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Abstract

The work presented in the thesis concerns the developments of laser-based
diagnostics and its application to the study of turbulent premixed combustion.

The diagnostic developments, mainly concerned with planar laser-induced
fluorescence (PLIF), are intended to provide instantaneous visualization of the key
species originating from the combustion processes involved in the burning of
hydrocarbons and nitrogen-containing fuels under turbulent conditions. For the
burning of hydrocarbons, these species include HCO, hot O, etc. and for the
burning of nitrogen-containing fuels, these include NH;, NH and CN. In
connection with this, the potential for instantaneous temperature mapping using
two-line atomic LIF (TLIF) with a novel seeding system are also demonstrated.

The study of turbulent premixed combustion involves simultaneous imaging
of such scalars as HCO, CH, CH,O and OH as well as temperature. Laboratory-
scale premixed CH,/air flames stabilized on the Lund University Pilot Jet burner
(LUPJ) and the Low-Swirl Burner (LSB) were investigated over a wide operational
range and various combustion regimes. The results from both the LUPJ and the
LSB flames provide the first experimental evidences for its being possible to
appreciably broaden the reaction zone of premixed flames can be significantly
broadened through rapid turbulence mixing, the results being verified by
observations of broadened/distributed short-lived radicals, HCO and/or CH. The
observations obtained for the two clearly different burner configurations suggest
that distributed reactions can be a common combustion mode. For the LUPJ]
flames, the dependence of the reaction zone broadening on the jet speed and the
equivalent ratio was investigated systematically. Spatial correlations between the
scalars that were measured were investigated, and the detailed local flame structures
with and without the presence of distributed reactions were analyzed and
compared. It was found that having a temperature above ~ 1000 K is important for
sustaining the distributed reactions. The build-up of radical pools through rapid
turbulence transport in regions containing (intermediate) reactants was found to be
responsible for the distributed reactions occurring. In addition, a study of Mild
combustion that has similarities with the distributed reaction concept was



performed using optical diagnostics. Certain insights concerning the reaction zone
structure of Mild combustion are discussed.
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Chapter 1

Introduction

he utilization by human beings of energy extracted from combustion has a

long history [1]. A dramatic expansion of human activities occurred since

then. Nowadays, combustion represents about 90% of the global energy
production and in the foreseeable future will surely be an indispensable source of
energy in the continuous development of human civilization [2]. However,
combustion also brings environmental issues due to the polluting by-products.
Public awakening to the effects of combustion pollutions has led to the demand for
improvements in combustion efficiency and an accompanying reduction in the
production of pollution. To fulfill this, it is crucial to understand the fundamentals
of combustion processes. Despite the impressive long period of time during which
human beings have attempted to control combustion, our knowledge of
combustion processes is still only very limited. One of the major reasons roots in
the multi-scale nature of combustion [3]. Practical combustion processes typically
consist of thousands of chemical reactions and species involved that interact with
turbulence within a continuous spectrum of both time and length scales.
Accordingly, temporally and spatially resolved techniques are required in order to
understand combustion processes. Due to the advantages of high temporal and
spatial resolution, laser-based diagnostics has been employed to deepen the
understanding of combustion processes. In contrast to probe techniques, critical
parameters such as temperature, species concentration and velocity etc. can be
obtained both non-intrusively and remotely. Since turbulent combustion is
inherently three-dimensional, the visualization ability further strengthens the
uniqueness of laser-based diagnostics as a valuable tool for combustion research.

The work presented in the thesis concerns the development of laser-based
techniques and their applications within the context of turbulent combustion. The
results obtained provide insight into the flame structures involved in different
turbulent combustion regimes. In particular, experimental evidence for the



distributed reaction zone through strong turbulence/flame interaction was
documented for the first time. The outline of the thesis is described briefly as
follows. The instruments employed are presented in Chapter 2. A brief
introduction to turbulent premixed combustion is given in Chapter 3. The results
obtained are discussed in Chapter 4 and 5; Chapter 4 being concerned with the
development of laser based techniques and Chapter 5 with their use in the
investigation of turbulent premixed combustion. A summary of the work
conducted and the outlook for further researches are provided in Chapter 6.



Chapter 2

Equipment

n this chapter, a brief presentation of the equipment employed in the present
study is provided. In Section 2.1, various laser systems are described, followed

by the description in Section 2.2 of detector systems employed and in Section
2.3 of the laboratory combustors involved.

2.1 Lasers

2.1.1 Nd:YAG Laser

The Nd:YAG laser is a solid-state laser named after its lasing medium of the
neodymium-doped yttrium aluminum garnet crystal (Nd:Y;Al,0,,) giving a fixed-
frequency radiation at 1064 nm. Higher harmonics at 532 nm, 355 nm, 266 nm
and 213 nm can be achieved by use of harmonic generation crystals. Species
excitations, photolysis, laser Rayleigh scattering and particle imaging can be
attained by use of these radiations, as will be discussed in the following chapters. In
addition, the laser radiations of 532 nm or 355 nm are frequently employed as
pump sources for a dye laser system or an optical parametric oscillator (OPO)
system so as to achieve a broader range of wavelength operations. The Nd:YAG
laser systems employed have a repetition rate of 10 Hz, and typically a - 10 ns
pulse duration and a ~1 cm™ line width.

2.1.2 Dye Laser

The dye laser utilizes organic dyes dissolved in liquid solutions as the lasing
medium. In contrast to most of solid-state lasers, the dye laser is widely tunable
typically from 390 nm to 900 nm by employing various dye solutions. Frequency-



doubling/tripling achieved through the use of harmonic generation crystals further
extends the operation wavelength range of the dye laser. The dye laser system
employed from Sirah (Cobra Stretch-G-2400) has an 8 ns pulse duration and a -
0.3 cm™ line width.

2.1.3 Solid-state Alexandrite Laser

The Alexandrite crystal, the common name for chromium-doped chrysoberyl,
Cr:BeALL,O, is the lasing medium of the solid-state alexandrite laser. Being
particular among most solid-state lasers, the alexandrite laser has a continuous
wavelength tunability from 700 nm to 810 nm which originates from broad
vibronic transitions between electronic states at an elevated temperature of -~ 400K
[4, 5]. The alexandrite laser is complementary to the dye laser as dye lasing
mediums typically have weak efficiency within this wavelength range whereas a
solid-state alexandrite laser provides substantially stronger energy output ~250 m]
per pulse. Single-longitudinal-mode alexandrite lasers with a linewidth of -~ 60
MHz have been developed and been employed for filtered Rayleigh scattering
thermometry [6] and Light detection and ranging (LiDAR) [7]. In addition to the
narrow linewidth alexandrite laser, the alexandrite laser currently employed features
a broad ~ 2.5 cm™ linewidth and a relatively long pulse duration of ~ 50 ns which
abates the possible saturation of laser-induced fluorescence (LIF) and therefore
enhances the LIF signal strength. Advantages originated from the unique
characteristics of the alexandrite laser will be elaborated further in Chapter 4.2.

2.2 Detectors

2.2.1 ICCD Cameras

An intensified charge-coupled device (ICCD) integrates an image intensifier with a
CCD camera. An intensifier includes a photocathode, a micro-channel plate (MCP)
and a phosphor screen. For laser-based imaging measurements, the collected signals
(i.e. photons) are converted into electrons by the photocathode, which are
multiplied in the MCP section and then hit the phosphor screen. The phosphor
translates the multiplied electrons back to photons which are read out on the CCD.
This configuration of the ICCD cameras enables an ultra-fast gating of a few
nanoseconds and delivers high photon-sensitivity even in the ultraviolet (UV)
region. The short gating favors the detection of laser-induced signals by rejecting

4



background emissions, for example, from flame chemiluminescence. As shown in
Figure 2-1, the quantum efficiency (QE) of the intensifier as a function of the
wavelength varies with different phosphor coatings. The selection of an ICCD
camera which has a QE curve optimized for the wavelength range of the detected
signals is preferable particularly when the signal-to-noise ratio (SNR) of the
detected species is limited.

50

— SB Slow Gate| sg GEN ||
--- SB Fast Gate
UV GEN Il

P

SR GEN I

HBf GEN

W

HRf GEN 11

o3

Quantum Efficiency (%)

0
100 200 300 400 500 600 700 800 900

Wavelength (nm)

Figure 2-1 The quantum efficiencies of intensifiers of an CCD camera with different
phosphor coatings, adapted from [8].

2.2.2 Spectrometers

The grating-based spectrometers employed (Acton 2300i and 2500i, Princeton
Instrument) are based on the common Czerny-Turner design. The signals are
collected from a narrow front slit and imaged onto the grating system which
disperses the colors (i.e. the wavelengths) of the signals spatially. The spatially
dispersed signals are then projected onto an ICCD camera. Accordingly, a two-
dimensional spectrum is formed with one dimension being within the wavelength
domain, whereas the other dimension contains spatial information. As combustion
processes include numerous chemical reactions and species, spectral and spatial
discriminations of detected signals are important for laser-based diagnostics, for
example, LIF measurements to ensure the fidelity of the signals that are detected.
Different spectral resolutions can be achieved by employing different gratings. The
gratings most commonly employed in the present work are those with 150
groves/mm and 1200 groves/mm, giving an actual spectral resolution of 2 nm and
0.25 nm, respectively.



2.3 Laboratory Combustors

2.3.1 Lund University Piloted Jet Burner (LUPJ)

The Lund University Piloted Jet burner (LUPJ) is a hybrid McKenna-type jet
burner which consists of a 1.5-mm inner-diameter (ID) stainless central nozzle
having an outer-diameter (OD) of 7-mm that sits 2 mm above the surrounding
61-mm ID coflow porous plug. Mixtures are fed into the central nozzle and the
coflow plug independently. A schematic plot of the LUPJ and photographs of the
laminar and the turbulent jet flames stabilized on it are shown in Figure 2-2.
Shielded and sustained by the hot products from the surrounding pilot coflow
flame, both stable laminar flames and shear-driven highly turbulent flames can be
stabilized on the jet. A series of piloted premixed highly turbulent jet flames (LUP]
series flames) stabilized on this burner were investigated using laser diagnostics in
our laboratory, and the results are presented in Section 5.1.

Laminar jet flame Turbulent jet flame

Coflow pilot flame

Central jet
\ 2 mm 1.5 mm

—-‘fm—
Frcoad][[ 111

7mm

Figure 2-2 A schematic plot of the Lund University Piloted Jet burner (LUPJ]) and
photographs of laminar and turbulent jet flames stabilized on it.



2.3.2 Low-swirl Burner (LSB)

The low-swirl burner (LSB) was originally
developed by Bedat and Cheng [10, 11] to facilitate
ultra-lean premixed flames which exhibit the
feature of low NOy emission. The LSB employed
in our laboratory [12] at Lund University was
developed cooperatively with the Lawrence
Berkeley National Laboratory and the Technical
University Darmstadt, serving the joint purpose of
establishing a collection of experimental data on
turbulent premixed flames for model validation. As
shown in Figure 2-3, the premixed mixtures are fed
into the chamber of the LSB and then transported

through perforated grids to ensure a steady laminar
flow. The switler having 50 mm OD contains eight ~ Figure 2-3 (a) A cross-
swirl vanes in the outer part and a 38 mm ID  sectional view of the LSB
central perforated plate so that swirl is imparted to ~ and (b) its swirler installed
the outer part of the flow while the central flow  az the location marked by the
remains non-swirling. The exit nozzle is located at  arrow. Reprinted from [9]
68 mm downstream of the swirler. The lifted

flames are stabilized -~ 30 mm above the nozzle exit plane regardless of inlet flow
speeds. Experimental results for the LSB are presented in Section 5.2.

2.3.3 Flameless Combustor

A combustor, termed a flameless combustor was investigated in the present work.
As shown in the schematic plot of Figure 2-4, the flameless combustor consists of a
quartz cylinder combustion chamber having an ID of 100 mm and a length of 340
mm. The quartz cylinder was surrounded by a 30-mm thick ceramic fiber blanket
to sustain the chamber temperature during operation. The air was preheated to 673
K and was issued from the central orifice (10 mm ID) located at the top of the
combustion chamber. Surrounding the central orifice are 16 small orifices with 2
mm ID positioned axial-symmetrically on a circle with a radius of 15 mm for fuel
(i.e. methane) injection. A convergent nozzle with 150 mm in length and an angle
of 15 degree is located at the bottom of the chamber serving as the exhaust gas exit.
Depending on different excess levels, three distinct combustion modes can be
achieved, namely a flameless combustion mode (Figure 2-4 (b)) in which the flame



emission is invisible, a conventional combustion mode (Figure 2-4 (d)) with the
visible flame emission and a transition combustion mode (Figure 2-4 (c)) operated
in between the former two modes. The OH’ emission of the three combustion
modes are shown in Figure 2-5. During the experiment, the inlet fuel velocity is
fixed at 6.2 m/s, whereas the inlet air velocities are 162.8, 126.5 and 96.2 m/s to
achieve the conventional, transition and flameless combustion modes, respectively.
The experimental results obtained for the flameless combustor are presented in
Section 5.4.

’ Fuel nozzle
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Figure 2-4 (a) Schematic of a flameless combustor (b-c) three operational flame
conditions: (b) the flameless mode (d) the conventional flame mode with visible flame
emission and (c) a transient mode between the former two combustion modes.
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Figure 2-5 OH emission as measured for (a) the flameless mode (b) the transient mode
and (c) the conventional mode of flames, as adapted from [13].



Chapter 3

Turbulent Premixed Combustion

espite the turbulence phenomena being so widespread in nature, from,

for example, the terrestrial atmospheric circulation to a smoke of a

cigarette, a precise definition of turbulence is difficult to be arrived at
because of its chaotic nature. Several definitions of turbulence based on more or
less intuitive characterizations have been proposed. For example, Hinze [14]
suggested a definition of turbulence as follows:

“Turbulence fluid motion is an irregular condition of the flow in which the
various quantities show a random variation with time and space coordinates, so that
statistically distinct average values can be discerned.”

