow at the inlet boundary has the temperature T;;,, the mass flow at the outlet
boundary the temperature 7'. ritj, and ritgy; are identical.

The enthalpies / can be calculated from the enthalpies 49 at defined temperature
Ty and the temperature integral of the isobaric heat capacities c):

T T;n
0=r | hO,+ / ¢p.out(T)dT — b — / Cp.in(T)dT (5.2)
To To
with
WOy —h0 = —ARY (5.3)
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Ah% is the specific enthalpy of the reaction and corresponds to the specific heat
release rate due to combustion Qg /rir. Substitution of Eq. (5.3) in Eq. (5.2) gives:

Or = AR
T T,
— / cprou(T)dT — / ¢pin(T)dT (5.4)
Iy To

=i ((cp,ou) (T —Tp) — (cp.in) (Tn — To))

The reference temperature is set as the temperature at the inlet boundary:

Ty =Ty (5.5)

This simplifies Eq. (5.4):

QR :m<cp,0ul> (T_Tin) (5.6)

The mass flow can be expressed as the product of fluid velocity u, fluid density
p, and the boundary area A:

QR:pA”<Cp,0ut> (T_Tin) (57)
For an infinitely small volume, the heat release rate Qr can be written as the

product of the volumetric heat release rate ¢pe¢ and a differential volume 4V, and
the temperature difference T — T;;, as a differential temperature increment d7':

GnetdV = pAu(cp ou)dT (5.8)
Equation (3.8) can be interpreted as an energy balance between the increase in
the fluid’s sensible enthalpy due to the chemical reaction and the net heat release

rate of the flame. For a constant boundary area A, the differential volume dV can
be written as:

dV =Adx (5.9)
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Furthermore, in an infinitely thin volume the density p, the heat capacity
(c,,_,out>, and the velocity u can be approximated as constants. Substitution of Eq.

(B9) in Eq. (3:8) gives:

T
gnet = P <Cp7out> u— (5.10)

dx
A similar equation was derived by Boineau et al. from a simplified energy equa-
tion in the context of combustion noise studies [9]. Equation (5.10) describes an
one-dimensional problem. Since the flow is not one-dimensional in the present
study, the gradient of the temperature in direction of the flow has to be considered:

dnet = P (cp.ou)ii- VT (5.11)

The density and the heat capacity of the fluid are functions of the fluid itself,
which can be described by the equivalence ratio ¢ and the time averaged reaction
progress of combustion c¢. Since the flame is described on a time-averaged basis,
the progress variable c is necessary to take partial combustion into account. The
temperature of the fluid can be estimated from the adiabatic flame temperature
which is derived from Chemkin calculations [45] as a function of the local equi-
valence ratio. Again the time-averaged reaction progress variable is used to take
partial combustion into account (Eq.[.7]in Sec. @-3-4):

T(¢7C) = Tunburnt +¢ (Tad((P) - Tunburm) (5.12)

Tonburnt 1 the temperature of the unburnt mixture, which is identical to the am-
bient air temperature'. The volumetric heat release rate of the flame is calculated
as:

Gnet = p(¢,¢) <Cp,0ut(¢7c)>ﬁ’§T(¢ac) (5.13)

The required input parameters for Eq. (5.13) are the equivalence ratio, the reac-
tion progress of combustion, and the flow velocity. These quantities are obtained
from the measurement techniques and data evaluation described in Sec. [£.2] and
Sec. 3] Figure [5.2) shows a simplified schematic of the presented heat release
rate measurement technique.

1 The derived equations are explicitly applicable to the flames investigated in this study with entrainment
of ambient air and equivalence ratio gradients.
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Figure 5.2: Simplified schematic of the presented heat release rate measurement technique.

5.2 Results and plausibility check

As an example for all investigated equivalence ratios, Fig. [5.3| shows the heat re-
lease rate in the flame mid plane of the ¢ = 0.91 operating point.

5.2.1 Integral heat release rate

As a first plausibility check of the reference technique, the obtained heat release
rates are spatially integrated. Then, the integral heat release of the flames is com-
pared to the heat release expected for the given fuel-flow rate (Fig. [5.4). The
integral heat release of the ¢ = 1.11 operation point matches the expected value of
60kW well. However, with decreasing equivalence ratio a decreasing integral heat
release is observed, despite the constant fuel mass flow.

This can be explained with the entrainment of ambient air in the flame. As
shown in Sec.[£.] the dilution of the mixture starts to affect the flame at about 0.5D
downstream of the burner nozzle. Starting at this distance, the equivalence ratio
decreases with increasing axial distance. As a consequence, the ignition condition
of the mixture degrades strongly with increasing distance from the burner exit. In
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Figure 5.3: Time averaged heat release rate in the flame mid-plane of the ¢ = 0.91 operation
point.

the shear layer between the swirled flow and the ambient air an increasing fraction
of the mixture is not burnt because of the intense dilution with ambient air. Due to
the radial distance to the burner axis, the unburnt mixture cannot be recirculated,
resulting in a decreasing integral heat release.

This effect was also shown by Hoffmann in 1994 [38]]. Hoffmann measured
the species concentration profiles in turbulent, swirl stabilized, unconfined flames
which are comparable to the flames investigated in this study (Fig. [5.3). Hoff-
mann showed that due to entrainment of ambient air the local equivalence ratio
of the flame is already influenced directly downstream of the burner exit. Start-
ing at axial distances x/D > 0.5, the mixture fraction of CH4 does not reach its
undiluted value anymore. Especially in the outer regions of the swirled flow, the
lower flammability limit of the mixture is exceeded or the intense dilution of the
mixture with ambient air quenches the reaction. Hoffmann’s measurements show
that in premixed, swirl stabilized, unconfined flames, the fuel is not completely
burnt, even for mixtures with near stoichiometric equivalence ratios [38].
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Figure 5.4: Integral heat release rates of the flames. The integral heat release rate decreases
with decreasing equivalence ratio, despite a constant fuel mass flow.
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Figure 5.5: Mole fraction profiles of CHy in different horizontal planes of the flame investi-

gated by Hoffmann [38]]. The swirl number of Hoffmann’s burner is 0.8, slightly
higher than the swirl number of the burner investigated in this study.

The quenching of combustion in the shear layers can also be seen in the spa-
tial distribution of the time averaged reaction progress of combustion (Fig. [5.6).
Close to the burner exit the flame is not influenced by the air entrainment. Further
downstream, the reaction is increasingly quenched in the shear layers for leaner
equivalence ratios. This can be seen in the smaller flame surface of the leaner
flames.
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Figure 5.6: Time averaged reaction progress of combustion for burner equivalence ratios of
1.11, 0.83, and 0.63. With decreasing burner equivalence ratio an increasing frac-
tion of the mixture in the shear layer between the swirled flow and the ambient
air is not burnt.

5.2.2 Axial heat release rate profiles

In this subsection, the axial heat release rate profiles are discussed and checked
for plausibility. Figure[5.7]shows the profiles of the eight investigated equivalence
ratios. In this figure three different regimes can be seen:

¢ For a rich flame (¢ = 1.11) the heat release profile is shifted downstream
compared with stoichiometric and lean flames. Because of the rich mixture,
additional air has to be transported into the flame to reach favorable ignition
conditions. This results in a lower heat release near the burner exit.

* For ¢ =1.0to ¢ =0.71 the flames show an identical heat release rate up to
an axial distance of 0.5D downstream of the burner nozzle. Further down-
stream the heat release distribution is lower for smaller equivalence ratios
due to the increased fraction of unburnt fuel.

* The ¢ =0.67 and ¢ = 0.63 flames, which are close to the lean blow-off
limit of the burner, show lower heat release rates near the burner exit. This
is an indicator for these flames not being properly stabilized any more.

Especially the heat release rates obtained close to the burner exit for the properly
stabilized ¢ = 0.71 to ¢ = 1.0 flames are in very good agreement with theoretical
expectations: The heat release rate is proportional to the volumetric fuel mass flow,
which was kept constant for all investigated operation points and is therefore no
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Figure 5.7: Axial heat release profiles of the investigated flames.

function of the equivalence ratio of the undiluted mixture. The determination of
identical heat release rates for axial distances up to 0.5D, which is the region of
steepest gradients in the flame, clearly demonstrates the potential of the reference
technique. At axial distances x/D > 0.5 the dilution of the mixture due to ambient
air entrainment becomes increasingly important and the heat release rate decreases
as shown by Hoffmann [38]]. As can be seen in Fig. |31|, there is no heat release at
axial distances larger than three burner nozzle diameters.

It can be concluded that the results obtained with the reference technique are
reasonable and in good agreement with theoretical expectations and previous stud-
ies. Furthermore, the reference method is capable of measuring the heat release
rate quantitatively. This is a milestone compared to measurement techniques like
heat release imaging which are purely qualitative. Therefore, it can be concluded
that the reference technique can be used to assess the applicability of chemilumi-
nescence measurements as an indication for heat release rate.
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5.3 Comparison with chemiluminescence

In this section a comparison of chemiluminescence and heat release rate is pre-
sented. The influence of the CO3 contribution in bandpass filtered signals is also
shown by comparing bandpass filtered chemiluminescence with chemilumines-
cence measured as described in Sec. 23]and the data evaluation described in Sec.
4.3.2

5.3.1 Comparison of integral chemiluminescence and heat release rate

In Fig. [5.8]the normalized integral values of heat release and chemiluminescence
intensities are shown. The solid lines show the heat release rate and bandpass fil-
tered chemiluminescence data, the dashed lines show representative measurements
for the number of OH* and CH* radicals.
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Figure 5.8: Comparison of the integral chemiluminescence intensities and the heat release
of the flame. The solid lines show the heat release rate and bandpass filtered
chemiluminescence data, the dashed lines show representative measurements for
the number of OH* and CH* radicals. All variables are normalized by their
maximum value.