Flow motions in the context of turbulence are expected to be sensitive to both the
initial and the boundary conditions and are chaotically evolving over a large range
of length and time scales. In contrast to the diffusion-dominated cases encountered
in the laminar flows, turbulence enhances the diffusion processes of, e.g. heat and
species. Also, when combustion is engaged in, the occurrence of reactions on
various chemical time scales and the associated heat-release effects make the
interaction between turbulence and combustion virtually intractable. To obtain a
better understanding of such interaction requires sophisticated investigations of
both turbulence and combustion to be carried out. In this chapter, discussions will
be limited to those of turbulent premixed combustion. A brief introduction to
flame chemistry is provided in section 3.1 which is followed by a discussion of
turbulence/chemistry interaction under different combustion regimes.

3.1 Flame Chemistry

The complete global single-step reaction of methane, the simplest hydrocarbon fuel,
with oxygen can be expressed as:



CH, + 20, —~ CO, + 2H,0 (3.1).

In premixed flames, the fuel and the oxidizer are mixed prior to the occurrence of
combustion. The equivalence ratio, @, is introduced to quantify the fuel-to-
oxidizer ratio with regard to the stoichiometric condition which is referred to as the
complete reaction case. Mathematically,

/ .
&= Mfyel/ Moxidizer (32),

(rnfuel/Innxidizer)st

where m represents the mass fraction and @ <1 fuel-lean conditions, conditions in

which @ >1 being termed fuel-rich.
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Figure 3-1 The overall structure of a planar free-propagating methanelair

stoichiometric flame.

The overall structure of a planar free-propagating methane/air stoichiometric
flame is shown in Figure 3-1. At the center of the flame coordinate, CH; and O,
are consumed rapidly, resulting in the formation of combustion products such as
H,O and CO, along with a dramatic increase in temperature. This process occurs
in a thin region, typically less than 1 mm in thickness, termed the inner layer or
the reaction zone, where the consumption of fuel and radicals occurs [15]. The
temperature of the inner layer corresponds approximately to the cross-over
temperature above which chain-branching reactions dominate over chain-
terminating reactions so that reactions are accelerated. Upstream of the inner layer,
there is a layer termed preheat layer in which reactants are preheated by the heat
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diffused and conducted from the reaction zone. A very limited number of reactions,
however, occur in this region since there the temperature is typically lower than the
cross-over temperature so that reactive radicals are quickly consumed. Slightly
downstream of the reaction zone, stable species such as H, and CO are formed and
continue to be oxidized in the oxidation layer since the temperature is high. In
short, the major reactions associated with large amounts of heat release occur in the
thin reaction zone less than 1 mm in thickness which separates the unburnt from
the hot combustion products. The internal structure of the thin reaction zone is
further illustrated in Figure 3-2. At the start of the reaction zone, fuel starts to
decompose along with the production of CH,O. Later on, the formation of
reactive radicals like OH accelerates reactions, leading to CH,O together with
other (intermediate) reactants being quickly consumed, and to a peak of the heat
release rate (HRR) at the center of the reaction zone. As can be seen in Figure 3-2,
profiles of HCO and CH and of the OH gradient correlate well with the profile of
HRR, there being a maximum discrepancy of less than 100 um. In turbulent
premixed flames, these quantities are referred to frequently as the flame front
markers which reflect the primary HRR. It has also been demonstrated in laminar
flames that the formation of HCO can be mainly attributed to the reaction [16]

CH,O + OH — HCO + H,0 (3.3).

Because of the experimental feasibility, the product of OH and CH,O has been
proposed to mimic HCO and therefore indirectly correlates with the HRR. Detail
discussions of this matter are presented in Section 5.1.6.
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Figure 3-2 Profiles of different species, the product of CH,O and OH, the net
heat release rate (HRR) and the OH gradient in the thin reaction zone.
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Two intrinsic quantities, the laminar flame speed, S; and flame thickness, 8,
are commonly employed in quantifying unstretched laminar premixed flames. S;
represents the speed at which the unstretched flame front propagates towards the
unburnt region. Experimental methods such as the heat flux method [17] and the
slot-burner method [18] have been developed for measuring S; based on the idea
that the velocity of the incoming flow normal to the flame front balances with ;.
The flame thickness & represents the characteristic length scale for flame chemistry.
Two thicknesses, i.e. the thermal thickness 6; and the reaction zone thickness 0,
can be experimentally determined. The thermal thickness, also termed the flame
thickness is defined as
Tp—Ty
|£
dx

o, = (3.4),

max

where Tyand T, are the temperature of the burnt and the unburnt regions of a
flame, respectively. 8, can be approximated as the sum of the thicknesses of the
reaction zone and preheat layer in laminar flames. 8, is experimentally estimated on
the basis of the thickness of the flame front markers, such as CH and HCO. S; and
dr are related to one another in terms of the thermal diffusivity D, through S; -
D/, and the chemical time scale . =8,/ S; - &%/ D.

3.2 Turbulent Scales and Combustion Regimes

As quoted from Richardson [19] regarding turbulence flows,

“Big whirls have little whirls, which feed on their velocity. And little whirls
have lesser whirls, and so on to viscosity in the molecular sense.”

This reflects the energy cascade concept in regard to turbulence flows where the
turbulent kinetic energy contained in large scales (or eddies) is transferred
successively to the smaller and smaller scales until the energy can be effectively
dissipated by molecular viscosity. How the turbulent kinetic energy distributed
among the scales of different sizes is depicted by the turbulent energy spectrum as
shown in Figure 3-3. Conventionally, the energy spectrum E(#) is plotted as a
function of the wavenumber, 4, which is defined as £=2 7/f, where € is the
characteristic length scale of the flow. The energy spectrum can be divided by €y,
(i.e. kg in wavenumber) into two ranges, i.e. the energy containing range and the
universal equilibrium range. In the energy containing range, the eddies are large in
size and might be anisotropic, containing the majority of the turbulent kinetic
energy. The integral scale, 4, in this range represents the length scale of the

12



turbulent flow that contains the most turbulent kinetic energy. In the universal
equilibrium range, the motions of small-scale eddies are assumed to be statistically
isotropic. The smallest scale in this range is termed the Kolmogorov scale €, scales
below which will be smeared out swiftly by viscous dissipation. Two subranges, the
inertial subrange and the dissipation subrange are further demarcated by €. It is
argued that the eddy motions in the dissipation subrange sense viscous effects,
whereas the motions in the inertial subrange are barely affected by molecular
viscosity. The Taylor length scale, €; can also be introduced, its often being
referred to as the length scale between €;; and €,; which delimits the length scales
which are either resolved or modeled in large-eddy simulation (LES).

= A . Modelled
= Resolved in LES in LES
=l > «—>

Dissipation
subrange

| Universal equilibrium
1 range

>
ki kg kr  ky ky logk

Figure 3-3 The turbulent energy spectrum which indicates the turbulent kinetic

energy distribution over different length scales (or wavenumbers).

In addition to the aforementioned turbulence length scales, a few
dimensionless quantities are also frequently utilized. The Reynolds number (Re) is

defined as

Re = 2 (3.5),

v
where U is the velocity and » the kinematic viscosity. In calculating the turbulent
Reynolds number (Re,), substituting v=S, X &, U=# and ¢= ¢, into Equation (3.5)

gives
Re = (u'x £) | (S;x &) (3.6),

where the turbulence velocity is represented by the root-mean-square velocity («)
of the flow. In order to project the associated quantities to the same context as the
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Borghi diagram which will be discussed later, the kinematic viscosity » is estimated
as §; X8, which is approximately equal to the kinematic viscosity at a flame
temperature ~ 1800 K. On the basis of the dimensional analysis, the Kolmogorov
length scale ¢, and the Taylor length scale €; can be approximated from the
integral scale as

4, -4 X Re 2 (3.7) and
Or - £y XRe, ' (3.8).

Two other dimensionless quantities, the Karlovitz number (Kz) and the
Dambkélher numbers (Da) are also introduced in order to quantify the extent of the
turbulence/chemistry interaction. Kz is defined as the ratio of the chemical time
scale, 1, to the Kolmogorov time scale, T, (i.e. the smallest turbulence time scale).
Da is the ratio of the integral time scale 1, (i.e. the time scale associated with the
integral length scale) to t.. Mathematically,

Ka =111, = {(u]S)’x(3,] £)}'" (3.9) and
Da=1,/1.=Re* | Ka (3.10).
10°F
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Figure 3-4 The Borghi diagram pertaining to premixed turbulent combustion.

A diagram defining the regimes of premixed turbulent combustion using the
velocity (#/S;) and the length scale (£,/3,) ratios was proposed by Borghi [20] and
was later modified by Peters [21], known as the Borghi diagram shown in Figure
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3-4. Turbulent premixed flames occur in the region in which Re>1, for which
several turbulence combustion regimes have been proposed as listed in the

following;:

®  Flamelet regimes (Ka<1)

With Ka<1, the Kolmogorov length scale is larger than the flame thickness,
therefore the smallest eddies are not able to affect the internal structure of the thin
flame front. The flame front appears to be solely wrinkled by the presence of
turbulence. In the corrugated flamelet regime, the wrinkling of the flame front is
increased, and pockets can be formed due to flame front interactions. As the flame
front is typically thin for flames in the flamelet regimes, the laminar flamelet
concept has been proposed and been widely applied in the numerical modeling of
turbulent flames [22, 23]. An important assumption for this concept is that the
fresh unburnt and burnt gases are separated by a thin reaction zone layer where
major reactions take place. Consequently, local flame front structures in turbulent
flames can be seen as a laminar flamelet. The models developed based on the
flamelet concept have been reviewed in Ref. [24].
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Figure 3-5 Schematic of the flame front interacting with eddies in the flamelet (left)
and the TRZ regimes (right), as modified from [25].

®  Thin reaction zone (TRZ) regime (1<Ka<100)

The line Ka=1 is called the Klimov-Williams criterion, which states a
boundary condition in which the Kolmogorov length is equal to the flame
thickness. The upper boundary Kz=100 has been estimated by Peters who
considered the reaction zone thickness 8, of a CH,/air flame to be about one-tenth
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of the flame thickness &; [15]. At Kz=100, the &, isequal to .. Accordingly, for
1<Ka<100, the flame front can be expected to be distorted by turbulence. Flames
with a thickened flame preheat layer and a thickened thermal layer in the TRZ
regime have been found in experiments reported on [26-28]. However, both
experimental observations [29-34] and direct numerical simulations [35, 30]
indicate the reaction zone to remain thin in this regime, extending the applicability
of the flamelet concept to the region beyond the Klimov-Williams criterion.
Schematic of the flame front interacting with turbulent eddies in the flamelet and
the TRZ regime is shown in Figure 3-5.

®  Distributed/broken reaction zone regime (Ka>100)

If K2>100, the Kolmogorov scale is smaller than the reaction zone thickness.
Therefore, the reaction zone can be expected to be distorted by the penetration of
small eddies so that a broadened or broken reaction zone might be expected if a
flame can be properly sustained. The present thesis prefers to use the term
“distributed reaction zone (DRZ)” regime. The DRZ regime is relatively
unexplored both experimentally and numerically, whereas theoretical predications
of combustion in this regime have been presented in several pioneering works [37-
39]. In brief, it has been characterized as (1) the elimination of the sharp interface
between the unburnt and the combustion products owing to the rapid turbulence-
dominated mixing; (2) the relatively broadened heat-release region in which the
local burning rate is reduced; and consequently (3) the reduced maximum flame
temperature and homogenized temperature field. In the present thesis,
experimental investigations of flames in the DRZ regime have been conducted.
The results and discussions are presented in Chapter 5.

3.3 Limits of the Combustion Regime Diagram

The Borghi diagram is useful as a rule of thumb, but the regimes demarcated
in the diagram are based solely on a qualitative analysis which cannot be
interpreted as a precise guidance for the following reasons:

® The dimensional analysis of turbulence length scales assumes an isotropic and
isothermal turbulence flow, which might not be fully valid in the case of
turbulent flames.

® The heat release from the combustion processes imposes complexities on
turbulence. Owing to the gas expansion, the dilation effect has been observed
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as turbulence eddies are greatly weakened after passing through the flame
front [40, 41]. In addition, the streamwise history effect could affect the flame
structures downstream. No account is taken of such effects in the Borghi
diagram.

The estimation of the thermal thickness or the reaction zone thickness is based
on an order-of-magnitude analysis. Noticeable changes could be introduced
by uncertainties in the estimates of the layer thicknesses. In addition, the
relationship, 6,=0.18 is deduced for the methane/air flames. Care should be
taken when applying the K#=100 boundary to other fuels as the flame
chemistry could be different.

The Lewis number (Le), which is defined as the ratio of thermal diffusivity (D)
to the mass diffusivity (D,,), has been shown to have considerable effects on
the local flame speed and the flame structures especially when Le deviates
substantially from unity [42-45]. This has not been taken account of in
delimiting the regimes in the Borghi diagram.

The analysis of Kz is based on comparing the Kolmogorov turbulence time
scale with the global chemical time scale. However, in reality turbulence scales
could interact with elementary reactions each of which has its individual
chemical time scale. Hints of the limitations in predicting flame behavior with
use of different fuels but with the same global Kz have been demonstrated in
the reference [46], in which it was proposed that the species-specific Karlovitz
number could be used instead.
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Chapter 4

Laser Techniques and Their Developments for
Turbulent Combustion Diagnostic

L I Yhis chapter encloses a brief introduction to a few laser-based techniques
such as laser-induced fluorescence (LIF), laser Rayleigh scattering
thermometry and laser Doppler anemometry. Towards the aim of being

able to be utilized for turbulent combustion diagnostics, single-shot based,

interference-free and high quality planar laser-induced fluorescence (PLIF) of some

“new” species have been developed. These include formyl radicals (HCO),

thermally-excited hot O, molecules, cyano radicals (CN), gaseous ammonia (NH;)

and nitrogen monohydrate radical (NH) for hydrocarbon flames and flames

burning nitrogen-containing fuels. In addition, two-line atomic LIF of indium as a

promising tool for instantaneous temperature mapping with a novel seeding system

is also presented.