It can be seen from Fig.[5.8]that all investigated chemiluminescence signals and
the heat release rate are monotonically decreasing with decreasing burner equi-
valence ratio. However, the characteristics of the chemiluminescence signals are
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more complex than those of the heat release rate: While the slope of the heat
release rate curve is monotonically decreasing with increasing equivalence ratio,
the slopes of the chemiluminescence curves increase at first and then decrease
with increasing equivalence ratio with an inflection point in between. This can
be explained with the fact that for the flames investigated in this study a change
of the equivalence ratio also changes the integral heat release of the flame (Sec.
[5:2:1). Thus, the effects from the change of the equivalence ratio and from the
simultaneously changing integral heat release on chemiluminescence intensity in-
terfere with each other. This results in the observed complex characteristics. As
a consequence, no direct proportionality between any chemiluminescence signal
and the heat release can be observed. However, with an empirically determined
calibration, an integral chemiluminescence signal can be correlated with the inte-
gral heat release rate. It can also be seen from Fig. that the COJ contributions
in bandpass filtered measurements have little influence on the curves of integral
chemiluminescence intensities.

5.3.2 Comparison of axial profiles

Figure [5.9] shows the axial profiles of the chemiluminescence intensities and the
heat release rate for the ¢ = 0.83 operation point. The main characteristics of these
profiles and the conclusions drawn for this equivalence ratio are identical for all
equivalence ratios investigated in this study. Therefore, only the ¢ = 0.83 plot is
shown here. The corresponding plots of the other equivalence ratios can be found

in the Appendix (Fig.[A]to Fig.[A).

The influence of the CO; contribution in the bandpass filtered signals can be
seen clearly from the normalized chemiluminescence profiles: Close to the burner
exit (x/D < 0.5) and at axial distances x/D > 3.0 the CO} contribution strongly
distorts the shape of the chemiluminescence intensities in the bandpass filtered
measurements. The relative CO; contribution in the bandpass filtered signals at
axial distances x/D < 0.5 and x/D > 3.0 is higher than at axial distances be-
tween 0.5 < x/D < 3.0. Close to the burner exit and at high axial distances almost
the complete bandpass filtered signals consists of CO3 chemiluminescence. As
a consequence, substantial errors are introduced when bandpass filtered chemilu-
minescence signals are interpreted as a representative measure for the number of
electronically excited radicals.

The CO; contribution corrected CH* signal is the best approximation of the heat
release distribution, even though a significant downstream shift remains. However,
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Figure 5.9: Comparison of the axial chemiluminescence profiles of bandpass filtered and
COj contribution corrected OH* and CH* with the heat release profile of the
flame. The solid lines show the heat release rate and bandpass filtered chemi-
luminescence data, the dashed lines show representative measurements for the
number of OH* and CH* radicals

this observation cannot be generalized, as this effect is caused by the ambient air
entrainment into the flame: CH* chemiluminescence exhibits a stronger sensitiv-
ity on the equivalence ratio than OH* with lower intensities for leaner equivalence
ratios?. Thus, the equivalence ratio gradient in the flame causes the lower intense
CH* signal at axial distances x/D > 1.5 compared with OH*. In constant equiva-
lence ratio flames, a stronger CH* signal at high axial distances is expected. As a
consequence it can be concluded that all chemiluminescence signals indicate a too
long flame.

The downstream shift of the chemiluminescence signals in Fig. [5.9] compared
with the heat release is of critical importance. Since the equivalence ratio is almost
constant near the burner exit (Fig. f-3), this effect cannot be caused by ambient air
entrainment. The shift can be explained with the local turbulence intensities in the
flame.

For the flames under investigation in this study the turbulence in the reaction
zone is high near the burner exit (x/D < 1). With increasing axial distance from

2 The measurement of the equivalence ratio via the OH*/CH* chemiluminescence ratio is based on this
characteristics of OH* and CH" (see also Fig. [4.18).
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Figure 5.10: Comparison of the reaction progress of combustion (left) and the turbulence
intensity (right). The contours indicate a reaction progress of 0.1, 0.5, and 0.9.
The main fraction of the heat release rate occurs in between the ¢ = 0.1 and
¢ = 0.9 contours.

the burner exit the turbulence in the reaction zone decreases. The left part of Fig.
[5-10] shows the reaction progress of combustion as an indicator for the reaction
zone and the right part the rms value of the axial velocity fluctuation as indication
for the local turbulence. The contour lines indicate a reaction progress of 0.1, 0.5,
and 0.9. The area between the ¢ = 0.1 and ¢ = 0.9 contour represents the time
averaged reaction zone of the flame.

For x/D < 1, the three contours are close together in a region of high turbulence.
Further downstream, the reaction zone becomes wider with lower turbulence in
between the contour lines. It was shown by John and Summerfield [43], Hurle
et al. [40], and Ayoola et al. 6] that high turbulence reduces chemiluminescence
intensities significantly (Sec. [2.2). Thus it can be concluded that the observed
downstream shift of chemiluminescence compared with heat release is due to a
reduction of chemiluminescence intensity caused by high turbulence in the region
close to the burner exit.
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The findings in this section are identical for all investigated equivalence ratios.
Therefore it can be concluded that the observed shift between heat release dis-
tribution and chemiluminescence distribution is independent of the equivalence
ratio and the integral heat release rate of the flame. This indicates that a similar
downstream shift of chemiluminescence compared with heat release has also to be
expected in confined, adiabatic flames without mixture gradients.

5.3.3 Flame length

In many applications a characteristic value of the chemiluminescence profile is
used as the measure for flame length. In thermoacoustic studies, e.g. [3], the
flame length is used to calculate the delay time between a flow perturbation in the
burner exit plane and the response of the flame, assuming that the perturbation is
transported convectively into the flame. Therefore, the flame length is an important
parameter for such studies. The most common definitions of the flame length are:

* The location of the maximum emission x(imax)

* The balance point of the profile xp,, defined as:

8

(x-i(x))dx
Xop = L (5.14)
g’i(x) dx

S

» The distance xq 9 at which 90% of the integral chemiluminescence intensity
has been emitted. xq g is defined as:

X0.9 ‘==X (5.15)

fi(x) dx:0.97i(x) dx
0 0

Figure shows the dependency of x(imax) on the burner equivalence ratio,
and the comparison of x(imax) for the different chemiluminescence signals with
the corresponding value for the heat release rate profile x(gmax )-

Because of the turbulence caused reduction of chemiluminescence intensity near
the burner exit, the flame length obtained from the chemiluminescence profiles is
longer than the actual flame length indicated by the heat release rate. The chemilu-
minescence based flame length overestimates the flame length by a factor of about
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Figure 5.11: Comparison of the locations of maximum emission. The flame length indicated
by chemiluminescence signals is longer than the flame length obtained from the
heat release rate.

two. It can be seen that the CO; contributions in the bandpass filtered measure-
ments have little effect on the locations of the maximum emission.

Similar findings are obtained for other definitions of the flame length. Figure
[5-12] shows the balance points of the axial chemiluminescence and heat release
profiles. The results for xg g are shown in Fig.[5.13]

It can be seen that for all definitions of the flame length the heat release rate
shows a monotonic increase with increasing equivalence ratio. This cannot be
seen in the chemiluminescence signals. Especially in the range of small equiva-
lence ratios, the flame lengths determined from chemiluminescence show no clear
trend. Even though the flame lengths obtained from the representative chemilu-
minescence signals seem to be a better estimate for the flame length, it has to be
emphasized that no chemiluminescence signal gives an accurate approximation of
the actual flame length.

As pointed out before, similar discrepancies between a chemiluminescence
based estimate of the flame length and the actual flame length have also to be
expected for confined, adiabatic flames without mixture gradients. In other words,
no reliable information on the flame length can be obtained from chemilumines-
cence measurements of turbulent swirl stabilized flames.
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Figure 5.12: Comparison of the balance points of the axial profiles.
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Figure 5.13: Comparison of x ¢ as defined in Eq. .

5.4 Conclusions and implications for further studies

It has been shown that no reliable information on the local heat release rate of
turbulent flames can be obtained from chemiluminescence measurements. Even
though chemiluminescence can be used to monitor the integral heat release of
turbulent flames if an empiric correlation between chemiluminescence and heat
release can be obtained, the spatial distribution of the heat release rate cannot be
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captured by chemiluminescence. Furthermore, flame lengths obtained from che-
miluminescence indicate a too long flame.