4.1 Introduction

Combustion processes which involve numerous species are adequate with
spectroscopic information. An example is presented in Figure 4-1 (a) in which a
flac lifted one-dimensional CH,/N,/O, flame is shown, whose flame
chemiluminescence in the UV/visible spectral range and flame thermal emission in
the infrared range are presented in Figure 4-1 (b) and (c), respectively. The flame
chemiluminescence originates from radicals such as OH', CH" and C," which are
excited by extracting the excessive energy from chemical reactions and are typically
not under thermal equilibrium state. In contrast to the flame chemiluminescence,
the flame emission in the infrared (IR) region comes from the thermally excited
molecules the vibrational states of which are thermally populated in accordance
with the Boltzmann distribution at the corresponding temperature. A detail
analysis of such spectra could give information such as flame temperature, the
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species concentration, the equivalence ratio and the heat release regions. However,
more information can be extracted from species which are not naturally irradiating.
Interrogation of such species requires external excitation sources, such as lasers, to
be employed. The laser wavelength can be adjusted to be coupled with, for example,
the electronic transition of certain species. The species are excited by absorbing
photons from laser radiation, and the subsequent de-excitation process which could
occur naturally by way of spontaneous emission which releases signals to be
detected. This is indeed the principle of laser-induced fluorescence (LIF). The
development and application of LIF technique are presented in the next section.
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Figure 4-1 Phorograph of a flat lifted one-dimensional CH/N,/O, flame and (a) a
spectrum of flame chemiluminescence in the UV/visible range recorded with a grating
spectrometer (b) and of flame thermal emission in the IR range as recorded by an FTIR

spectmmeter.

4.2 Planar Laser-induced Fluorescence

Applications of the PLIF technique in combustion diagnostics were first
demonstrated in the early 1980s [47]. Along with advancements of laser and
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detection systems that have been made during last decades, the PLIF technique

nowadays is widely employed as a valuable tool for studying turbulent combustion

processes which in present work are those associated with use of hydrocarbon and

nitrogen-containing fuels. Table 4-1 presents a summary of species measured using

LIF presented either in the thesis or in the related work. Additional information is

included concerning the corresponding excitation-detection wavelengths and

achievable SNRs for an approximately 20-mm imaging size and under specific

flame conditions.

Table 4-1 A summary of the species measured using LIF in the present work.

. Excitation Pulse Detection
Flames Species Wavelength Lasers Energy Wavelength SNR
CH,/air flames ~ OH - 283 nm Dye ;3953; ®Rh - omy - 309 nm >32
. 3" harmonic of
CH/air flames ~ CH,O 355 nm NA:YAG 120 m] 360 -600 nm >28
. ~ 387 nm 2" harmonic of
CH,/air flames CH (48] Alexandrite 70 m] ~431 nm >17
. 3nd harmonic
CH,/air flames HCO 259 nm [49] K 15 mJ 280- 400 nm >8
of Alexandrite
NH; doped 2" harmonic of
CH,/air flames e = &P Alexandrite g = 87 v >20
~ 257 nm 3nd harmonic
CH,/O, flames  Hot O, (50] of Alexandrite 14 m] 280—420 nm >20
NH; doped 2X305 nm Dye laser (Rh
CH/air flames V5 51] 610/640) Soadl =S mm .
nd :
NH,/air flames ~ NH, i L TG m]  400-450 nm -5
Alexandrite
. Dye laser (Rh
NHj/air flames NH ~303 nm 610/640) 30 m]J ~ 336 nm >25
NH,/O,/N, NO 2255 nm Dye laser (LDS 45m] 230 — 400 Pou%t
flames 698) nm detection
y Visible with
10 nm .
CH,/air flames In Ccliests 10 mW 410/450 nm . e).les,
atom A50) lasers see Section
4.2.6

In addition, a schematic plot of the major reaction paths of CH,and NH;

together with their interplay from simulation at 2000 K, 1 atm condition using the
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GRI3.0 mechanism [52] is presented in Figure 4-2. The species listed in Table 4-1
are marked in red, which are shown to play a vital role in CH, or NH; chemistry as
well as in the fuel- and prompt-NO formation mechanisms. Based on the results
from Papers I to IV and on some of the related work, the developments of the
PLIF technique are presented in the following sections, aimed at providing single-
shot based, interference-free and high SNR imaging of these species/radicals which
later can be dedicated to studying the combustion of hydrocarbon and nitrogen-
containing fuels.
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Figure 4-2 Schematic plot of the major reaction paths of the CH,; and NH; chemistries
at 2000K, 1 atm obtained using the GRI 3.0 mechanism and a perfectly-stirred reactor
in CHEMKIN. The interplay between the CH; and NH; chemistries together with the
Sfuel- and prompt-INO formation mechanisms are also shown.

4.2.1 Formyl (HCO) radical

Heat release rate (HRR) is one of the most important parameters both for the
practical design of a robust combustor and the numerical modeling of turbulent
combustion. However, as a field variable, the HRR cannot be measured directly
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through experiments. The analysis of laminar flame structure in section 3.1
suggests that the formyl radical, HCO could be a good indicator of HRR.
Furthermore, Najm and his co-workers [16, 53, 54] have conducted numerical
simulations and experiments in quasi-laminar flames. They found HCO correlate
closely with local HRR over a wide operational range of hydrocarbon flames in
which it was showed that - 60 % to 90 % of carbons flow through HCO directly
or indirectly [54]. Recently, DNS results also indicated that HCO remains as a
good local HRR indicator under turbulent conditions [55]. It would thus be
desirable if the instantaneous HRR field can be mapped out preferably through
visualizing HCO radicals. The excitation of HCO at the B-X (0,0,0)-(0,0,0) band
near 259 nm offers such an opportunity. However, single-shot based HCO PLIF
imaging is barely reported in the literatures because of the low fluorescence
quantum yield of HCO and the comparatively weak energy output provided by
conventional Nd:YAG-pumped-dye laser systems at this wavelength. The
possibility of instead utilizing a multi-mode alexandrite laser for HCO excitation
based on the results of Paper I is demonstrated in the following.

In the vicinity of 259 nm, the B-X (0,0,0)-(0,0,0) band of HCO exhibits a
congested line structure which comprises a blend of the Py, W, *Q,, "Ry, "R, and
®R, branches with transitions assigned in Refs. [56, 57]. Figure 4-3 shows a set of
spatially resolved emission spectra from a laminar methane/air flame stabilized on
the LUPJ burner for different excitation wavelengths close to 259 nm. The
ordinate of the two-dimensional spectra indicated the radial distance from the
center of burner axis, whereas the abscissa corresponded to the wavelength domain.
It is noteworthy that the spatial resolution across the flame front renders an
additional discrimination on LIF signal, allowing for distinguishing species with
fluorescence signals spectrally resided in the same wavelength range but spatially
separated. Three zones along the spatial axis, i.e. an unburnt zone, a reaction zone
and a product zone, can be identified as delimited by the dashed lines. The
spectrum in each zone has been extracted and is presented subsequently in the
subplots. One can note that at some excitation wavelengths strong interferences
appear from either hot O, molecules (cf. Figure 4-3 (A) and (C)) or OH radicals
(cf. Figure 4-3 (D)) in the hot coflow. The O, interference originates from
excitation of the vibrational (0-7) band of the Schumann-Runge B-X system. A
detailed discussion of the O, spectra will be found in section 4.2.2. To avoid O,
interference within this wavelength range, the interval between two adjacent O,
excitation wavelengths gives a narrow spectral window of ~ 2 Angstroms for HCO
excitation. The OH interference can also be significantly suppressed by tuning the
laser wavelength off the OH transitions carefully. Figure 4-3 (B) represents a
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typical HCO emission spectrum in which the interference created from OH
radicals is negligible. According to simulated OH spectra using LIFBASE [58], the
slight OH interference comes from the very weak transitions of the OH (4-1) and
(3-0) bands, which, however, can be hardly tuned away. Fortunately, the
spectrally-integrated intensity of OH interference is less than 15% that of the
HCO signal intensity. In PLIF imaging, this interference is even negligible
significant due to the limit resolution of the spectrograph, which shows higher
signals for such species as OH, with broader spatial distribution than that if the
thin HCO layer. Comparing different excitation wavelengths which give negligible
interference, excitation at 259.004 nm gives the maximal signals and therefore is
chosen as the optimal excitation wavelength for the experimental system being
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Figure 4-3 Spatially resolved spectra of laser-induced fluorescence in a methane/air
Sflame with different excitation wavelengths, (A) 258.940 nm, (B) 259.004 nm, (C)
259.151 nm and (D) 259.316 nm. The unburnt zone, the reaction zone and the
production zone are delimited by dashed lines, and the spectra extracted from these
regions for each excitation wavelength are presented subsequently in the subplots.

Figure 4-4 provides three examples of HCO PLIF in a methane/air laminar
flame without interference (Figure 4-4 (1)) and with interference from O, (Figure

24



4-4 (2)) and OH (Figure 4-4 (3)). As can be seen in Figure 4-4 (3), OH
interference can completely and thus obliterate the HCO signals if the excitation
wavelength is not carefully selected. A careful inspection of Figure 4-4 (1) appears
to reveal a dual-layer structure of the thin HCO layer, which can be hardly
expected for a laminar premixed flame. This has been shown to be attributable to
the additional HCO production by CH,O photolysis through CH,O + hv —
HCO + H [59] since CH,O has shown broad absorption bands in the UV region
[60]. The photolytically generated HCO signal shows a virtually quadratic power-
dependence. It has been shown that the CH,O interference can be kept at a level
below 5% of the natural HCO signal when laser fluence is kept below 2.5 J/cm®.
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In addition to the interference sources of the HCO signal as discussed above,
it is also found that a spectrally continuous background was contributed to the
HCO LIF signal under fuel-rich flame conditions, which leads to a considerably
higher LIF signal level and a broader “HCO” layer in rich flames. In contrast, a
numerical simulation using the GRI 3.0 mechanism [52] predicts a decreasing
trend of HCO concentration as flame condition are changed from being
stoichiometric to being fuel-rich. This discrepancy is likely attributable to the
generation of large hydrocarbons (such as polycyclic aromatic hydrocarbons, PAH)
which generally have broad absorption and emission characteristic in the UV
region.
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In short, the potential interference sources for HCO PLIF measurements
from O,, OH, the photolysis of CH,O and large hydrocarbons in rich flames have
been identified. Optimized HCO detection using a multi-mode alexandrite laser
can be achieved with excitation at 259.004 nm and subsequent detection from 290
nm to 400 nm with a proper band-pass filter. Restrictions apply to (1) the laser
fluence below 2.5 J/cm® employed to suppress the falsified HCO signal generated
by CH,O photolysis and (2) to HCO diagnostics in lean premixed flames to avoid
spectral interference from large hydrocarbons. Despite the aforementioned
restrictions on the HCO PLIF, the exceptional importance of the HCO radical in
hydrocarbon flame chemistries makes it a unique tool for investigating of the
fundamentals of turbulent lean premixed hydrocarbon flames. Such feasibility
together with the single-shot HCO images obtained will be exemplified further in
Chapter 5.

4.2.2 Hot Oxygen Molecule (O,)

Hot oxygen, i.e. oxygen molecules in excited electronic or vibrational states, is
of particular interest in many areas including plasmas physics [61], atmospheric
chemistry [62] and combustion technology [63]. Most existing techniques for the
detection of molecular oxygen are based on an indirect manner which detects a
tracer LIF that can be affected by the presence of oxygen through the quenching
effect. The present work based on Paper II demonstrated the detection of
vibrationally excited hot O, molecules though the (0-7) band of the well-known B-
X Schumann-Runge system. The absorption spectrum of the (0-7) band was
simulated using LIFsim [64] as can be found in Paper II. An excitation wavelength
of 256.972 nm was chosen as the best compromise between obtaining good SNR
oxygen LIF signals and minimizing the interference from other species. A blend of
rotation transitions, P;(35), P,(35), R;(9) and R,(9) was excited simultaneously at
this wavelength.

As discussed in section 4.2.1, large hydrocarbons, formyl radical (HCO) and
hydroxyl radical (OH) have the potential of interfering with the O, LIF signals
detected in this wavelength region. To examine the potential interference, O, LIF
emission spectra were recorded in a lean CH,/O, flame (©=0.9) and a rich
CH,/O, flame (®=1.47) as shown in Figure 4-5 (a) and (b), respectively. It can be
seen that the LIF emission spectrum from the lean flame shows little interference
but possesses a distinctive O, spectral structure containing transitions from excited
electronic state to successive vibrational levels in the ground electronic state as
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assigned in Figure 4-5 (a). Since the oxygen molecules are not fully consumed in
the lean flame, the hot O, widely spreads out in the production zone, where the
temperature is still high. In the rich flame, two hot O, layers appear up in the
spectrum. The inner layer corresponds to the primary reaction zone, in which the
oxygen peaks can be seen at the top of a broad underlying fluorescence background
originating predominantly from PAH interference. In the primary reaction zone of
the rich premixed flame studied, the PAH contribution to the overall signal was
about 50 %. Care should be taken under such condition in interpreting the signals
obtained. Further downstream, little PAH interference was observed in the outer
layer which corresponds to the secondary reaction zone where the unburnt fuel that
remained in the rich flame was mixed and reacted with the ambient air.
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Figure 4-5 Spectrally resolved emission spectra along a line across the flame front of a
laminar (a) Lean CH/O, flame (©=0.9) and (b) Rich CH/O, flame (®=1.47).
Spectra were extracted at selected radial positions indicated by dashed lines.

The instantaneous two-dimensional distributions of hot O, are illustrated for
the lean flame in Figure 4-6 (a-b) and for the rich flame in Figure 4-6 (c-d). As
expected, despite the high oxygen concentration, no LIF signals can be found in
the unburnt regions for either flames since virtually no O, molecules are populated
at the v'=7 vibrational state at room temperature. Also, the lean flame shows a wide
distribution of the hot excess O, which was found in the product region. In the
rich flame, a portion of the O, was heated in the thin primary reaction zone before
it was consumed. It should be noted that the O, LIF signal in this region could be
contaminated by PAH interference as Figure 4-5 (b) suggests. Downstream of the
primary reaction zone, weak but traceable signals appear corresponding to the
presence of a small amount of O, (- 0.9 % in total) in chemical equilibrium in the
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product region. Further downstream, the secondary reaction zone was formed and
heat was released through oxidizing of the unburnt and other intermediates
reactants such as CO and H,. It is worth mentioning under thermal equilibrium
condition the LIF signals from the O, molecules for v =7 are considerable when the
temperature is higher than 1500 K. The LIF signal also continues to increase by
approximately two orders of magnitude until the temperature approaches 3000 K.
This feature makes the hot O, LIF signal very sensitive to the flame temperature,
preserving the potentials to be utilized for temperature mapping in the future.
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Figure 4-6 Single-shor PLIF images of hot molecular O, recorded in (a-b) a lean
premixed flame (D=0.9) and (c-d) a rich premixed flame (O=1.47).

4.2.3 Cyano (CN) radical

An increasing interest in utilizing renewable biomass-derived fuels as alternatives to
fossil fuels has emerged [65], motivating the demand to study the detailed chemical
kinetics involved in the combustion of nitrogen-containing fuels. Cyano radical
(CN) is one of the key species that participate in the conversion of fuel-nitrogen as
well as the formation and re-burning of NO in the prompt NO mechanism [66].
Hints concerning the role of the CN radical in the interplay of CH, and NH;
chemistry can be also found in Figure 4-2. Many of reported CN measurements
using various laser techniques [67-70] are obtained mostly point-wise and average-
based in low-pressure flames doped with NO, or NO. In contrast, instantaneous
two-dimensional CN imaging is rarely reported in the literature, despite its clearly
being more appropriate for the investigation of turbulent flames. The present work

reported in Paper III demonstrated the feasibility of single-shot high-qualicy CN
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PLIF images obtained using an alexandrite laser (linewidth 2.5 cm™, 30 ns pulse
duration) with a novel excitation at the B-X (1-0) band close to 359 nm and
subsequent off-resonance detection at around 387 nm. The comparison of such
excitation scheme with others is referred to in ref. [71]. A conventional dye laser
system (linewidth 0.3 cm™, 8 ns pulse duration) was additionally employed for CN
excitation as a comparison.
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Figure 4-7 shows an excitation scan (blue dots) over the P-branch bandhead
of the CN B-X (1-0) band using a dye laser, and the corresponding spectral
simulation (red curve) performed in LIFBASE agreed closely with one another.
The P(23) line as indicated by the arrow was identified. In Figure 4-8 the power
dependence of the CN LIF signals obtained through excitation at both the P(23)
line and the bandhead using both lasers is compared. It can be clearly seen in
Figure 4-8 that the CN LIF signals (green dots) excited by the dye laser at the P(23)
line exhibit a strong saturation effect with laser irradiance higher than 5 MW/cm®.
In contrast, the CN excitations using the alexandrite laser at both the bandhead
and the P(23) line deliver a significantly higher signal level by a factor of -3 to 5
than that of the dye laser with the same laser irradiance, and no complete
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saturation was observed with the maximum irradiance ~ 33 MW/cm’. The weaker
LIF signal achieved by the dye laser excitation can be explained by the fact that the
laser-coupled rotational ground state can be depleted without being sufficiently
repopulated within the short laser pulse duration (- 8 ns) due to the limited
rotational energy transfer (RET) rate. The relatively long-pulse excitation produced
by the alexandrite laser resulted in an increased repopulation through rotational
energy transfer (RET) during the laser pulse. In addition, multi-line excitation
using the broad-band alexandrite laser (- 2.5 cm™) becomes advantageous at high
laser irradiances since the multi-line excitation further suppresses the saturation
effect. For example, excitation of the P(23) line using the alexandrite laser also
involved excitation of the P(22) and P(24) lines as well as weak excitation of the
P(21) and P(25) lines, which resulted in a three times higher overlap integral
between excited transitions and the laser spectral profile than that of the dye laser
excitation. Therefore, at complete saturation of alexandrite laser excitation, an
additional corresponding increase in the LIF signal would be expected. Similar
advantages gained from the long-pulse and broadband features of the alexandrite
laser have also been demonstrated previously for CH PLIF measurements [48].
The CN LIF emission spectra recorded in a NH;-doped (4230 ppm) CH,/air
laminar flame using both lasers further support the conclusions drawn above. For
details regarding this, one is referred to Paper II1.
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To exclude any potential interference, an additional LIF emission spectrum
(cf. Figure 4-9) was recorded in a pure methane/air flame in which the CN
concentration was significantly lower than in the NH; doped flames. As shown in
Figure 4-2, the formation of CN is promoted by NH; doping through the
additional generation of N radicals which react with the CH; radical so as to
generate CN via HCN. In an unseeded flame, N radicals are generated by the
prompt-NO mechanism through CH which has a significantly reduced
concentration resulting in less CN production. Figure 4-9 shows a 24 times weaker
CN signal in an unseeded CH,/air flame than that in an NH;-seeded (4230 ppm)
flame. Despite the Raman signals from N, and O, and the “leaked” CN signal in
the unburned regime due to the limited spatial resolution (- 0.5 mm) of the
spectrometer system employed, a continuous background also appears at a spatial
location slightly shifted towards the unburnt regime with regard to the CN signal,
attributing to the CH,O interference. Given the transmission curve (the red
dashed line) of the narrow band-pass filter employed, the contribution of CH,O
interference to the CN signals was about 56 %. With the employment of an
optimal band-pass filter which cuts off the transmission above 389 nm, the
interference level could be reduced to 30 %. For this reason and the less detectable
CN signal, the application of CN PLIF in unseeded methane/air flame is limited.
Yet it is nevertheless valuable for investigating, flames burning nitrogen-containing

fuels for example.
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Figure 4-10 Comparison of PLIF images acquired in turbulent flames (30 m/s jet
speed) doped with 2800 ppm NH; using (A) dye laser excitation and (B) alexandrite
laser excitation with @=1.0 and (C) =1 4.
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Single-shot CN PLIF measurements were demonstrated using both lasers in
turbulent CH,/air flames (@=1.0) at 30 m/s jet speed and doped with 2800 ppm
of NH; as shown in Figure 4-10 (A) and (B). A highly wrinkled CN layer with a
measured thickness of -~ 440 pum which is twice as thicker than the CH layer
thickness under similar flame conditions is clearly resolved [48]. The CN PLIF
achieved by use of alexandrite laser excitation results in an improved SNR (- 40) as
compared with that obtained with use of the dye laser (-17). In addition, Figure
4-10 (C) shows CN PLIF images acquired in a @=1.4 turbulent flame with the
same jet speed and the same amount of NHj; seeding. The CN layer becomes
appreciably thicker and disconnected at certain locations marked by the red circles,
which implies a complex interplay between turbulence and the nitrogen-chemistry
in NH;-dopes flames, a matter requires further investigations. Based on the
estimated CN concentration (to be discussed in section 4.3) and the achieved
SNRs in the studied flames, the present CN detection strategy renders a CN
detection limit of a few hundred ppb for a 20-mm imaging size with a SNR of 5.

4.2.4 Gaseous Ammonia (NH;)

The detection of NHj, a key species in the

chemistry of fuel-bound nitrogen and a primary 1<

product of biomass pyrolysis [72], in 60 I
combustion-relevant  applications has  been 2 50 E \y \2/
promoted due to in particular the extended use X w0 8 A

of biomass energy for power production [73]. 13 2

The present work reported in Paper IV has 530151
demonstrated the detection of ammonia using E 20 - g

two-photon LIF, and the characteristics of LIF 10 - i

signal have been quantified under conditions of

elevated temperature and pressure which emulate 1 —

the combustion environments in industrial
applications. Figure 4-11 Schematic energy-
level diagram indicating the
probed C -X and detected C -A
transitions of NH;.

As outlined in Figure 4-11, the X-C
electronic transitions of NH; in vacuum
ultraviolet (VUV) were probed through
absorbing two photons simultaneously at - 305 nm, and the fluorescence from the
C -A transitions was detected at around 565 nm. Figure 4-12(a) shows an
excitation scan spectrum (solid line) close to ~ 305 nm at 387 K and atmospheric
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pressure together with PGOPHER simulation [74] (the dashed line). Qualitative
agreement between the experiment and simulation can be observed, permitting
reliable identification of the transitions corresponding to the spectral lines. Two
peaks located at 304.8 nm (line 1) and 304.9 nm (line 2), from the qQ-branch
were identified. The corresponding emission spectrum excited at 304.8 nm is
displayed in Figure 4-12(b). To investigate the temperature dependence of the
NH; LIF signal, an excitation scan at an elevated temperature of - 780 K was also
performed as shown in Figure 4-12 (c). The PGOPHER simulation likewise shows
close agreement with the experimental measurements, confirming the accuracy of
PGOPHER simulation which can be used to predict the temperature dependence
of the NH; LIF signal in a wider temperature range. Figure 4-12(d) shows the
PGOPHER prediction of the NH; LIF temperature sensitivity calculated as the
percentage of change in the LIF-signal with excitations at line 1 and line 2. It
appears that line 2, although of lower signal strength, is more temperature
insensitive over the temperature interval of 400-600 K. This temperature range is
relevant to the one employed for catalytic NO, reduction by use of ammonia [75].
The consumption of NH; in flames typically starts at temperatures below 800 K.
Thus, excitation at 305.9 nm seems to be preferable in order for temperature
insensitive and correct qualitative and quantitative NH; LIF measurements to be
obtained.

Since the NH; LIF signal is achieved through a two-photon process,
stimulated emission (SE) can occur as a loss mechanism to the detected LIF signal.
This was examined at atmospheric pressure with varying laser irradiance, and the
pressure dependence of the LIF and SE signals was also investigated. Details of the
results are referred to in Paper IV. The results indicated that the LIF signal shows
an /7 dependence of laser irradiance, whereas the SE signal follows a highly
nonlinear /° power dependence which was only detectable at a high laser irradiance
of ~10 GW/cm®. It can thus be concluded that SE does not compose a loss
mechanism for two-photon NH; LIF imaging measurements which are typically
performed at lower irradiance levels, but attention needs to be taken for
performing point-wise measurements with a focused beam. Concerning the
pressure dependence of the signals, a decrease in signal strength with an increase in
pressure was found for both the LIF and the SE signals after normalization versus
pressure. Although the C state is known to be pre-dissociative, the pressure
dependence of both the LIF and the SE signals indicates other dominating loss
mechanism such as collisional quenching rather than dissociation which has a
rather weak pressure dependence [76].
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Figure 4-12 Excitation scan spectra of NH; C-X transition at (a) 383 K (c) 780 K.
(b) and an emission spectrum for excitation ar 304.8 nm (d) the NH; LIF temperature

sensitivity for lines 1 and 2 calculated as the percentage of change in LIF-signal is
indicated in (a).

Figure 4-13 Simultaneous NH; (yellow) and CH (blue) images acquired in
stoichiometric (a) laminar (Re=1400) and (b) turbulent (Re=11000) NH;-methane-
air flames with 0.2 % of NH; as a fuel in the total flow.
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To illustrate the ability for ammonia visualization under combustion
conditions, simultaneous NH; and CH images were recorded for both
stoichiometric laminar and turbulent NH;-methane-air flames as shown in Figure
4-13. Good SNR of NH; imaging ~ 8 was achieved along with a CH image which
assists visualizing the flame front structures. The laminar flame shows a distinct gap
between the central NH;-zone (yellow) in the fuel-air mixture and the thin CH-
zone (blue) of the flame reaction zone, indicating NH; decomposition to occur in
the flame preheat zone. In the turbulent flame, a complex highly wrinkled flame
front can be observed along with non-uniform spacing between the CH- and NH;-
zones, suggesting turbulence having a strong effect on NH; consumption, a matter
deserves further investigation. Since the mixing of ammonia with flue gases has
been identified as a key parameter for effective NOx reduction [77], the present
NH; imaging technique can be a valuable tool for obtaining a better understanding
and optimization of the ammonia deNO, process.

4.2.5 Nitrogen Monohydrate (NH) Radical

Nitrogen monohydrate (NH) locates at the downstream of the NH; chemistry,
corresponding to the reaction zone layer of NH; flames. NH also plays an
important role in the oxidation routes of other nitrogen-containing fuels [66],
which makes accurate measurements of this species highly valuable. Most of the
NH measurements that have been reported in flames were based on point-wise
detection for which either absorption or fluorescence techniques were employed. A
summary of these techniques can be found in the introduction of ref. [78]. The
capability of NH imaging has rarely been demonstrated in the literature. The
present work (reported in Paper IX) which involved a detailed investigation of the
NH spectroscopy suggested excitation-detection schemes for NH PLIF imaging
with the possibility of quantification.