The reason for these discrepancies in the spatial distributions of chemilumines-
cence and heat release rate is the non-constant turbulence intensity in the reaction
zone. Close to the burner exit the turbulence is strongest and the chemilumines-
cence intensity is reduced more strongly than the heat release rate in this region
of the flame. Further downstream the turbulence decreases, resulting in higher
chemiluminescence intensities there. As a consequence, the chemiluminescence
intensities are shifted downstream compared to the heat release profile. The find-
ings on the impact of turbulence on chemiluminescence intensities shown in this
chapter are in accordance with results reported by e.g. John and Summerfield [43]],
Hurle et al. [40], Ayoola et al. [6].

Thus, the influence of turbulence on chemiluminescence intensities (and heat
release rate) must be taken into account in order to get reliable information on
heat release from chemiluminescence. Otherwise no useful information can be
obtained.
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In Ch. [3lit was shown that the local heat release rate of a turbulent flame is not
represented by any chemiluminescence signal. The reason for this is the high tur-
bulence intensity close to the burner exit. The turbulence reduces the chemilumi-
nescence intensity more strongly than the heat release rate and, as a consequence,
the chemiluminescence distribution of the flame is shifted downstream compared
with the heat release rate. On the basis of this result, a correction method is de-
veloped in this chapter to account for the impact of turbulence on chemilumines-
cence intensities. For the first time, the local heat release rate of a turbulent flame
can be determined reliably from OH* chemiluminescence by using this correction
method.

It was shown in Sec.[3.4.2]that turbulence affects a flame through straining of the
flame front. Furthermore, it was shown in Sec.[4.] that the turbulent flames under
investigation in this study can be described according to the flamelet concept as
an ensemble of locally one-dimensional laminar flames. In this chapter, a model
based strain rate correction method accounting for the non-linear dependencies
of heat release rate and chemiluminescence intensity on strain rate is introduced.
Measured OH* intensities are corrected to exhibit heat release rate proportional
intensities. The correction method consists of two parts. The first, fluid mechanical
part describes statistically the strain rates imposed on a flame by turbulence. The
second, reaction kinetics part accounts for the effect of strain on heat release rate
and chemiluminescence intensity.

In the first sections of this chapter it is shown how the strain rate imposed on
the flame can be measured and modeled. Thereafter, the influence of strain on
heat release rate and chemiluminescence intensity is quantified with simulations
of strained counterflow flames. After that, both parts of the correction method are
coupled to calculate heat release rate proportional chemiluminescence intensities
from measured OH* signals. The last section shows additional counterflow simu-
lations to investigate the impact of strain on preheated flames, flames at elevated
pressure, and alternative fuel flames. The deficits of the reaction mechanism used
in this study is shown there. Additionally, the applicability of the presented method
to diffusion flames is briefly discussed.
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6.1 Strain rate measurement and modeling

6.1.1 Direct measurement

As shown in Sec. [3.4.2] the tangential strain rate a, can be calculated from the
flame surface normal vector 7i and the flow velocity at the flame front ii:

a =it (7-V) g+ V-, ©.1)

The flame front normal vector can be calculated from the flame front detected
via OH-PLIF. The velocity at the flame front can be measured using PIV. If both
measurement techniques are used simultaneously and are synchronized, with the
OH-PLIF laser pulse centered in between the two PIV laser pulses, all necessary
information for the calculation of the strain rate are obtained. Details of the si-
multaneous use of PIV and OH-PLIF are given by Winkler [91] and Konle [48].
Figure [6.1] shows a typical result of simultaneous PIV/OH-PLIF measurements.
The background image is scattered laser light from the PIV tracer particles. The
contour indicates the flame front obtained from the OH-PLIF, the red vectors indi-
cate the flow velocity at the flame front, and the green vectors indicate the flame
front normal vectors, pointing towards the reactants.

The direct measurement of flame strain based on simultaneous PIV/OH-PLIF
measurements is reported in several studies, e.g. Donbar et al. 2001 [21]], Sini-
baldi et al. 2003 [78], Konle 2005 [47], and Hertweck 2009 [35]. However, in
the work of Hertweck it was shown that the direct measurement of the strain rates
is not applicable for the flames under investigation in this study for two reasons:
Firstly, the planar measurement techniques OH-PLIF and PIV only provide the
required measures in two dimensions. The contribution from the third dimension,
which cannot be neglected in turbulent flames, is lost. Therefore, the measured
strain rates are too low to represent the actual tangential strain rate of the flame.
Secondly, the spatial resolution of the velocity measurement is too low to provide
accurate information about the velocity gradients at the flame front!.

1 As flame straining is caused by the small scale eddies, the velocity gradient of these eddies have to
be resolved in order to provide accurate information about flame strain. A typical size of a Taylor scale
eddy in the present study is 0.5mm. To resolve the velocity gradient of such an eddy reliably, a PIV
measurement with spatial resolution in the range of 0.1mm would be necessary, but cannot be achieved
with the available PIV hardware.
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Figure 6.1: Flame front and velocity field obtained from a simultaneous PIV/OH-PLIF mea-
surement. The background image is the mie scattering image of the PIV mea-
surement, the yellow contour is the flame front determined from OH-PLIF. The
vectors indicate the flame front normal direction and the velocity at the flame
front.

6.1.2 Modeling

Since a direct measurement of flame strain rate is not possible, a statistical strain
rate model developed by Pope and coworkers used in this study. The strain rate
model was reported by Yeung et al. in 1990 [92].

The model is based on the direct numerical simulation (DNS) of constant-
property, homogeneous, isotropic turbulence. The velocity field in the compu-
tational domain was artificially forced to obtain statistically stationary turbulence.
Surfaces were defined in the computational domain, and the fluid particles repre-
senting these surfaces were tracked to obtain the time series of velocity gradients
on the surfaces. The velocity gradients were then used to calculate the statistics
of strain rate in the tangential plane of the predefined surfaces. The Taylor scale
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Reynolds number Re f of the simulations ranged from 38 to 93. It was shown by
Yeung and Pope [93] that the spectral characteristics of the small turbulent scales
of the simulations were in good agreement with those of grid generated turbulence
measured in wind tunnels. All further details of the simulation are given by Yeung
and Pope [94].

As shown by Yeung at al. [92]], the strain rate statistics are a function of the
propagation speed of the investigated surfaces. It was demonstrated that the strain
rates of a slowly propagating surface are well represented by the strain rate distri-
bution of a material surface, and the strain rates of a rapidly propagating surface
by the strain rate distribution of a randomly oriented surface®. Furthermore, it was
shown by Yeung et al. [92] that the probability density function (pdf) of the strain
rate shows no significant Reynolds number dependence when the Kolmogorov
time scale Ty is used for normalization. Further it was shown that the strain rate
distributions can be approximated very accurately with Gaussian functions. Figure
shows the pdfs obtained by Yeung et al. [92].

The mean strain rate of a randomly oriented surface (o;) is zero, whereas a
material surface has a positive mean strain rate (a,) = 0.280/7;. The standard de-
viation of the strain rate distribution for randomly oriented and material surfaces
are 0 = 0.257 /7y and o, = 0.342/ 1. The parameters of the Gaussian approxi-
mations are summarized in Tab.

| Rey [{a)-m [oum [ (o) [ 0am
38 0.287 0.344 0 0.257
63 0.275 0.345 0 0.255
90 0.273 0.339 0 0.257
93 0.283 0.341 0 0.257

[ average | 0.280 [ 0.342 0 ] 0257 ]

Table 6.1: Parameters of the gaussian descriptions of the strain rate pdfs obtained by Yeung
et al. [92]. (a) and o, refer to a material surface, (¢t) and Oy to a randomly
oriented surface.

2 Rep = (upsl2)/V
3 A material surface is a surface which does not propagate by itself, it is only passively convected by
turbulence. A randomly oriented surface propagates uninfluenced by turbulence [92].
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Figure 6.2: Strain rate probability density functions obtained from the DNS of Yeung et al.
[92] (calculated from the values given in [92] and shown in Tab. @ a; de-
nominates the strain rates of a material surface, o; the strain rates of a randomly
oriented surface.

6.2 Applicability of the Pope model to turbulent flames

A simulation of constant property, homogeneous, isotropic turbulence is a very
limiting approximation for a turbulent flame. Thus, it has to be discussed whether
the statistical strain rate distribution reported by Yeung et al. [92] can be used to de-
scribe the straining of (partially) premixed flames. Further, it must be investigated
whether flamelets can be described as material or randomly oriented surfaces.

6.2.1 Constant property, homogeneous flow

In a turbulent flame the properties of the fluid are not constant (Sec. 3-I). Density,
temperature, and the fluid composition are spatially and temporally changing due
to the combustion process. Also, the flow cannot be considered homogeneous.
However, in accordance with Pope [72] and Bradley et al. [12], the turbulence
ahead of a premixed flame causes the main contribution to flame straining. Thus,
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the statistical strain rate distributions can be calculated from the turbulence of the
unburnt mixture into which the flame propagates. The premixed, unburnt mixture
can be assumed to be a constant property, homogeneous flow.

Furthermore, the applicability of the strain rate model for isotropic turbulent
flames is shown by Bradley et al. [12]. Bradley et al. used the strain rate pdfs of
Yeung et al. [92] to predict turbulent burning velocities in fan stirred bombs and
compared these with experimental data. The predicted and measured velocities
were in very good agreement. This is a very strong indicator for the validity of the
strain rate model for premixed combustion processes.