In the UV spectral range, NH has an accessible electronic transition, i.e. the
A’TI-X?X" system. The (0-0) vibrational band of the A-X system can be
approached at around 333 nm, while the (1-0) vibrational band is located at
around 306 nm. These two wavelength ranges can be approached using a dye-laser
system with dyes Rhodamine 610/640 and LDS 698 after frequency doubling. The
corresponding fluorescence spectral range that was detected for both excitation
wavelengths from either (0-0) or (1-1) resides around 333 nm. The excitation scan
spectra of these two bands obtained in a premixed laminar NH;/air flame (®=1.4)
are shown in Figure 4-14 (a) and (b), respectively. The corresponding PGOPHER

35



simulations oriented downwards in Figure 4-14 (a) and (b) were performed in
order to assign the spectral lines using molecular data from Dixon [79] and Brazier
[80]. Fine adjustments of the molecular constants and of the band origin are
required to achieve close agreement with the experimental data obtained.
Temperature-insensitive lines, i.e. R;(5) and R,(4) for the (0-0) and the (1-0)
bands, respectively, have been identified as indicated by the arrows in Figure 4-14

(a) and (b).
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Figure 4-14 Excitation scan spectra of NH vibrational bands (oriented upwards)
together with corresponding simulated spectra (oriented downwards), (a) the (0-0)
band and (b) the (1-0) band. Inserts show the magnified view of the spectra in the
vicinity of the probed rotational transitions of (a) R, (5) and (b) R,(4).

The power dependences of both transitions in the corresponding bands are
shown in Figure 4-15. The transition in the (0-0) band shows a gradual increase at
irradiances below 10 GW/cm” and the line fitted to the data points in the log-log
diagram has a slope of 0.76, indicating a sub-linear dependence of the signal on
laser irradiance and that the fluorescence is partially saturated. At irradiances above
10° GW/cm® the signal gradually goes towards an essentially constant level,
confirming close to complete saturation. For excitation of the (1-0) band, data
acquired at irradiances up to 10% GW/cm? can be fitted to a line of slope 0.98,
indicating distinctly linear signal dependence. At high irradiance levels, the
fluorescence signal shows still a sub-linear increase with laser irradiance, signifying
a partially saturation. Quantification of the LIF signals by evaluating the power
dependence curves will be discussed in section 4.3. Despite the similar maximum
intensity achieved at the highest irradiance, it is worthy of noting that the off-
resonance fluorescence detection obtained via the excitation at the (1-0) band is
more beneficial under conditions of challenging background and interference issues
which is frequently encountered in biomass applications.
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Figure 4-15 The NH LIF signal versus laser irradiance: (a) Excitation of R,(5) in the
(0-0) band; (b) Excitation of R,(4) in the (1-0) band.

Figure 4-16 Single-shot NH PLIF images acquired in premixed ®=1.4 (a) laminar
and (b-c) turbulent NH/air flames.

Utilizing the excitation at the (1-0) band, instantaneous NH PLIF images, as
shown in Figure 4-16, were acquired in premixed fuel-rich NHj/air flames of
®=1.4, under laminar (NH; 0.33 L/min and air 0.85 L/min) and turbulent
(Re=11400, jet speed of 16 m/s) conditions. The NH layer, which can be regarded
as the reaction zone layer of NH; flames has a thickness of around 2 mm in the
laminar flame as shown in Figure 4-16 (a). This thickness is greater than the
reaction zone thickness measured in hydrocarbon flames [49, 71], as can be
expected from the laminar flame speed of NHj/air mixtures, of around 10 cm/s
which is typically 3-4 times lower than that of hydrocarbon flames. Interestingly,
images acquired in the turbulent flame, shown in Figure 4-16 (b-c), exhibit both
significant thinning and broadening of the NH layer in comparison with the
laminar one, something is rarely seen in the corresponding hydrocarbon flames.
This indicates NHs/air flames having a stronger interplay between turbulence and
flame chemistry, which can also be reflected on the Ka. Since Kz is inversely
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proportional to the laminar flame speed to a power of 1.5, turbulent NH,/air
flames compose significantly higher Kz values than in the corresponding CH,/air
flames, given the same degree of turbulent intensity of flow in both cases. In
addition, as indicated in Figure 4-2, the NH; chemistry involves fewer species and
may be simpler than the CH, chemistry, for example. Therefore, NH;/air flames
might be good candidates for investigating turbulence/flame interaction at high Ka
conditions, since this enables experiments to be conducted under conditions of
simpler configuration, such as lower flow speed, which may be also more
advantageous for the numerical simulations. Together with the development of
detection strategies for other species as presented in previous sections, employing
the high-quality NH imaging demonstrated in the present work provides a unique
tool for studying the fundamentals of the turbulence/flame interaction.

4.2.6 Two-line Atomic LIF (TLIF) of Indium

In addition to the compositional fields Stokes Anti-Stokes
in turbulent flames, temperature field is one 6251 Eamyy ry

of the most important parameters in
combustion conditions as chemical reaction F
21

rates are often controlled by temperature.
Two-line atomic LIF (TLIF) of the indium
atom has been demonstrated to be a Fso
valuable technique to provide information A2

of instantaneous temperature field [81]. 5B, u

410 nm
450 nm
<

N

The principle of the TLIF is outlined in
Figure 4-17. The Stokes transition follows 52P1 /2
the excitation from the 0 state to the 2 state
with 410 (Ayp») nm radiation, and the
subsequent fluorescence at 450 nm is

Figure 4-17 Schematic of probed
and detected transitions of TLIF of

Indium.
detected, while the Anti-Stokes transition is

excited by 450 (A2) nm from the 1 to the 2 state and the fluorescence at 410 nm is
detected. Given the laser spectral irradiance (I, and I,,) at two excitation
wavelengths, the temperature can be related to the ratio of the detected
fluorescence (Fy, and F,;) by:
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where E is the energy of corresponding states, # the Boltzmann constants and C is a
constant determined from experiment. The feasibility to achieve two-dimensional
temperature mapping using this method relies partially on having a robust seeding
system which can constantly deliver indium components into the combustion
system without causing any perturbation to the flame. The conventional way of
seeding is done by sending small droplets of indium chloride (InCl;) solution
which dry to InCl; crystals and then thermally decompose to form atomic indium
when passing through the flame front. Therefore, indium signal can only be
obtained from the post production zone of the flame [82]. Furthermore, despite
the problems of clogging and condensation on instrument surfaces which might be
caused by this seeding system, the solvent-based seeding system shows effects on
the flames by changing the flame chemistry and temperature [83-85]. The present
work demonstrates the utilization of a novel seeding system which takes the
organometallic compound tri-methyl-indium (TMI) as an indium carrier and seeds
into reacting flows. The TMI compound is featured by a comparatively high vapor
pressure (p, in torr) as a function of temperature (T, in Kelvin) which can be
expressed as [86]:

Log (p) = 10.98 — (3204/T) (4.2).

Therefore, the seeded indium
compounds are in gaseous phase.
The seeding concentration can
either be adjusted by the amount
of inert carrier gas (typically N,
or Ar) that flows through the
TMI  bubbler or by the

equilibrium temperature of the

‘ ' Figure 4-18 Photograph of a laminar premixed
TMI bubbler that is seated in a methanelair flame (P=0.8) seeded with 10 ppm

temperature-controlled  water 7y 7z of indium was excited by a 10 mW

bath. Figure 4-18 shows a diode laser at 410 nm.
photograph  of a  laminar

premixed methane/air flame (©=0.8) seeded with 10 ppm TMI. A 10 mW diode
laser was tuned to 410 nm for the excitation of indium. The strong indium LIF

signal can be seen by naked eyes, indicating high efficiency of the present seeding
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method which effectively converts the gaseous TMI into indium atoms.
Considering the strong indium signal and its uniform distribution in the flame, an
improved performance of the TLIF method for temperature mapping can be
expected.

In addition to seeding TMI into a reacting jet flow, the jet flow was also
operated with 234 ppm TMI carried by the inert gas with the flow rates similar to
the one used for the piloted laminar flame. When the coflow is run under fuel-rich
condition (®=1.4), an orange luminescence of the central jet appears. The
emission photograph of such a condition is shown in Figure 4-19 (a) and the
corresponding spectrum in Figure 4-19 (b). The emission of OH from the coflow
along with atomic indium emission at 410 and 450 nm were observed. In addition,
a congested cluster of bands appeared close to 360 nm, which is believed to
originate from transitions of the InOH molecules [87]. Two narrow and isolated
bands were also observed at around 600 nm. The high resolution spectra of these
two bands are shown in Figure 4-20 (a) and (b). The PGOPHER simulations (the
red curve in the figure) revealed the orange luminescence to arise from InH
transitions. The InH emission spectrum was observed from a King furnace as
reported firstly by Grundstrom [88], followed by extensive studies of the InH
spectrum [89, 90]. To the best of the author’s knowledge, the present work reports
the first observation of InH emission spectrum in a combustion environment. This
observation is relevant to combustion synthesis which is currently the most widely
used means of nano-materials production [91].

Radial distance [mm]

PESTV— 300 350 400 450 500 550 600
Wavelength(nm)

Figure 4-19 (a) Emission from an inert central jet (Ar as carrier) with 234 ppm TMI
seeding, the surrounding McKenna flame being operated ar @=1.4. (b) Low-resolution
spectrum of the orange luminescence.
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Figure 4-20 High-resolution spectra of InH bands centered ar (a) 590 nm and (b)
614 nm.

4.3 Concentration Quantification from a LIF signal

4.3.1 General discussion

In general, given constant incident laser irradiance, LIF signal is proportional
to the concentration of the species probed. However, the detected LIF signal may
not always be linearly dependent on the incident laser irradiance. Figure 4-21
shows a typical laser irradiance dependency of detected LIF signal. Three regimes,
i.e. the linear regime, the partially-saturated regime and the saturated regime can be
identified. In the linear regime, the LIF signal increases linearly with the laser
irradiance. A further increase of the laser irradiance leads to a non-linear response
of the LIF signal, and thus the partially-saturated regime is entered. At the highest
laser irradiances, the LIF signal barely increases with increasing laser irradiance
since the saturated regime is entered. Examples of such power dependence of the
LIF signal can be seen in Figure 4-8 and Figure 4-15 in the previous sections.
Assuming a simplified two-level energy diagram (labeled 1 and 2), different
expressions for the detected LIF signal can be derived from the rate equation
depending on the regime where laser irradiance resides. Quantification of the LIF
signal usually requires a calibration process.
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Figure 4-21 Schematic plot of the laser irradiance dependence of the LIF signal.

Linear regime:

In the linear regime, the detected LIF signal (Sy,.,) can be related to the
species concentration (/V,) as expressed:

g _DN.f 4,
linear 47[ Azl +Q21 v

(4.3),

where 4 is the Planck’s constant, » the transition frequency, /), the laser irradiance,
D the coefficient of the detection system, NV, the total number density, Q the
quenching rate, A,, the Einstein coefficient for spontaneous emission, f the
Boltzmann factor which denotes the fraction of total population excited by the
laser. To quantify the LIF signal, a calibration source with known parameters (e.g.
species concentration and temperature) is commonly needed. The concentration
can thus be estimated as:

Siear S @) Ly O(T)
Sy SO I, 0,

where the subscript “ref” denotes the quantities measured at a reference condition.

]Vt = quf[ ] (44)>

The reference condition can be characterized either from other experimental
measurements or from numerical simulations where the temperature and the
compositional fields are known. The major uncertainty concerns the estimate of
quenching rate, which is species-specific and depends not only on the local
temperature but also on the quenching partners. Assuming a uniform flow field,
expressions for Q can be derived for certain species. For example, the temperature-
dependent Q for the OH radical can be calculated using the expression given by
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Paul [92] and its quenching cross-section data from ref. [93]. In addition to the
quenching rate, the Boltzmann factor f may be difficult to estimate for some
species. For diatomic molecules such as OH, f'can be estimated using the software
LIFBASE. The temperature-insensitive transition Q,(8) was typically selected for
OH excitation in the present work. To estimate ffor more complex molecule such
as CH,O from spectroscopic simulations using PGOPHER will be discussed in
Section 4.3.2.

Partially-saturated regime

In the partially-saturated regime, the partially-saturated LIF signal, Sp; can be
expressed as [94]:

— fjvthVAZlD [1_ (Q21+A21)'C
"oan(frg gy (fral B,

Where ¢ is the speed of light, g, and g, the statistical weights of the laser-coupled

] (4.5),

levels, and B, the Einstein coefficients for absorption. It can be seen that if Sy is
plotted against (/,)", a linear line can be drawn where the offset (i.e. the term
outside the bracket) is proportional to N, Since other quantities in this term are
either known or can be canceled out through calibration, /V, can be estimated
accordingly.

Saturated regime
In the saturated regime, the saturated LIF signal (Syz) can be expressed as:

_ S NmwAD
T An(f e/ )

which is no longer dependent on the laser irradiance and the dependence on the

(4.6),

quenching rate is also eliminated. Sy is a constant that can be estimated from the
curve of laser irradiance dependence (cf. Figure 4-21). Similarly, with some of the
quantities known, NN, could be estimated through calibration. Note that the wing
effects from both the temporal and line shape profiles of laser pulse deviates the
detected LIF from complete saturation even at high laser irradiance. This could
introduce uncertainties in the quantification of the LIF signal.
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4.3.2 CH,O Quantification

CH,O is one of the most important species in the fuel chemistry of hydrocarbons,
indicating the initiation of chemical reactions. Quantification of the CH,O LIF
signal can thus be useful for model validation. The linearity of the CH,O LIF
signal excited at 355 nm even with high incident laser irradiance has been shown
by Brackmann et al. [95]. Thus, Equation (4.5) is applicable to CH,O
quantification. Calibration can be carried out in a known laminar flame, for which
the concentration of CH,O might be estimated from CHEMKIN simulation
under similar flame configuration conditions. The major difficulties in quantifying
the CH,O LIF signal arises from the uncertainty concerning the quenching rate (Q)
and the Boltzmann factor (f).

1
— PGOPHER Simulation
0.8} .
~ — Experiment
=
& 0.6F ]
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-‘E‘ ofz Nd: YAG laser
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g 0.
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Figure 4-22 The CH,O absorption spectrum as measured at 423 K, 1 atm (red curve)
compared with PGOPHER simulation (blue curve).