Another indicator for the validity of the strain rate model of Yeung et al. [92] for
premixed combustion processes was given in 1998 by Chen and Im [15]]. Compa-
rable to the work of Yeung et al. [92], strain rates probabilities were obtained from
two-dimensional DNS of premixed, unsteady methane-air flames with a detailed
C; mechanism for the methane oxidation. Stoichiometric and lean mixtures were
investigated. The results of Chen and Im [15] are in good agreement with those
from Yeung et al. [92]].

It can be concluded that although the strain rate distributions presented by Yeung
et al. [92] were obtained from simulations of a non-reacting flow, the pdfs reliably
describe the straining of isotropic turbulent flames.

6.2.2 Isotropic turbulence

Superimposed to a mean flow velocity, turbulence is in general anisotropic (Sec.
[3:2). Thus it has to be discussed, whether a turbulence model assuming isotropic
turbulence can be applied to the flames under investigation in this study. This is
done by analyzing the statistics of the turbulent velocity fluctuations. In isotropic
turbulence the time-averaged product of orthogonal components of the velocity
fluctuation equals zero [69]:

(w;)r =0, i # j (6.2)

The right side of Fig.[6.3]shows the time-averaged product of the radial and axial
components of the velocity fluctuation (u}u..),. For comparison, (i), is shown
on the left side.

It can be seen that Eq. (6.2) is not exactly satisfied in the flow field of the flame,
the time averaged product of the radial and axial velocity fluctuation does not
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Figure 6.3: Comparison of the time-averaged product of radial and axial components of the
velocity fluctuation (right) with («2), (left).

equal zero. However, since the absolute value of (u/}u..); is significantly lower than
(u!u);, the turbulence in the flame can be approximated as isotropic. Other criteria
for the isotropy of the turbulence, like (u/u}); = (uju;), i # j and the independence
of the integral length scale on direction, show comparable results and lead to the
same conclusions. Moreover, the velocity fluctuations shown in Fig. [6:3] and the
other checked criteria are only characteristic for the macroscopic appearance of
turbulence. However, the main contribution to flame strain is not caused by the
macroscopic turbulence of the flow field, but by the small scale turbulence. As
discussed in Sec.[3:2]- based on Kolmogorov’s hypothesis of local isotropy - the
small scale turbulence can be considered to be isotropic in any case [46]]. Thus,
the condition of isotropic turbulence is satisfied for the relevant length scales and,
as a consequence, the strain rate pdfs proposed by Yeung et al. [92] can be used to
describe the straining of the flames under investigation in this study.
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6.2.3 Material and randomly oriented surface

In Sec. [6.1.2] is was shown that the strain rate probability density functions are
different for material and randomly oriented surfaces. Thus, the turbulent flamelet
must be characterized as material or randomly oriented surface in order to choose
the appropriate strain rate distribution from the model of Yeung et al [92].

Per definition a material surface does not propagate by itself, it is only pas-
sively convected by turbulence [92]]. In contrast to a material surface, a randomly
oriented surface is propagating independently from turbulence. As a first approxi-
mation, a flamelet is propagating with the laminar flame speed in the turbulent
flow [92]. On the one hand, the propagation with the laminar flame speed is an
indicator for a randomly oriented surface. On the other hand, the flamelet is con-
vected and reorientated by the turbulence, indicating a material surface. Yeung et
al. discussed this question in great detail [92]. In their work they analyzed un-
der which circumstances a propagating surface, which is initially coincident to a
material surface, remains close enough to the material surface to be considered
a material surface itself. Since the Kolmogorov length scale underestimates the
smallest turbulent scales by approximately one order of magnitude [[72]], a distance
7 < 51y after At = 16 T between the material surface and the propagating surface
was defined as criterion to separate material surfaces from randomly oriented ones.
Yeung et al. deduced that this criterion for the approximation of a propagating sur-
face as material surface is easily fulfilled, if the propagation velocity w and the
Kolmogorov velocity vy satisfy w/vy < 1. Yeung et al. postulated that a flamelet
can be considered as a material surface, if the laminar flame speed u; is smaller
than the Kolmogorov velocity vy.

Bradley et al. investigated the transition of the strain rate distributions between
material surfaces and randomly oriented surfaces in more detail [[12]. They found
that the strain rate distributions show a continuous transition between those of
randomly oriented and material surfaces. Based on this result they defined em-
pirically determined exponential functions for (a;) and o, to take this transition
into account. The only variable in the exponential functions is the ratio of laminar
flame speed and Kolmogorov velocity u; /vy:

2
(a;) = <0,279exp (—5.123.10—2 (:‘i) )) T, (6.3)
n
u 2
Ou = <0.2582+8.262-1026xp <—5.123.102 (v—]) )) ! 6.4)
n
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Figure shows the average strain rate (a;) and the rms-value o, of the strain
rate distribution as a function of the ratio of laminar flame speed and Kolmogorov
velocity. The solid lines are the functions defined by Bradley et al. and shown
in Eq. (6:3) and (64), the dashed lines are the values for material and randomly
oriented surfaces given by Yeung et al. [92]] (Tab.[6.I). It can be seen that the
values from Yeung et al. are asymptotes of the functions defined by Bradley and
coworkers. Further it can be seen that the criterion u; < vy defined by Yeung et al.
for the approximation of flames as material surfaces is reproduced by Bradley et

al. [12]].
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Figure 6.4: Dependency of the average strain rates and rms-values of the strain distributions
on the ratio of laminar flame speed and Kolmogorov velocity [12].

The Kolmogorov velocity can be calculated from the PIV measurements (Sec.
[B2]and[373). The laminar flame speed is a function of the local equivalence ratio,
which is obtained from the chemiluminescence measurements. The dependency of
the laminar flame speed on equivalence ratio is known from literature (e.g. Turns
[83]). Figure[6.5]shows the Kolmogorov velocity (left) for a 60kW, stoichiometric
flame in comparison with the local laminar flame speed (right).

As the thermal power of the flame is kept constant in this study, the lean flames
correspond to larger air mass flows and thus higher flow velocities compared with
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Figure 6.5: Comparison of the Kolmogorov velocity vy (left) and laminar flame speed u;
(right). The laminar flame speed is obtained from the local equivalence ratio in
the flame mid-plane, which is measured via the OH*/CH* chemiluminescence
ratio, and a correlation between equivalence ratio and laminar flame speed pro-
posed by Turns [83]]. Thus, the laminar flame speed can be determined only in
regions where chemiluminescence is emitted, whereas the Kolmogorov veloc-
ity, determined from PIV measurement, can be calculated in the complete flame
mid-plane.

the stoichiometric flame. This results in increasing values of u;’rms with decreas-
ing equivalence ratio, whereas the Taylor length scale shows no significant equi-
valence dependency. Thus, the Kolmogorov velocities increase with decreasing
equivalence ratio, whereas the laminar flame speed is decreasing with decreasing
equivalence ratio [83]. Since the condition vy > 1; for material surfaces is already
satisfied for the stoichiometric flame, all lean flames under investigation in this
study can be considered as material surfaces.
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6.2.4 Summary of strain rate model

In the previous sections it was shown that for the considered flames the strain
rate model proposed by Yeung et al. [92] can be applied. The assumptions of a
constant property, homogeneous flow and isotropic turbulence were checked and
discussed. Further, it was shown that the strain rate distribution of the flames is
a function of the ratio of laminar flame speed and Kolmogorov velocity. As a
consequence, the statistical distribution p(¥,a;) of the strain rate a; of the flames
can be approximated as

S = 1 N 1 (a—{a)(X) 2
”“’“moa(x)e"( (e )) o

2

) )) 7, (®) (6.6)
2

) )) 7, (%) (6.7)

and the Kolmogorov velocity (Eq. (3.7)) and time scale (Eq. (3:2)), as defined in
Sec. B8] [46]:

with

=l
g

(ar) = (0.279exp (-5.123 1072 ( t

v (%)

0u = | 0.2582+8.262-10 *exp —5.123.10‘2(%(#
v (%)

2 (@) -05

T (X) = <15le%“&) ) (6.8)
n o 0.25

v = <15v2 ungzf( )> 69)

Since the flames under investigation in this study are characterized as material
surfaces, the values for the mean strain rate (a;) and the standard deviation of the
distribution o, can be approximated with the values shown in Tab [6.1] Thus, in
this study the strain rate pdf is calculated as

I 165) 1 (arn(f)—0‘280)2
p(X,a) = V250342 exp ( s\ "oz (6.10)
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The Taylor length scale /; and the rms-vale of the turbulent velocity fluctuation
ufrms are the only required input parameters for the evaluation of the strain rate
pdfs and are obtained from PIV measurements (Sec. [£.3.3).

As an example, Fig. [6.6] shows the average strain rate and the rms-value of the
strain rate pdf for the ¢ = 0.91 operation point. It can be seen that maximum strain
0f 20,000s ! can occur. This is about twice as high as the highest strain rates which
were directly measured by Hertweck [35]] for the identical flame. The strain rates
are high near the burner exit and decrease with increasing axial distance. At axial
distances x > 1.5 D the strain rates are significantly lower than close to the burner
exit. This is consistent with the results of Sec.[5.3] where the turbulence intensity
was found to be highest near the burner exit and to decrease significantly at axial
distances x > 1.5D.
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Figure 6.6: The average value and the rms-value of the strain rate distributions in the flame
mid-plane of the ¢ = 0.91 operation point. The maximum strain rates, estimated
as dmax ~ (a) +20,, exceed values of 20,000 s
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6.3 Counterflow flame calculations

6.3 Counterflow flame calculations

In Sec. [6.1] and Sec. [6.2] the first part of the strain rate correction method, the
fluid mechanical part, has been introduced and discussed for its applicability in
this study. In this section the second part of the correction method, the influence
of strain on heat release rate and chemiluminescence intensity, is presented.

The non-linear effect of strain on chemiluminescence intensity and heat release
rate has to be taken into account in order to obtain reliable heat release rate in-
formation from OH* measurements. However, this effect is hardly accessible by
experiments. Thus, numerical simulations of one-dimensional counterflow flames
with detailed chemistry are done to obtain the relationship between strain rate,
OH* intensities, and volumetric heat release rate.

6.3.1 Numerical setup

Counterflow flame simulations have developed into an important tool in com-
bustion research over the past decades. The simulated laminar flames have an
approximately one-dimensional character. Thus, only a single line of the flow
field has to be simulated, which allows that even complex reaction kinetics can
be calculated with moderate computational effort [85]. Counterflow flame simu-
lations also offer the opportunity to get insight into combustion processes which
are hardly observable by experiment. Typically, counterflow flame simulations are
used to obtain flamelet libraries, which are used to describe turbulent flames in the
flamelet regime (Sec. as an ensemble of laminar flamelets. Since this study
investigates (partially) premixed flames, only premixed counterflow simulations
are considered.

The flow field of a counterflow simulation is formed by two opposed jets which
form a stagnation plane in between. The exact location of the stagnation plane
depends on the individual inertial momentum fluxes of the jets. Two different
setups are possible:

* Two jets of premixed unburnt gases with a twin flame in between, commonly
denoted as fresh-to-fresh setup.

* One jet of unburnt mixture opposed to a jet of hot products, called fresh-to-
burnt setup. For this case, a single flame stabilizes on the side of the unburnt
mixture.
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6 Strain rate correction method

The fresh-to-burnt setup is chosen in the present study, because it is, compared
with the fresh-to-fresh setup, the more realistic description for premixed and par-
tially premixed flamelets [12]. Figure[6.7]shows the counterflow setup used in this
study.

hot products

computational
domain

stagnation plane

premixed
reactants

Figure 6.7: Schematic of a typical premixed, fresh-to-burnt counterflow setup.

The flame is one-dimensional and flat with dependencies only in y-direction.
Thus, only the symmetry line » = 0 of the flow field is simulated. In this study the
commercial software COSILAB 3 by Rotexo-SoftPredict is used. All details about
this software, e.g. the numerical methods, can be found in [75].

The simulation is done in a fully infinite domain with the strain rate as para-
meter. The flow velocities of the two opposed jets are automatically adjusted by
the simulation software to match the user defined flame strain rate. The used re-
action mechanism was recently developed by Kathrotia et al. [44] and consists of
69 species and 496 reactions*. Hydrocarbons up to C4H ¢ are included. Addition-
ally, the known formation and predominant deactivation reactions of OH*, CH*,
and Cj are included. However, only OH* chemiluminescence is considered in the
simulations. The complete reaction mechanism is shown in the Appendix (App.

[©.

4 The reaction mechanism is based on the C1-C4 mechanism developed by Heghes [34]. The chemilu-
minescence sub-mechanism was added to this mechanism by Kathrotia et al. [44].
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6.3 Counterflow flame calculations

Nine equivalence ratios ranging from ¢ = 0.56 to ¢ = 1.0 and 18 strain rates
ranging from a; = 500s ! to a@; = 20,000s ! are simulated. Boundary condition
on the fresh gas side are the volume fractions of O,, N, and CHy, corresponding
to the equivalence ratio of the flame, and the unburnt temperature of the mixture.
On the burnt side, the boundary conditions impose zero gradients for the volume
fractions of all species and the temperature.

For each case an initial solution is calculated with a C;-mechanism with 16
species and 46 reactions. Then, the more detailed mechanism of Kathrotia et al.
is used. The simulations are started in unsteady mode with an initial time step of
Ar = 10735, The time step size is gradually increased to a maximum of Afpax =
103s. After ¢ = 10*s the simulations are stopped and used as initial solutions for
the final, stationary calculations.

Figure [6.8] shows a result of a counterflow flame simulation. For clarity only
the profiles of temperature 7', volumetric heat release rate ¢, and mass fractions of
methane Ycp, and electronically excited hydroxyl Yoy: are shown. The left bound-
ary of the computational domain corresponds to burnt gases, the right boundary to
fresh mixture.
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Figure 6.8: Result of a counterflow flame simulation. Only the profiles of temperature 7',
volumetric heat release rate ¢, and the mass fractions of methane Ycy 4 and elec-
tronically excited hydroxyl Yop+ are shown.
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6 Strain rate correction method

6.3.2 Data processing

From the simulations, the profiles of the volumetric heat release rate ¢, and the
mole fraction of OH* Xoy- , are extracted. Xop:, is directly proportional to the
volumetric OH* intensity ioy- y, with the Einstein coefficient of spontaneous emis-
sion as proportionality factor, because collisional quenching of OH* radicals is ex-
plicitly taken into account by the reaction mechanism. From these quantities the
strain rate and equivalence ratio dependent proportionality factor C(a;, ¢) between
heat release rate and OH* intensity is defined:

o

. f q.)'(alvq)vy)dy
q(al7 ¢) — Do_°° (61 1)
f iOH*,y(alaq)vy)dy

—oo

Clar,9) =

ion+(ar, )

A flamelet cannot experience arbitrary strain rates. Above a certain value a4(¢)
depending on the equivalence ratio, combustion will be quenched (Sec. 3.4.2).
For symmetric (fresh-to-fresh configuration) counterflow flames it was shown in
several studies that the heat release profile of the flame hardly changes with strain
rate, until the quenching strain rate is reached. Above the quenching strain rate
there is no heat release. For fresh-to-burnt counterflow flames the heat release rate
profiles change in a more gradual way with increasing strain rate [12]]. Figure[6.9]
shows the heat release rate of a ¢ = 0.91 flame as a function of the strain rate.

Since the heat release rate is tending asymptotically to zero for large strain rates,
it is convenient to define a quenching strain rate above which the heat release rate
is negligibly small compared with the unstrained value and can be approximated
as zero. This reduces the number of necessary counterflow flame simulations sig-
nificantly. A suitable quenching criterion in the present study is the strain rate, for
which the integral heat release rate of the flame drops below two percent of the
unstrained value?.

The result of the counterflow flame calculations is a lookup table for the pro-
portionality factor between heat release rate and OH* intensity with strain rate
and equivalence ratio as parameters. Values between the calculated data points
are interpolated bicubically, values above the quenching strain rate are not taken

5 During the development of the correction method, also values of five percent and one percent of the un-
strained heat release rate were tested as quenching criteria. The effect of the variation of the quenching
criterion on the results of the presented correction method was negligible.
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Figure 6.9: Heat release rate of the simulated ¢ = 0.91 flame as function of the strain rate.
The heat release rate is decreasing gradually with increasing strain rate. No clear
quenching criterion can be identified. Thus, quenching is assumed when the heat
release rate drops below 2% of the unstrained value.

into account. The calculated and interpolated lookup tables for non-preheated, at-
mospheric methane-air flames are shown in Fig.|6.10P. In the interpolated lookup
table also the quenching strain rate is plotted.

6.4 OH* chemiluminescence correction and results

In this section the statistical strain rate distributions obtained from the model of
Yeung et al. [92] and the PIV measurements (Sec. @ are linked to the lookup ta-
ble from the one-dimensional counterflow simulations (Sec.[6.3). The purpose is to
obtain a correction factor which accounts for the non-linear relationships between
OH* intensity, heat release rate, and strain rate. Such a factor can be interpreted
as a representative, strain rate distribution averaged proportionality factor between
OH* intensity and heat release rate.

6 Please note that in all lookup tables shown in this study, the reciprocal of C(a;,¢) is plotted. This is
done to improve the clarity of the plots in the range of small strain rates.
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Figure 6.10: Lookup table obtained from the counterflow simulations (top) and the bicubi-
cally interpolated lookup table (bottom). In the interpolated lookup table also
the quenching strain rate, obtained from the 2% criterion, is shown.
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6.4 OH* chemiluminescence correction and results

6.4.1 Evaluation of strain rate pdfs

The strain rate distribution (Eq. (6.5)) is evaluated at each point of the flame mid-
plane. The Kolmogorov time scale is calculated from the PIV measurements. It
can be seen easily that approximately 20.6 percent of the obtained strain rates
are negative (Fig.[6.2). Negative strain rates are very difficult to access by both
experiment and simulation. Thus, for negative strain rates the values of C(a;, ¢)
are approximated with the unstrained value following Bradley et al. [12].