Literature on models and experimental data concerning the quenching rate of
CH,O LIF signal are limited. The limited experimental data available includes the
one reported by Metz et al. [96] which showed that the CH,O fluorescence
lifetime is inversely linearly proportional to the temperature up to 800K,
suggesting a relation of Qo<7. This relationship is qualitatively consistent with
several experimental observations in flames [97-99]. Thus, to quantify the CH,O
signal, the relation of Q<7 is adopted to T<800K and a constant quenching rate
Q= Q (7=800 K) is assumed for T>800 K due to the lack of experimental data.
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In order to estimate the Boltzmann factor (f), PGOPHER simulation was
performed to fit the CH,O absorption spectra as measured at elevated
temperatures by Metz et al. [96] as shown exemplarily in Figure 4-22. Close
agreement has been found between simulation and experiment. The effective
Boltzmann factor for CH,O representing the sum of the Boltzmann factors over
the laser-probed transitions can be estimated using PGOPGER. In the present
work, CH,O was excited at 354.85 nm (i.e. 355 nm radiation from a 3™ harmonic
of the Nd:YAG laser) with a line width of ~1 cm™. The estimated corresponding
temperature dependence of the Boltzmann factor for CH,O is shown in Figure
4-23. The Boltzmann factors of CH,O excited at other wavelengths can also be
estimated by the present PGOPHER simulation, which reduces the uncertainty
introduced by the Boltzmann factor when quantifying the CH,O LIF signal.

CHz() Boltzmann factor

0.8

400 500 800 1000 1200 1400
Temperature (K)

Figure 4-23 The temperature dependence of the Boltzmann factor of CH,O excited by
laser radiation at 355 nm with 1 cm™ linewidth being evaluated using PGOPHER.

4.4 Laser Rayleigh Scattering Thermometry

Laser Rayleigh scattering is commonly employed for temperature mapping in
combustion environments. The principle is based on the idea gas law which states
that the temperature is inversely proportional to the gas number density. The
Rayleigh signals (/) from measurements are calibrated by the Rayleigh signal (7,
measured under known conditions, for example, pure nitrogen gas at 298 K. If the
effective Rayleigh scattering cross sections () of the gas mixture are known, the
temperature can be calculated by:
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where the subscript f denotes the measurement conditions and ref means the
reference condition for calibration. The effective Rayleigh scattering cross section is
the sum of the Rayleigh scattering cross sections of all species in the mixture in
question weighted by their mole fractions ()). Mathematically,

O_(e/]éctive = Z Zio_i (48)’

where 7 means the ith species. A list of the Rayleigh scattering cross section for
major combustion species can be found, for example in Ref. [100]. In turbulent
reacting flows in which the instantaneous local composition of species can be
difficult to estimate, only such major species as CO,, H,0O, CO and N, etc. are
considered when calculating the effective Rayleigh scattering cross section. This
approximation holds true for lean methane/air premixed flames [101].

4.5 Laser Doppler Anemometry

Laser Doppler Anemometry (LDA) has been developed to measure flow velocities.
This can be achieved by crossing two coherent laser beams with a certain
intersection angle. A fringe which shows a periodic dark-and-bright pattern is
constructed within the crossed volume. The fringe spacing & can be calculated if
the laser wavelength and the intersection angle are known. As a seeded particle in
the flow having the velocity of v, passes through the fringe, a burst of signal with
an output frequency of f; can be detected allowing the velocity to be calculated
from:

v,=f,-d (4.9).

The LDA technique was employed for measuring the flow velocities of a series of
the LUPJ flames as will be taken up in section 5.1.
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Chapter 5

Understanding  of  Turbulent  Premixed
Combustion in Different Regimes

ombustion in most practical applications takes place under highly
‘ turbulent conditions. The interaction between turbulence and flame

chemistry has been one of the most important research subjects in the
combustion community over the last a few decades. The combustion regime
diagram discussed in section 3.2 has been used to qualitatively describe the
turbulence/chemistry interaction on the basis of the scaling analysis. For most
regimes, including the TRZ regime in the diagram, the flamelet concept has
proved to be applicable. However, this may not hold true for the DRZ regime
where the Kolmogorov scale is smaller than the reaction zone thickness. It appears
that, up to now, there has been no consistent physical understanding of the
turbulence/chemistry interaction in the DRZ regime, a fact often leading to the
arbitrary assumption that the flamelet concept is always applicable.

A major controversy in connection with the DRZ regime is the question of
whether the small eddies can penetrate into the thin reaction zone and thus
broaden it. As quote from Driscoll [102], “a@ documented distributed reaction zone is
defined as a set of measured images of the heat release region or images of radicals such
as CH that are spread out over distances that are many times larger than the thickness
of a laminar flame”. However, to the best of the author’s knowledge, no persuasive
proof that distributed reactions can be generated through turbulence has been
reported.

The aim of this chapter is to explore the characteristics of the flames in the
DRZ regime. The LUPJ flames have been investigated using LDA and multi-scalar
visualization as presented in Section 5.1, and multi-scalar visualization was also
applied to investigate the LSB flames as presented in Section 5.2. A summary of
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the present experimental observations of distributed reactions as well as those
reported in literatures is provided in Section 5.3. The similarities of the distributed
reactions with other combustion concepts are discussed in Section 5.4.

5.1 Turbulent Premixed Jet Flames (LUP] Flames)

A series of LUPJ flames with varying degree of jet speeds (from 11 m/s to 418 m/s)
and varying equivalence ratios (from stoichiometric to @=0.4) has been
investigated in the present work (as reported in Papers V, VI and VII). Flame
emission photographs of the investigated LUP] flames are displayed in Figure 5-1.
The flames are referred to as LUPJa-B, where o represents the code for the @ of the
jet flows and P represents the jet flow speeds U, in m/s. The pilot coflow flame is
run with a fixed @=0.9 and a flow speed of 0.3 m/s.

Phi0.4
LUPJ3-11 Phil.0

Phil.0
20 LUPJI-11

Phi0.7
LUPJ2-11

Phi0.7
LUPJ2-220

Phi0.4
LUPJ3-220

————

LUPJ2-66

LUPJ1-66 LUPJ3-66

LUPJ1-330

LUPJ2-330

LUPJ3-330

LUPJ1-418 LUPJ2-418 LUPJ3-418

LUPJ1-165 LUPJ2-165

LUPJ3-165

-10 0 10 -10 0 10 -10 0 10 -10 0 10 -10 0 10
rld rld rld rld rld

Figure 5-1 Direct photographs (100 ms exposure time) of the chemiluminescence of the
investigated LUPJ flames.
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The flow fields of the flames were characterized by use of LDA. Reactive
scalars (i.e. OH, CH,O, CH and HCO) and temperature (T) were captured
instantaneously by three sets of simultaneous imaging measurements which include
PLIF of OH/CH,O in combination with either CH PLIF, HCO PLIF or the
Rayleigh scattering temperature measurements. For the T/CH,O/OH set of
measurements, quantification of the CH,O and OH LIF signals, as discussed in
Section 4.3, was achieved by use of the temperature field that was simultaneously
measured and the data from the corresponding laminar flames as a calibration
source. A set of LUPJ flames was investigated, covering from the laminar flamelet
regime to the TRZ regime and to the DRZ regime. One matter of concern was to
investigate the characteristics of flames in the DRZ regime which is relatively
unexplored. The full dataset obtained for LUPJ flames will be served as a database
for model validation and development.

CH,O HCO
22

20
185
o~}
1658
5
14

12

-2 0 2 -2 0 2 -2 0 2 -2 0 2
Radial Position (mm)

Figure 5-2 Examples of the quasi-simultaneous imaging of temperature (through the

Rayleigh scattering) and of species (from PLIF) for LUPJI-11 shown as an average of

100 frames.

Prior to any measurements in turbulent flames, species LIF and the Rayleigh
scattering measurements were carried out in laminar flames. Since the piloted
laminar jet flames show excellent stability, the reactive scalars and temperatures
measured in different series can be correlated spatially. An example of the laminar
LUPJ1-11 flame is shown in Figure 5-2 as an average of 100 frames, where a
typical laminar flame structure is shown; the CH and HCO layers are nearly
identical located upstream of OH and downstream of CH,O; a thin thermal layer
with a high temperature gradient appears in the vicinity of the CH/HCO layer.
This provides good confidence concerning the fidelity of the signals as measured
for the turbulent flames to be discussed in the following sections. The laminar
flame speed, S; and the laminar thermal thickness, 8y, which are important

49



quantities to calculate the turbulent non-dimensional parameters, have been
evaluated from both experimental measurements and CHEMKIN simulation.
CHEMKIN simulation of the laminar flames for @ =0.4 is not feasible since the
mixture is below the flammability limit for the planar freely propagating flame
condition. In addition, S; was also determined experimentally using the relation
S =UyxsinB, where 0 is the half angle of the flame cone, and J; was obtained
experimentally from the temperature fields as measured using Rayleigh scattering
thermometry, the results being presented in Table 5-1. It is apparent that the pilot
coflow flame has a direct heating effect on the laminar jet flames, which, as
expected, significantly increases the laminar flame speeds, especially for the leaner
cases. To account for the impact of the hot pilot coflow, the experimentally
measured laminar speeds and flame thicknesses were adopted in the calculations of
Ka and other non-dimensional parameters as will be described in the next section.

Table 5-1 Quantities obtained for the investigated laminar flames from both
CHEMKIN simulation and experimental measurements

Flame Code D U, (m/s) St e (emls) | Sy crpar(emls) | Oy ., (mm) | 6y, cypnys (mm)
LUPJ1-11 1.0 42.5 37.5 0.48 0.44
LUPJ2-11 0.7 11 33.2 19.2 0.60 0.66
LUPJ3-11 | 04 214 0.85
5.1.1 Flow Field Characteristics
T T T T T T T T T 0.16 T T T T T T
1ofetng. ories ] «-LUPJ1-66
At W e -
0.9+ e e 0.14} . . LUPJl-llO_
(a) ", ", +-LUPJI-110 (b) Y .+ LUPJ1-165
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0.2f M y
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Figure 5-3 (a) Axial variation of the mean of axial velocity (U) and (b) axial
variation of the axial rms velocity (v) normalized by U, for the selected LUP] flames
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The LDA flow field measurements were performed mainly on the stoichiometric
LUPJ flames and the analysis of the flow fields is focused on the axial velocity
component. The mean axial velocity and its root-mean-square (7s) normalized by
the jet exit bulk velocity (Uy) for the selected LUPJ flames are presented in Figure
5-3 (a) and (b) as a function of axial location (x) normalized by jet diameter (<, 1.5
mm). As the maximum detectable velocity for the employed LDA system is 300
m/s, only part of velocity profiles for the flames LUPJ1-300 and LUPJ1-418 were
obtained achieved.

5 T T T T T T
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|
| 2
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2+ fitting 4
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-
s
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Figure 5-4 Axial variation of the integral length scale I,

It can be noted in Figure 5-3 (a) that all the normalized axial velocity profiles
of the reacting flows coincide and can be fitted into one single profile, independent
of the inlet jet speed. Similar self-similarity behavior is known for a fully developed
turbulent jet flow under non-reacting conditions [103]. An exception is found for
flame LUPJ1-66 whose Reynolds number is considered to be moderate, the
turbulent flow is not being fully developed. The profiles of normalized turbulence
velocity (v/U,, also referred to as turbulence intensity here) shown in Figure 5-3 (b)
can be delimited approximately into three stages. At the first stage (0<x/#<20), the
turbulence intensity increases with x/4, which latter approaches the second stage, i.e.
a relatively plateau region (20<x/d<40) in which the turbulence intensity reaches its
peak value and become somewhat constant. The peak turbulence intensities for the
selected flames are in the range of 8% to 12% with the lower jet velocity having
higher turbulence intensities in general. The third stage resides approximately in
the region x/4>40 where the turbulence intensity begins to decrease. The flame
LUPJ1-66 is again exceptional due to its non-fully developed turbulence.
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Table 5-2 Quantities for the investigated turbulent LUPJ flames

1223: @ (:”j/“: | ke | R (ﬂ’:ﬂ )| o | Ka | Koo | Ka | e | o
LUPJ1-66 1.0 95 96 16 37 25 14 0.39 \
LUPJ2-66 0.7 66 6306 97 95 20 59 40 22 0.25 x
LUPJ3-66 0.4 138 73 40 136 135 72 0.09 v
LUPJ1-110 1.0 190 57 31 71 70 46 0.20 \
LUPJ2-110 0.7 110 10510 195 56 40 115 113 74 0.12 x
LUPJ3-110 0.4 214 53 62 264 261 171 0.06 x
LUPJ1-165 1.0 238 49 39 112 98 73 0.16 \
LUPJ2-165 0.7 165 15764 244 48 50 181 158 118 0.10 x
LUPJ3-165 0.4 267 45 77 417 | 365 271 0.04 x
LUPJ1-220 1.0 317 39 52 152 151 100 0.12 \
LUPJ2-220 0.7 220 21019 325 38 66 246 244 162 0.07 x
LUPJ3-220 0.4 356 32 103 567 | 561 373 0.03 x
LUPJ1-330 1.0 476 26 78 327 | 277 212 0.08 V
LUPJ2-330 0.7 330 | 31529 | 487 26 99 530 | 448 344 0.05 x
LUPJ3-330 0.4 534 24 154 | 1220 | 1031 791 0.02 N
LUPJ1-418 1.0 603 22 98 467 394 302 0.06 \
LUPJ2-418 0.7 418 39936 617 21 126 756 639 490 0.04 X
LUPJ3-418 0.4 676 20 196 1739 1470 1127 0.02 \

In order to quantify Kz, Da and the turbulent Reynolds numbers, the integral
scale (/) is required. In the present study, the radial profiles of the axial velocities
were acquired at several axial locations. At a given axial location (x/d), /, was
approximated by the half-width at half-maximum (HWHM) of the radial profile.
Figure 5-4 shows the axial variation of /, which increases almost linearly with x/d
and is shown to be independent of the jet speed. At the jet exit, /, is essentially
equal to half of the jet diameter. A second-order polynomial fitting of /, was
applied, yielding the expression of /y/d = 3.74x10™(x/d)*+0.039(x/d) +0.46. Without
the loss of generality, turbulence velocities and the integral scale at x/#=30 which is
approximately the middle of the region of peak turbulence intensity were used in
calculating the turbulent characteristic quantities as listed in Table 5-2 for the
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investigated LUP]J flames. The availability of the LDA data is also indicated in
Table 5-2. For the lean flames where LDA measurements were not performed, the
same quantities as in the corresponding stoichiometric flames were adopted. For
the flame LUPJ1-418, velocity data at x/4=30 is not available and a turbulence
intensity of 10% has been assumed. Note that the Kz is not a unique value for each
individual flame due to the spatial variance of / and the turbulence intensity. To
exhibit the spatial variance of Ka, the Ka values at x/4=20 and 50 were also
estimated and listed in Table 5-2. In general, the Kz peaks at around 20<x/d<30,
and then decreases with increasing x/4 due to the increased /, and the decreased
turbulence intensity downstream. If not specified, the Kz number appearing in the
following text refers to the one at x/4=30.