The representative, strain rate averaged proportionality factor (C(¢)), between
the time averaged heat release rate and chemiluminescence intensity is calculated
as:

a,(9(%)
/- Clar,9)p(¥,ar)day

—o0

(C(¢(X),X))a = @) (6.12)

¢
f p(f7at)dal

—oo

The numerator of the right side of Eq. is the strain rate distribution
weighted average of the proportionality factor. Since C(ar, @) is only considered
for strain rates smaller than the quenching criterion a,(¢), the integral is evalu-
ated in the limits —eo and a,(¢). The denominator accounts for this clipping of the
Gaussian distribution by re-normalizing the numerator with the integral of all prob-
abilities between —oo and a,(¢). Thus, (C(¢)), represents the strain rate distribu-
tion averaged proportionality factor between measured OH* chemiluminescence
intensity and heat release rate for all unquenched states of the flame. Quenched
states must not be taken into account in the proportionality factor, because they do
not contribute any heat release rate and chemiluminescence intensity.

6.4.2 Results

The calculated proportionality factor (C), correlates the measured, time-averaged
OH* intensity iog~ with the time-averaged heat release rate (¢); of the flame:

(Cha (ionr)i ~ (@) (6.13)
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Since the measured OH* intensities are no quantitative photon count of the light
emission of the flame, but a relative measurement signal, the corrected OH* inten-
sities are only proportional to the heat release rate. If the integral heat release rate
of the flame is known, for example from the burnt fuel mass flow’, the obtained
corrected chemiluminescence intensities can be scaled accordingly to match this
value.

Figure[6.TT] shows the result of the correction procedure for the ¢ = 0.77 oper-
ation point. In the upper part of the figure the heat release rate, measured with the
energy balance method described in Ch.[3] is shown on the left side. In the middle
the measured OH* chemiluminescence intensities, and on the right side the strain
rate corrected OH* intensities are shown.

It can be clearly seen that the correction method shifts the intensities closer to
the burner exit, which results in a more compact flame with high heat release rates
at the burner exit. The corrected intensities are thus a good approximation for the
heat release distribution of the flame.

This becomes even more obvious, when the intensities are integrated in radial
direction to obtain the one-dimensional axial profiles (Fig. [6.11] lower part). It
can be seen that the axial profile of the corrected OH* intensities is in very good
agreement with the real heat release profile. For this reason it can be concluded
that the corrected OH* intensities are a much better mapping of the heat release
rate distribution of the flame than the commonly used uncorrected OH* intensities.

The ¢ = 0.77 operation point is representative for all six investigated lean op-
eration points (¢ = 0.63 - ¢ =0.91). For all lean operation points, the correction
procedure results in more compact flames and a very good agreement of the one-
dimensional profiles.

However, the method fails for the stoichiometric operation point (Fig. [6.12).
Only a slight upstream shift of the chemiluminescence intensity due to the correc-
tion procedure can be observed.

The reason for this failure is not clear but might be linked in the reaction mecha-
nism. The rate coefficients of the OH* reactions embedded in the mechanism are

7 For unconfined flames, like the ones investigated in this study, this is not possible in general, because
the burnt fuel mass flow is not known due to the ambient air entrainment and the associated incomplete
combustion of the fuel. However, in technical applications it can be assumed that the complete fuel
mass flow is burnt. Then the described scaling to obtain quantitative local heat release rates can be
done.
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Figure 6.11: Result of the intensity correction procedure for the ¢ = 0.77 operation point. In
the upper part the intensity distributions in the flame mid-plane are shown. On
the left side the heat release rate, in the middle the measured OH* intensities
and on the right side the corrected, heat release rate proportional OH* intensities
are shown. The lower part shows the corresponding axial profiles.

deduced from literature values. While the reaction rates of the quenching reac-
tions are well understood [81]], Kathrotia et al. [44] reported difficulties in select-
ing proper rate coefficients for the formation reactions. The rate coefficients of the
formation reactions reported in different studies scatter by two to three orders of
magnitude. This is an indicator for the complex nature of the formation reactions.
Apparently, not the complete equivalence ratio range (rich, stoichiometric, and
lean flames) can be treated with a single set of coefficients. This is also indicated
in the study of Najm et al. [61] where it was found that the fraction of carbon being
oxidized in the side paths leading to chemiluminescence is dependent on the equi-
valence ratio (Sec.[2.2). Moreover, it was shown in Sec. [2.2.3|that besides precise
reaction rate coefficients for the chemiluminescence reactions, also the ability of
a reaction mechanism to correctly predict the concentration of CH radicals, which
are the most important OH* precursor, is of crucial importance for a correct predic-
tion of OH* intensities. In methane fueled flames, CH radicals are mainly formed
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Figure 6.12: Result of the intensity correction procedure for the ¢ = 1.0 operation point. In
the upper part the intensity distributions in the flame mid-plane are shown. On
the left hand side the heat release rate, in the middle the measured OH* intensi-
ties and on the right hand side the corrected, heat release rate proportional OH*
intensities are shown. The lower part shows the corresponding axial profiles.

by the oxidation of C; hydrocarbons, which were formed by the recombination of
two methyl radicals [34]. It was shown in the work of Heghes [34] that the crucial
reactions for the formation of CH radicals are equivalence ratio sensitive and not
well represented by the reaction mechanism.

The results of all investigated operation points are presented in the Appendix

(Fig.[B-I]to Fig.[B.7).

6.5 Conclusions

The corrected chemiluminescence intensities of all investigated lean flames are in
very good agreement with the heat release rate distributions of the flames. The
corrected OH* intensities obtained with the presented correction method are a sig-
nificantly better approximation for the spatially resolved heat release rate of lean
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turbulent flames than the commonly used uncorrected OH* intensities. The pre-
sented method represents a significant improvement for heat release rate measure-
ments in the lean flame regime, which is of outstanding technical relevance for low
emission combustion techniques.

The proposed method is based on a statistical strain rate model, evaluated with
time resolved PIV measurements, and one-dimensional counterflow flame simu-
lations. The simulations are used to obtain the basic relationship between heat
release rate, strain rate and OH* chemiluminescence intensity. The only required
experimental input are the measured OH* intensities and the velocity field of the
flow. Thus, the presented method is universal and can be applied to a wide range
of flame studies with moderate effort. Since the method is statistical in character,
all required experimental input parameters can be acquired sequentially. The pro-
posed method is explicitly applicable to experimental setups close to technical ap-
plication, where experimentally more complex measurement techniques like heat
release imaging or the reference technique described in Ch. [5] cannot be applied.
Accurate heat release rate distributions are obtained for lean premixed and partially
premixed flames. The method can be enhanced easily to capture the influence of
fuel variations (for example H; enriched fuels), preheating temperature, or pres-
sure by appropriate counterflow flame simulations. The results of such simulation
are shown in Sec.[6.6] Also additional effects like equivalence ratio fluctuations
can easily be taken into account. Then a joint pdf of strain rate and equivalence
ratio has to be evaluated in order to calculate the representative proportionality
factor between OH* intensity and heat release rate. A schematic overview of the
presented correction method is shown in the summary of this work (Fig. [7.1)).

The presented method is currently limited to premixed and partially premixed
flames. The application to diffusion flames is briefly discussed in Sec. [6.6.3]

6.6 Additional counterflow flame simulations and diffusion flames

So far, the impact of turbulence on the chemiluminescence intensity was only in-
vestigated for non-preheated, atmospheric, methane-air flames. To check whether
the presented strain rate correction method must be applied to other flames as
well, additional counterflow flame simulation were performed. Preheat tempera-
ture, pressure influence, and alternative fuels were considered. This section also
illustrates further limitations stemming from the reaction mechanism.
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6.6.1 Preheat temperature

The lookup table obtained from the counterflow flame calculations for an at-
mospheric methane-air flame with variable preheating is shown in Fig.[6.13} The
equivalence ratio is constant ¢ = 0.71, and the preheating temperature is varied
from 300K to 700K. Flames with strain rates from 500s~! to 40,000s ! are simu-
lated.

It can be seen that the quenching strain rate a, increases approximately lin-
early with preheating temperature. This can be explained with the higher reactivity
of preheated mixtures. Further it can be seen that the values of C(ay, Tprehem)*1
are shifted to higher values with increasing preheat temperature. The influence
of straining on the proportionality constant is strong throughout the investigated
preheat temperature range. Thus, the strain rate correction method must also be
applied to the chemiluminescence signals of preheated flames in order to obtain
reliable information about the local heat release rate.

6.6.2 Hydrogen flames

The lookup table for a non-preheated, atmospheric hydrogen-air flame is shown in
Fig.[6.14] The equivalence ratio is varied from ¢ = 0.33 to ¢ = 1.0, and the strain
rate is varied from 500s~! to 50,000s .

It can be seen that the quenching strain rate a, is much higher than the one ob-
served for non-preheated methane-air flames. The quenching strain rate of near
stoichiometric hydrogen-air flames is hardly reachable. Like for methane flames,
C(a;,¢)~" is highest for near stoichiometric mixtures and low strain rates, and is
decreasing for both increasing strain rate and decreasing equivalence ratio. As ob-
served for methane flames, the dependency of C(ay,¢) ™! on strain rate is stronger
than on equivalence ratio. Also for hydrogen flames it can be seen that the pro-
portionality factor between OH* intensity and heat release rate varies significantly
within the investigated equivalence ratio range with strain rate. Again, the strain
rate correction method must be applied to hydrogen flames in order to obtain reli-
able information about the local heat release rate.