5.1.2 Multi-scalar Visualizations: Laser diagnostics

o,

Figure 5-5 Experimental configuration for high-resolution simultaneous multi-scalar
measurements of the LUPJ flames

The multi-scalar visualization system, as shown in Figure 5-5, involves an Nd:YAG
laser for CH,O excitation and Rayleigh scattering thermometry at 355 nm, a dye
laser for OH excitation at 283.55 nm, and an alexandrite laser for CH/HCO
excitations at 387.3 nm and 259 nm, respectively. Details on LIF excitation-
detection schemes involved are elaborated in Section 4.2. All of the laser beams
were spatially combined and shaped by sheet-forming optics into a laser sheet of -
20 mm height. By slightly adjusting the laser beam divergences using telescope
systems, tightly focused laser sheets were obtained at the top of the jet center for all
beams. The thickness of the combined laser sheet was measured as being less than
100 pum. Two orthogonally-oriented ICCD cameras were arranged for the
detection of OH and CH,O signals, which were separated using a beam splitter.
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The CH (or Rayleigh) signal was detected by the third camera. Optical filters were
used for background suppression. The spatial resolution of each scalar was
estimated by imaging the finest resolvable patterns on a resolution target (USAF-
1951) as summarized in Table 5-3 together with other experimental parameters.

Table 5-3 Experimental parameters of the multi-scalar visualization system

Species CH HCO T OH CH,0O
i f-12, £,=2, f=2, £-2.5, fo1.4,
Objectives f=50mm f=100mm f=100mm f=150mm f=85mm
Spatial 56° X 100 562 X 100 56° X 100 702 X 100 70% X 100
resolution pm’ pm’ pm’ pm? pm’
. . Longpass 266 Bandpass Bandpass
Optical Filter GG400 o 35545 nm 325425 nm GG400

5.1.3 Multi-scalar Visualizations: Jet speed dependence

CH/CH,0O/OH & HCO/CH,0O/OH series

The CH and HCO radicals, both known as short-lived combustion intermediates,
are considered to be good markers of the reaction zone. As discussed in the
Sections 3.1 and 3.2, the CH and HCO layers remain thin in both the laminar
flamelet regimes and the TRZ regime. A significant broadening of the
instantaneous CH or HCO layers would indicate distributed reactions [102].
Figure 5-6 and Figure 5-7 present groups of single-shot images taken from the
CH/CH,0/OH and HCO/CH,O/OH series, respectively, of the stoichiometric
flames with various jet speeds. In the flame LUPJ1-66 (cf. Figure 5-6(A) and
Figure 5-7(A)), the CH,O layer is broadened while the CH/HCO layer remains
thin, indicating that turbulence starts to disturb the preheat zone of the flame.
Therefore, one may refer the flames with thin CH/HCO layers but broadened
CH,O layer to the TRZ regime. Strikingly, as the jet speed increases to 165 m/s, it
can be seen in Figure 5-6(B) and Figure 5-7(B) that the broadened CH/HCO
layers start at the top of the flame LUPJ1-165. Further increasing the jet speed, i.e.
LUPJ1-220/418, the CH/HCO layers become more broadened and evenly
distributed at some locations. It has been reported [102] that the measured flamelet
could be 3-4 times thicker than that of an unperturbed laminar flame due to the
limited spatial resolution, three-dimensional effects and strain rate. However, the
achieved spatial resolution better than 100 pm in the present work is sufficient to
resolve the thin flame front, and the significant broadening up to a few millimeters
that was observed cannot be attributed to three-dimensional effects and strain rate.

54



CH/CH,0/OH
0 . 0.5
[ |
A. LUPJI-66
CH,0

x/d

x/d

"0
r/d

CH/CH,0/OH
0.5

B. LUPJI-165

20
r/d

Figure 5-6 Examples of jet speed dependence from CH/CH,O/OH images for the
LUPJ flames (A) LUPJ1-66; (B) LUPJ1-165; (C) LUPJ1-220; (D) LUPJ1-418
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Figure 5-7 Examples of jet speed dependence from HCO/CH,O/OH images for the
LUPJ flames (A) LUPJ1-66; (B) LUPJ1-165; (C) LUPJ1-220; (D) LUPJ1-418
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Reflecting on Driscoll’s definition of an experimentally documented
distributed reaction zone as introduced at the beginning of this chapter, to the best
of the authors’ knowledge, the present observations, through direct visualizations
of the reaction zone markers, i.e. CH and HCO, provide the first experimental
verification of a distributed reaction zone generated by rapid turbulence mixing. In
contrast to this, because of the high level of stretch and heat loss exerted by intense
turbulence, high Kz flames have also been shown to be shredded [104] or
quenched [105-107] before being broadened. From the present experimental
results, it can be concluded that distributed reactions can be achieved and flames
like the investigated LUP] ones do not necessarily extinguish at high Kz if
protected properly by a hot coflow.

As shown in Figure 5-6 and Figure 5-7, the flames (i.e. LUPJ1-165/220/418)
with observed distributed reactions exhibit a progressive broadening of the
CH/HCO layers along the axial direction, which is partially associated with the
progressive increase of the integral scale as shown in Figure 5-4. The thickness of
the distorted inner layer may be confined within the integral length scale /,
Accordingly, even though the inner layer is strongly distorted by the turbulence
eddies, it can be virtually thin if /, is small and on the same order of magnitude of
the inner layer thickness. This may be the case for the flames LUPJ1-220/418 near
the jet exit ~ x/d=10 where the Kz is expected to be high while the CH/HCO layer
is still thin. The features concerning the correlations between the measured scalars
were also found to be interesting. First, the primary OH and CH,O signals were
located in mutually exclusive regions, and CH/HCO was found to be able to
penetrate slightly deeper into the OH regions than CH,O did. Secondly,
CH/HCO can markedly overlap with CH,O. The stronger CH/HCO signals
generally correspond to the regions where CH,O signal was weak, and vice versa.
This is consistent with the nature of fuel oxidation chemistry, which, as also shown
in Figure 4-2, proceeds sequentially from CH, through methyl radicals (CH,),
formaldehyde (CH,O) and then formyl radical (HCO) in regardless of the reaction
mode [23]. Even in the case of high Kz flames, owing to the rapid reaction rates in
reactions associated with the OH radicals, OH radicals tend to not coexist at an
appreciable level together with the species, such as CH,O which stem from fuel
stream. For the same reason, the OH radicals of high concentration (signifying the
post-flame region) are only visually manifested themselves in patchy regions of no
CH,O, as also observed by Dunn et al. [108] and Temme et al. [109], whereas
OH radicals of low concentration (which could be even lower than the present OH
PLIF detection limit of ~ 100 ppm) may still overlap with CH,O. The GRI 3.0
kinetic mechanism [52] indicates CH to be formed primarily via the reaction:
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H+CH,—~ CH+H, R(5.1),
whereas HCO through the reactions:

H + CH,0—~ HCO + H, R(5.2),

OH + CH,O — HCO + H,0 R(5.3).

Thus, the appearance of appreciable CH/HCO signals suggests the previous
presence of OH and/or H radicals which give rise to lesser amount of CH,O (and
likely of CH,).

T/CH,O/OH series

Figure 5-8 shows examples of quantitative T/CH,0O/OH measurements of the
stoichiometric flames at various jet speeds. To facilitate comparison, iso-intensity
contours of CH,O (10% of maximum signal) were superimposed on the
temperature fields. At the lower axial position (i.e. 7<x/d<16), the thermal layer was
found to be relatively thin for all the studied flames, and it becomes thicker with
increasing jet speed. The CH,O contours show a similarity to the thermal layer,
and a high level of CH,O correspond to the region where temperature is relatively
low. Along the axial direction, the thermal thickness is continuously increasing as
indicated by the vitiated temperature gradient. More hot regimes (T>1200 K)
resides within the CH,O contours as the jet speed increases, indicating the
increasingly rapid transport of heat by turbulence eddies as expected for flames in
the TRZ and DRZ regimes (see the discussion in Section 3.2 as well as Table 5-2).
A slightly reduced temperature of the coflow flame at 20<x/4<33 is also noticeable
for the flames LUPJ1-330/418, implying an increased influence of the cold
ambient air entrainment at high jet speeds. Further downstream (37<x/d<49), the
turbulent mixing with the ambient air further reduces the maximum flame
temperature to ~ 1500 K along with reduced temperature gradients. It has been
demonstrated that turbulence eddies can be greatly weakened after passing through
the flame front due to the dilation effect [40, 41]. Along the axial direction, the
dilation effect is expected to be continuously reduced as the temperature field is
found to be more and more homogeneous. The occurrence of distributed reactions
together with the observed relatively homogeneous temperature field supports the
hypothesis regarding the DRZ regime as described in Section 3.2. In this regime,
flame propagation is greatly suppressed by rapid turbulence mixing so that no
distinct localized temperature gradient and flame front can be observed. Note that

such a feature has also been used to characterize the concepts of flameless oxidation
[110] and Mild combustion [111].
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Figure 5-8 Illlustration of jet speed dependence from T/ICH,O/OH images for the
selected flames (A) LUPJ1-66; (B) LUPJ1-165; (C) LUPJ1-220; (D) LUP]1-418;

iso-intensity contours of CH,O were superimposed on temperature fields for comparison.
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Figure 5-9 OH/T JPDF for five selected flames (LUPJ1-66, LUPJ1-110, LUPJ1-220,
LUPJ1-330 and LUPJ1-418) at four axial locations (x/d=10, 24, 30 and 45).

To quantify the effects of turbulence on the flames, joint probability density
functions (JPDF) of OH concentration/temperature for the selected flames at
several axial locations are presented in Figure 5-9. The logarithm-scale colormap in
the JPDF plots denotes the probabilities with red being the maximum and black
being the minimum. The white dashed curves are the mean OH concentration
weighted by its probabilities as a function of temperature, while the red curves
show the OH/T correlation from the experimental measurement of the
corresponding laminar flame, LUPJ1-11. In the laminar flame (red curve), the OH
concentration peaks approximately in the reaction zone known as the super-
equilibrium OH, followed by a decrease of the OH concentration to an
equilibrium value in the product zone. Little OH radicals exist in the region with
temperature below 1200K. In contrast to this, an appreciable amount of OH can
be found in the lower temperature region as shown in Figure 5-9 for the selected
flames. At x/d=10, with increasing jet speed, it can be seen that OH can be found
in the regions of temperature below 600 K and the possibility of finding OH in the
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temperature range of 900 K<T<1400 K is also enhanced. This observation is
consistent with results of recent DNS studies of high Kz CH,/air flames [112, 113],
in which it was shown that the turbulence eddies can effectively transport the
reactive radicals (e.g. H and OH) from the high temperature reaction zone to the
low temperature regions (- 500 K), which is responsible for an appreciable amount
of heat release in the low temperature regions. Subsequently, with an increasing jet
speed (hence increased turbulence level), the peak concentration of radicals (e.g. H
and OH) is decreased due to the rapid transport of these radicals to the low
temperature regions. At locations further downstream (x/4> 10), even higher
probability of having OH radicals at the low temperature regions can be seen as the
turbulence intensity increases along the axial direction (until x/4 about 40) and
therefore the transport of radicals by turbulence eddies becomes even faster. At
x/d=10, the distribution of OH JPDF shares certain similarity to that in laminar
flames, a matter which is less clear, however, at locations downstream of the highly
turbulent flames (LUPJ1-220/330/418) as a consequence of a strong turbulent
perturbation in the product zone and at the flame front. Close to the flame tip
(x/d= 45) where the temperature field is rather homogeneous and reactions are
distributed, OH appears to be spread over a wide range of concentrations confined
mostly in the temperature range from 1000 K to 1500 K with nearly equal
probabilities.

In Figure 5-10, JPDF plots for CH,O concentration versus temperature are
presented. Note that the colormap in Figure 5-10 is linear. The experimentally
determined CH,O/T profile (red curve) from the laminar LUPJ1-11 flame is
plotted for comparison. At x/d=10, the CH,O/T JPDF of turbulent flames
qualitative agrees with the CH,O/T profile of the laminar flame. The CH,O
concentration rises with temperature and peaks at around 1000K for the flames
LUPJ1-66/110 and 800K for the flames LUPJ1-220/330/418. Subsequently, the
CH,O concentration decreases with increasing temperature. This is analogous to
the process of fuel decomposition reactions that produce CH,O (seen as the rising
branch), which is then followed by the oxidization of CH,O at high temperature
(seen as the decreasing branch). The shift of the temperature of the peak CH,O
concentration towards lower temperature with increasing jet speed indicates that
the fuel decomposition was accelerated by the enhanced transport of radicals under
conditions of stronger turbulence. At locations downstream of the selected flames,
the consumption branch of the CH,O JPDF profiles at high temperatures remains
a similar trend, although the distribution departures from the corresponding
laminar profile. Contrarily, the rising branch at low temperatures in the CH,O
JPDF profiles due to the fuel decomposition is greatly reduced or has disappeared
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completely. This is owing to that the dominant fuel decomposition process has
been completed at the upstream locations where CH,O is generated and
transported by the flow to locations downstream. This is supported by the
measurements of Sjoholm et al. [114] under similar flame conditions which show
lesser amounts of fuel to exist downstream (x/#>20). This suggests that the
disappearance of the rising branch in CH,O JPDF profiles is attributed to the
absence of fuel at locations downstream. Note that CH,O is located mostly within
the area delimited by the red curve as at T>1600 K, above which CH,O is quickly
consumed. At x/d=45, CH,O exists mainly within the temperature range of 1100
K to 1500 K which, as shown in Figure 5-9 at the same axial location, coincides
with the regions where most of the OH radials also exist.