6.6.3 Elevated pressure

Also counterflow flame simulations of non-preheated methane-air flames at ele-
vated pressure were performed. However, the reaction mechanism is not capable to
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Figure 6.13: Lookup table obtained from the preheated counterflow simulations (top) and
the bicubically interpolated lookup table (bottom). In the interpolated lookup
table also the quenching strain rate, obtained from the 2% criterion, is shown.
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Figure 6.14: Lookup table obtained from the counterflow simulations of hydrogen-air flames
(top) and the bicubically interpolated lookup table (bottom). In the interpolated
lookup table also the quenching strain rate, obtained from the 2% criterion, is

shown.
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provide accurate OH* intensities at pressures higher than 1bar. Figure shows
the OH* intensities obtained from the counterflow simulations in comparison with
experimental data. The shown intensities are normalized with the intensity for at-
mospheric pressure. The fuel mass flow is increasing linearly with pressure for
both experiment and simulation.
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Figure 6.15: Comparison of OH* intensities obtained from the counterflow simulations and
experiment for elevated pressures. The fuel mass flow is increasing linearly
with pressure. Experimental data from Lauer [52].

The experimental data show a non-linear increase of the OH* intensities with
pressure. Comparable results were reported by e.g. Higgins et al. [36] (Sec. [22).
In contrast to the experimental data, the counterflow simulations predict decreas-
ing OH* intensities with increasing pressure. This erroneous result of the counter-
flow simulation is not surprising, since the chemiluminescence sub-mechanism of
Kathrotia et al. [44] was developed and validated for atmospheric and low-pressure
flames only. A pressure dependence of the OH* reactions is not included in the re-
action mechanism. Moreover, the rate coefficients for the chemiluminescence for-
mation and deactivation reactions are known to be very sensitive on pressure (e.g.
[20], [70]). Additionally, also the reaction rate coefficients of reactions forming
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the important OH* precursor CH are validated for atmospheric and low-pressure
flames only. No pressure dependence of the important CH formation reactions is
included in the reaction mechanism.

To calculate a reliable lookup table for flames at elevated pressure, an improved
reaction mechanism is necessary®. The most important aspects which must be ad-
dressed in order to obtain a reliable OH* reaction mechanism for elevated pressure
are:

* The influence of pressure on all OH* formation reactions.

* The influence of pressure on the formation of OH* precursor species, e.g.
CH radicals.

* The influence of pressure on the concentration of collisional quenchers, es-
pecially atomic hydrogen, which is the most effective collisional quencher
[44].

* The influence of pressure on the rate coefficients of the collisional quench-
ing reactions.

So far no reliable information on these aspects is available in literature.

6.6.4 Propane and syngas flames

The lookup table for a non-preheated, atmospheric propane-air flame is shown in
Fig.[6.16] The equivalence ratio is varied from ¢ = 0.5 to ¢ = 1.0, and the strain
rate is varied from 500s~! to 40,000s 1.

The simulations predict increasing values of C(a,,¢)~! with increasing strain
rate. In other words, the heat release rate is predicted to be quenched more strongly
than the OH* intensity with increasing strain rate. This is inverse to the observa-
tions made for methane and hydrogen flames, but can be explained by analysing
the reaction mechanism: In propane flames, C, hydrocarbons, which form the im-
portant OH* precursor CH, are not formed exclusively by the recombination of
methyl radicals (like it is done in methane flames) but also by chain branching-
reactions from propane. Furthermore, the chain-branching reactions form addi-
tional methyl radicals. Thus, the concentration of important OH* precursor species

8 The determination of rate coefficients of the OH* formation reaction in hydrogen flames at elevated
pressure is an important topic of current research, e.g. [70].
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Figure 6.16: Lookup table obtained from the counterflow simulations of propane-air flames
(top) and the bicubically interpolated lookup table (bottom). In the interpolated
lookup table also the quenching strain rate, obtained from the 2% criterion, is
shown.
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is linked with the overall reaction rate in an over-proportional way. As a conse-
quence, the OH* intensity is predicted to be quenched less strongly than the heat
release rate with increasing strain rate.

However, the simulation result is contrary to experimental data obtained from
propane-air flames [43} 41} 164], although the chemiluminescence sub-mechanism
showed reasonable results for the other simulated atmospheric flames, and the un-
derlying C1-C4 mechanism was validated for propane flames. This indicates that
important aspects of the chemiluminescence kinetics are not fully understood yet
and are not captured in the reaction mechanism. Anyway, it has to be concluded
that it was not possible to predict the OH* intensities of propane-air flames reliably
in this study using the reaction mechanism proposed by Kathrotia et al. [44].

Also syngas-air flames (fuel composition 50% CO and 50% H,) were simulated.
However, also for these flames no satisfactory results could be obtained.

6.6.5 Diffusion flames

In contrast to premixed flames, fuel and oxidizer must be mixed before combus-
tion can occur in diffusion flames. The mixing processes are based on diffusion,
with the diffusion processes typically being much slower than the combustion pro-
cesses. Thus, the diffusion rate is the combustion rate limiting factor [69]]. There-
fore, the impact of turbulence on diffusion flames must be described differently
compared to premixed flames. In a premixed flame, the main impact of turbulence
on the flame is straining of the flame front. In non-premixed flames, also the dif-
fusion processes prior to combustion are affected by turbulence. This effect is not
captured by the model based correction method presented in this study.

In the work of Yeung et al. [92] the impact of straining on diffusion flames
was discussed. A joint pdf of strain rate a; and scalar dissipation rate )y was
shown (Fig. [6.17). This pdf could be used to describe the effect of turbulence
on the diffusion processes of non-premixed flames. In this case, simulations of
strained non-premixed counterflow flames must be performed. For each strain rate
a set of simulations with varying diffusion rates for fuel and oxidizer, which can
be described as functions of the scalar dissipation rate [69]], are necessary. From
this set of counterflow simulations an adopted proportionality factor between OH*
intensity and heat release rate (C),, can be calculated. (C), 4 can then be used to
correct measured OH* intensities of a diffusion flame in a way comparable to the
presented correction procedure for premixed flames. Like for premixed flames, the
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Figure 6.17: Joint pdf of tangential strain rate g, and scalar dissipation rate yy published by
Yeung et al. [92]. Both strain rate and scalar dissipation rate are normalized
with the Kolmogorov time scale.

only experimental input parameter for the evaluation of the joint pdf between strain
rate and scalar dissipation rate is the Kolmogorov time scale. Thus, no additional
experimental input is necessary for the diffusion flame correction method (Fig.
[71).

However, Yeung et al. note that their approach to obtain the joint pdf of tan-
gential strain rate and scalar dissipation rate involves several simplification. As a
consequence, this pdf is most probable only a limiting approximation for the in-
fluence of turbulence induced straining on diffusion flames [92]]. As this approach
was not further developed in this study it must be concluded that the presented
strain rate correction method cannot be applied to diffusion flames.
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7 Summary and conclusions

7.1 Summary

The utilization of chemiluminescence as a measure for heat release rate in technical
applications was investigated.

The heat release distribution of the flame is the most important parameter for the
understanding and the prediction of unstable combustion states, such as thermo-
acoustic instabilities, pulsed combustion, and flame flashback due to combustion
induced vortex breakdown. Also in other research fields such as combustion noise
the knowledge of the spatially resolved heat release rate is very important. The
direct measurement of the local heat release rate of turbulent flames is difficult be-
cause existing measurement techniques are too complex to be applied to technical
flames. As a consequence, the light emission of the flame, the chemiluminescence,
is commonly used as an indirect measure for heat release rate. The chemilumines-
cence spectrum of a hydrocarbon flame consists of the emissions from the radicals
OH*, CH*, and C3, and from the molecule COj3. The radicals emit light in narrow
spectral bands. These emissions are superimposed by the broadband emissions
from CO3.

For laminar premixed flames the applicability of chemiluminescence as an in-
direct measure for integral heat release was proven in many experimental and
theoretical studies. Most authors consistently report a linear increase of the inte-
gral chemiluminescence intensity with increasing fuel-flow rate. Moreover, it was
shown that in laminar flames the spatially resolved OH* chemiluminescence is a
good approximation for the local heat release rate of the flame. But for turbulent
flames the correlation between chemiluminescence and heat release is more com-
plicated and a direct proportionality between chemiluminescence and heat release
rate cannot be expected a priori. Therefore, the determination of heat release rate
from OH* emissions of (partially) premixed turbulent flames was investigated.

Firstly, a measurement and data evaluation procedure to determine a represen-
tative measure for the number of electronically excited OH* radicals was devel-
oped. The integral chemiluminescence from the X?II; < A?Z*(Av = 0) transition
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7 Summary and conclusions

between 300nm and 325nm was identified to be such a representative measure.
To recover this chemiluminescence signal from bandpass filtered measurements
with high spatial resolution, two simultaneous bandpass filtered measurements at
around 307nm and 456nm are necessary. Only then the contribution of CO} che-
miluminescence in the bandpass filtered signal at around 307nm can be accounted
for. It was found that this correction is of crucial importance, because the CO;
contribution strongly distorts the local chemiluminescence intensities derived from
traditionally bandpass filtered measurements. Additionally, all wavelength depen-
dencies and non-linear characteristics of the measurement hardware were taken
into account to obtain measurement signals that scale linearly with the incident
light intensity.

Secondly, for validation means, the time-averaged, spatially resolved heat re-
lease rate had to be measured by a precise reference method. A new measurement
and data evaluation procedure was developed for this purpose. The local net heat
release rate of the flame was calculated from the increase of the fluid’s sensible
enthalpy due to combustion based on the first law of thermodynamics. Input pa-
rameters from chemiluminescence, PIV, and OH-PLIF measurements were nec-
essary to evaluate the energy balance. Thus, the developed reference method is
hardly applicable to technical flames, but could be used to assess the capability of
chemiluminescence as a measure for heat release rate. The comparison of chemi-
luminescence and heat release rate showed that the integral heat release rate can be
obtained from the integral chemiluminescence of the turbulent flame, if an empiric
calibration can be obtained. However, it was also shown that the local heat release
rate of the turbulent flame is not properly represented by any chemiluminescence
signal. Large errors are made when chemiluminescence is interpreted as measure
for the local heat release rate. This is due to the non-constant turbulence inten-
sity in the reaction zone of the flame. Close to the burner exit, where turbulence is
strongest, chemiluminescence is quenched more strongly than heat release rate, re-
sulting in a downstream shift of chemiluminescence intensities compared with the
heat release rate. These findings are not limited to the flames under investigation
in this study, but have to be expected for turbulent flames in general.

Thirdly, the effect of turbulence on OH* intensity and heat release rate was taken
into account in a model to correct measured OH* signals in a way that they exhibit
heat release rate proportional intensities. The correction method is based on a sta-
tistical model describing the pdfs of turbulence induced straining of flamelets. This
strain rate model was coupled with simulations of strained counterflow flames to
account for the impact of strain on OH* intensities and heat release rate. A rep-
resentative, strain rate distribution averaged proportionality factor between mea-

126



7.2 Conclusion

sured OH* intensity and heat release rate was obtained and used to calculate heat
release rate proportional intensities from measured OH* signals. For lean flames,
the corrected OH* intensities are in very good agreement with the heat release rate
distribution determined with the reference method. Figure [7.1] shows a simplified
schematic of the presented correction method.

measurement strain rate | |measurement reaction
data OH*, CH*, CO>* model data PIV mechanism
| iOH* | | iCH* | l/\7 u;ms
\_¢ l 4
Cla, ¢)
| 1) | | p((lt) plas, xo) | Clayg, ¢, x0)
|
| <C>a (Ca X |
| |
| (111ct ~ Z-OH*‘ <O>a "/w\ ~ ton+ (C)a X |

Figure 7.1: Simplified schematic of the strain rate correction method for premixed flames.
Differences for the briefly sketched correction method for diffusion flames are
depicted in gray color.

7.2 Conclusion

With the presented correction method, it is possible to obtain reliable information
on the spatially resolved heat release rate of premixed turbulent flames from che-
miluminescence measurements. In general, the correction method is universal and
can be applied to a wide range of flames. However, the quality of the used reac-
tion mechanism limits the applicability of the method to atmospheric methane-air
and hydrogen-air flames. Also the treatment of diffusion flames is not included in
the presented correction method. Only a brief sketch for a diffusion flame correc-
tion method was shown. Therefore, the enhancement of the reaction mechanism
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7 Summary and conclusions

for elevated pressure and other hydrocarbon fuel, as well as the development and
validation of the correction method for diffusion flames are important aspects for
further research.

It was shown that the integral chemiluminescence intensity can be used to mo-
nitor the integral heat release rate of flames. Moreover, it was shown that for this
purpose simple bandpass filtered measurements are sufficient. The simultaneous
measurement of two wavelength ranges to account for the CO; contribution in
bandpass filtered signals is not necessary. For example, this is especially impor-
tant for the measurement of flame transfer functions, which is commonly done
during the development process of new gas turbine combustors. Therefore, it was
shown that the commonly applied method for measuring flame transfer functions
with photomultiplier, bandpass filter, and CTA probe gives reliable results.

However, when information on the spatially resolved heat release rate is neces-
sary, simple bandpass filtered measurements cannot be used. Then the correction
of COj contributions and the impact of strain on the chemiluminescence intensities
is required. An example for such a situation is the measurement of the convective
time delay between a velocity fluctuation in a burner and the response of the flame,
which represents a very important parameter for the thermoacoustic characteriza-
tion of premixed flames. With the presented strain rate correction method such
information can be obtained reliably with moderate experimental effort.
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Appendix A

Heat release measurement results

In Ch. the axial chemiluminescence profiles of bandpass filtered and CO} con-
tribution corrected OH* and CH* were compared to the heat release rate profiles
obtained with the reference technique. Only the result of the ¢ = 0.83 operation
point was shown, because the characteristics of the profiles and the conclusions
drawn for this equivalence ratio were identical for all investigated operation points.
For completeness, the results of all eight investigated equivalence ratios are shown
here (Fig.[AT]to Fig.[AZ).

It can be seen that for all investigated flames all chemiluminescence profiles
are shifted downstream compared with the heat release rate. This effect is caused
by the the strong turbulence intensity close to the burner exit. In this region, the
chemiluminescence intensities are quenched more strongly than the heat release
rate by turbulence induced straining of the flamelets. As a consequence, no reli-
able information about turbulent flame heat release rate can be obtained from any
chemiluminescence signal.

147



Appendix A Heat release measurement results
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Figure A.1: Comparison of the axial chemiluminescence profiles of bandpass filtered and
CO,* contribution corrected OH* and CH* with the heat release profile of the
flame of the ¢ = 1.11 operation point.
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Figure A.2: Comparison of the axial chemiluminescence profiles of bandpass filtered and
CO;,* contribution corrected OH* and CH* with the heat release profile of the
flame of the ¢ = 1.0 operation point.
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Figure A.3: Comparison of the axial chemiluminescence profiles of bandpass filtered and
CO,* contribution corrected OH* and CH* with the heat release profile of the
flame of the ¢ = 0.91 operation point.
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Figure A.4: Comparison of the axial chemiluminescence profiles of bandpass filtered and
CO,* contribution corrected OH* and CH* with the heat release profile of the
flame of the ¢ = 0.83 operation point.
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Figure A.5: Comparison of the axial chemiluminescence profiles of bandpass filtered and
CO,* contribution corrected OH* and CH* with the heat release profile of the
flame of the ¢ = 0.77 operation point.
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Figure A.6: Comparison of the axial chemiluminescence profiles of bandpass filtered and
CO;,* contribution corrected OH* and CH* with the heat release profile of the
flame of the ¢ = 0.71 operation point.
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Figure A.7: Comparison of the axial chemiluminescence profiles of bandpass filtered and
CO,* contribution corrected OH* and CH* with the heat release profile of the
flame of the ¢ = 0.67 operation point.
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Figure A.8: Comparison of the axial chemiluminescence profiles of bandpass filtered and
CO,* contribution corrected OH* and CH* with the heat release profile of the
flame of the ¢ = 0.63 operation point.
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Appendix B

Results of strain rate correction method

In Ch. [f] the results of the strain rate correction method were only shown for
¢ = 0.77 and the ¢ = 1.0 operation points, with the result of the ¢ = 0.77 op-
eration point being representative for all investigated lean equivalence ratios. For
completeness, the results of all seven investigated equivalence ratios are shown

here (Fig.[B.]to Fig.[B.7).

For all investigated lean flames, the correction method shifts the intensities
closer to the burner exit, which results in a more compact flame. The comparison
of the axial profiles shows that the corrected OH* intensities are in good agreement
with the heat release rate in case of lean equivalence ratios.
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Figure B.1: Result of the intensity correction procedure for the ¢ = 1.0 operation point.
In the upper part the intensity distributions in the flame mid-plane are shown.
On the left hand side the heat release rate, in the middle the measured OH*-
intensities and on the right hand side the corrected, heat release rate propor-
tional OH*-intensities are shown. The lower part shows the corresponding axial
profiles.
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Figure B.2: Result of the intensity correction procedure for the ¢ = 0.91 operation point.
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Figure B.3: Result of the intensity correction procedure for the ¢ = 0.83 operation point.
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Figure B.4: Result of the intensity correction procedure for the ¢ = 0.77 operation point.
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Figure B.5: Result of the intensity correction procedure for the ¢ = 0.71 operation point.
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Figure B.6: Result of the intensity correction procedure for the ¢ = 0.67 operation point.
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Figure B.7: Result of the intensity correction procedure for the ¢ = 0.63 operation point.
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Appendix C

Reaction mechanism [44]

An important part of the presented strain rate correction method is the reaction
mechanism, which is used to obtain the non-linear relationships between OH*
intensity, heat release, and strain rate. The used mechanism, which includes all
relevant chemiluminescence formation and deactivation processes, as far as they
were known at this time, was developed by Kathrotia et al. [44]], based on a C{-Cy4
mechanism which was developed by Heghes [34].

Since the reaction mechanism was still under development during this study, the
stage of development which was used is shown here.

C.1 Elements

| Element | Symbol | Molar Mass [kg/kmol] |

Carbon C 12,011
Oxygen (0] 15,999
Hydrogen H 1,008
Nitrogen N 14,007
Argon Ar 39,948
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