LUPJ1-66 LUPJ1-110 LUPJ1-220 LUPJ1-330 LUPJ1-418 1
L x/d=10 x/d=10 x/d=10.  x/d=10

x/d=30 : |
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Temperature (100K)

Figure 5-10 CH,O/T JPDF for five selected flames (LUP]1-66, LUPJ1-110, LUPJI-
220, LUPJ1-330 and LUPJ1-418) at four axial locations (x/d=10, 24, 30 and 45).

It has been shown in Figure 5-6 and Figure 5-7 that distributed HCO/CH
radicals can be substantially overlapped with CH,O at x/#>35. Accordingly, it can
be expected that distributed HCO/CH radicals also exist in the same temperature
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range (1100 K to 1500 K) as CH,O. In a flame similar to LUPJ1-165 but with a
smaller pilot flame (20 mm in diameter), Li et al. [31] has demonstrated that the
top of the flame can be completely quenched due to significant heat loss by the
ambient air entrainment, which is contrary to the observation of a broadened
reaction zone at the top of the flame in LUPJ1-165 (cf. Figure 5-6(B) and Figure
5-7(B)). This difference indicates that temperature could be important for the
occurrence of the distributed reactions. Within the temperature range from 1100 K
to 1500 K, the temperature is above the cross-over temperature which sustains the
flame and prevents extinction, whereas at the same time being sufficiently low so
that the oxidization reactions do not proceed as quickly as they would in a laminar
flame.

5.1.4 Multi-scalar Visualizations: @ dependence

Given the same turbulent intensity, it is expected that the penetration of
turbulence eddies into the thin reaction zone could be facilitated under fuel lean
conditions in which the §; decreases and §; increases noticeably. Figure 5-11 shows
examples of @ dependence of the scalar fields for two jet speed, 110 m/s (left) and
418 m/s (right) from the CH/CH,O/OH series.

In the left column of Figure 5-11, a clear transition from a thin (i.e. LUPJ1-
110) to a broadened/distributed (i.e. LUPJ2/3-110) CH layer is shown as @
changes from 1.0 to 0.4. The corresponding Kz values for LUPJ2-110 and LUP]J3-
110 are 113 and 261, respectively. Figure 5-11 (C) indicates that the CH layer can
be both thin and significantly broadened at the same axial location, suggesting a
non-uniform distribution of turbulence length scales in space. The scalar profiles
across the flame fronts along the red lines shown in Figure 5-11 (A) and (C) are
plotted in Figure 5-12. In contrast to the typical flamelet structure shown in Figure
5-12 (a) for LUPJ1-110, LUPJ3-110 shows a rather broadened CH profile up to ~
3mm. In addition, the penetration of OH at low concentration levels is also clearly
in evidence. In the right column of Figure 5-11, distributed CH has been shown
for all the flames (i.e. LUPJ1/2/3-418), the Ka values of which range from 394 to
1470 greatly exceeding the boundary of DRZ regime. The major difference among
them is found that the CH layer of the flame LUPJ1-418, although distributed,
appears more concentrated on the OH/CH,O interface, whereas the flames
LUPJ2/3-418 exhibit no distinct local CH peak at the OH/CH,O interface. This
can be attributed to the decreasing of Da (see Table 5-2) as a consequence of
reduced flame reactivity under leaner conditions. The HCO layer as a function of
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@ shows behaviors similar to those of CH. Examples of this are provided in the
Appendix I. In addition, the mean radial profiles of measured scalars from the
T/CH,O/OH dataset at various x/d as a function of jet speed and equivalent ratio
are presented in Appendices II and III by way of a reference.
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Figure 5-11 Examples of equivalence ratio dependence of two given jet speeds, 100 m/s
(left) and 418 m/s (right) from the CH/CH,O/OH series.
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Figure 5-12 Profiles of measured scalars across the flame front for the flames (a)
LUPJI-110 and (b) LUPJ3-110

It is of interest to examine the boundary of the DRZ regime. One can note
that the different @ values for the flames (LUPJ1-165 and LUPJ2-110), which
exhibit the transition from the thin to broadened CH/HCO layer have
characteristic Kz numbers rather close to Kz=100 which is consistent with the
boundary predicted by Peters [21]. One should also note, however, that the
CH/HCO layers downstream (x/4>30) are in generally broader than those
upstream (e.g. x/d=20), whereas the Kz values at x/d>30 are typically smaller than
those at x/4=20. This indicates that the boundary of the DRZ regime in the present
flames is not only a function of the local Kz number but also depends on other
parameters, such as the local turbulence length scales and the streamwise history
effect. Cautions have to be taken when interpreting the boundary of X2=100 in the
present flames.

5.1.5 Flame tip structures

From the laminar flamelet perspective, a broken OH layer can be viewed as
experimental evidence of local flame quenching. Global quenching could be
recognized as the absence of OH radicals which indicates the complete termination
of high-temperature reactions. This can be different, however, in case of the flames
in the DRZ regime. In contrast to previous examples in Section 5.1.3 in which
distributed CH/HCO and CH,O are mostly enclosed by the OH layer, the top of
the flame (cf. Figure 5-13) can also occasionally either be (A) partially enclosed by
OH or (B) nearly absence of OH (termed as “quenched” in the figure) due to
ambient air entrainment. The associated scalar fields of CH, CH,O, HCO and T
from the various measurement series are presented accordingly. Overall, the
temperature is higher in the regions containing OH (- 1300 K), and the
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“quenched” case shows a lower maximum temperature due to stronger ambient air
entrainment. Under both conditions, CH,O is widely spread due to the lack of
consumption mechanism at relatively low temperature [31].

(A) Partially enclosed by OH (B) “Quenched”
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Figure 5-13 Examples of simultaneous images from each series at the top of flame
LUPJ1-418 with (A) flame partially enclosed by OH (B) “quenched’; iso-intensity

contours of CH,O were superimposed on the temperature fields for comparison.

Interestingly, however, the flame front markers, i.e. CH and HCO are not
quenched and still appear distributed. This indicates that flame quenching in the
context of distributed reactions is more reaction/species specific. Reactions which
were restricted in the flamelet manifolds were activated as a consequence of the
increased availability of radicals through turbulence mixing. CHEMKIN
simulation using GRI3.0 mechanism shows that both CH and HCO can be
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quickly oxidized through reactions with O, within ~ ten nanoseconds which are
too short to allow any significant transport by turbulence or diffusion to take place.
Accordingly, CH and HCO radicals must be locally generated through reactions
that take place. In the “quenched” case (cf. Figure 5-13 (B)), one can note that
HCO appears to be more concentrated on the CH,O/OH interface, whereas CH
shows a wider and uniform distribution. As discussed in Section 5.1.3, CH is
formed through reaction R(5.1) which involves the H radical, whereas both H and
OH radicals contribute to the formation of HCO through reactions R(5.2) and
R(5.3). This implies that H radicals could spread wider than OH, and might still
exist when OH radicals are low in occurrence or absent. Without the presence of
OH radicals, H radicals can still contribute to the generation of HCO and CH.
When OH is available, the reaction R(5.3) will play an important role in giving
rise to higher HCO signal at the CH,0O/OH interface. This issue remains to be

clarified through future experiments and numerical simulation.

5.1.6 Flame front Markers

As discussed in Section 4.2.1, both experiments and numerical simulations support
the HCO radical being one of the best HRR/flame front markers for both laminar
and turbulent methane/air flames. However, prior to the development of a
satisfactory single-shot HCO PLIF technique, instantaneous visualization of the
HCO radical is barely feasible. Instead, because high-quality simultaneous imaging
of OH and CH,O is experimentally feasible through PLIF, the product of OH and
CH,O which has been shown to be responsible for the generation of HCO
through the reaction R(5.3) in laminar flames has been proposed for marking the
HRR indirectly [16, 115]. Although this method has only been verified in quasi-
laminar flames, it has been employed extensively in studying various turbulent
flames [116-122]. The HCO/CH,O/OH dataset of the present work provides a
unique possibility to re-examine the correlation between HCO and the quantity of
OH X CH,O under turbulent flame conditions.

As shown in Figure 5-14, the measured scalars (i.e. HCO, CH,O and OH)
and the quantities that were derived (i.e. CH,OXOH, HCOXOH and the
normalized gradient of OH, Grad[OH]) from the flames LUPJ1-110 and LUPJ1-
418 are presented. Since all the measured scalars are qualitative, it is their spatial
structures rather than their intensity strengths which are compared. In laminar
flames as demonstrated in Section 3.1 (cf. Figure 3-2), the quantites, HCO,
CH,0 X OH and Grad[OH] essentially coincide with each other. They are
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confined to a thin layer in which the major reactions take place. The quantity
HCOXOH is also presented to show an even thinner layer, which might be
regarded as a smaller chemical length scale than the reaction zone thickness
(marked by HCO). Nevertheless, the meaning of this quantity in chemical term is
in need of further investigations. For now, it is simply interpreted as the
overlapping layer of OH and HCO which is presented here to illustrate the effect
that turbulence has on its thickness.

A. LUPJ1-110
[C 2O]X[OH][HCO]X[Q2] Grag[OPII] CHzO‘

| i !
0.2 0.5 0.8 0.2 0.5 0.8

T

Figure 5-14 Examples of snapshots of measured scalars and their derivatives (i.e.
CH,O XOH, HCOxOH and normalized Grad|OH]) from the flames LUPJ1-110
and LUPJ1-418 from the HCO/CH,O/OH measurement series

It is seen from Figure 5-14 (A) that for flame LUPJ1-110 the first four
quantities are generally thin and show close agreement in regard to their spatial
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distributions. Careful inspection also shows that, although CH,O X OH is believed
to reflect the HCO distribution, the CH,O X OH layer appears more blurred than
the HCO layer and the other quantities. This can be attributed to the fact that
CH,O and OH overlap in regions in which the intensity strengths of both are
weak. It thus appears that the CH,O X OH layer can be strongly affected by the
limited SNRs and the non-ideal background subtractions. Figure 5-14 (B) shows
scalars measured in the flame LUPJ1-418 in the DRZ regime. As can be seen, the
CH,O X OH layer is broadened which is consistent with the observation reported
by Temme et al. [109], and the outer edges of the CH,O X OH layer are similar in
qualitative terms with the HCO layer. However, comparing with the HCO layer
and with other quantities, the detail structures cannot be easily discerned from
those of the CH,O X OH layer. It is of interest to note that the HCO X OH layer
is likewise broadened but to a lesser extent than the first two quantities at the left
shown in Figure 5-14 (B). Yet despite the OH gradients stemming from the flame
product regions, the primary part of Grad[OH] still seemingly remains thin, but
many finer filament-like structures on the Grad[OH] field can be observed
especially in the regions where the CH,O signals prevail. This can be seen as
associated with the fact that an appreciable amount of OH has been transported
away by turbulence to the CH,O region as was discussed earlier. Comparisons with
scalars measured and derived from the CH/CH,O/OH dataset, which are
presented in the Appendix IV, also show similar results.

Figure 5-15 shows the measured scalars (i.e. T, CH,O and OH) and their
derivatives (i.e. CH,O X OH, the temperature gradient Grad[T] and the
normalized OH gradient Grad[OH]) from the flames LUPJ1-66 and LUPJ1-418.
The absolute values of the colormap for the Grad[T] are indicated in the left-hand
corner of the Grad[T] images with the unit of 100 K/mm. For the flame LUPJ1-
66 in the TRZ regime (cf. Figure 5-15(A)), more complex structures in the Grad[T]
field can be seen, these being less similar to the layers marked by CH,O X OH and
Grad[OH] which indicates a significant distortion of the turbulence in the
temperature fields. The complex Grad[T] field consists of a part having distinct
high thermal gradient fronts similar to those that can be seen in the flamelet
regimes [29] and of a part having fine filament-like structures in which the thermal
gradients are less pronounced. Also, the thermal gradients are also gradually
reduced along the axial direction. For the flame LUPJ1-418 in the DRZ regime (cf.
Figure 5-15(B)), the filament-like structures are dominant on the Grad[T] field,
and the maximum value of the thermal gradient is reduced from 1500 K/mm (for
LUPJ1-66 case) to 1000 K/mm which is consistent with the one reported by Dunn
et al. [123] for flames with a similar burner configuration.
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Figure 5-15 Examples of snapshots of measured scalars and the quantities that were
derived (i.e. CH,OXOH, Grad[T] and normalized Grad[OH]) from the flames
LUPJ1-66 and LUP]1-418 from the T/CH,O/OH measurement series

5.1.7 Small-scale flame structures

As mentioned in Section 5.1.2, the present multi-scalar imaging system preserves a
high spatial resolution of around 100 um for each measured scalar which is slightly
coarser but comparable to the Kolmogorov scales for the flames that were
investigated (see Table 5-2). In this section, detailed flame structures are illustrated

(see Paper VII for further details).
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Figure 5-16 Simultaneous CH/CH,O/OH images measured in the flame LUPJ1-110.
An iso-intensity contour of OH was superimposed on the fields of other scalars for
comparison. Detailed flame structures are further illustrated in the zoom-in image (A)
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together with the contour of the measured scalars.

Figure 5-16 provides an example of the flame LUPJ1-110 from the
CH/CH,O/OH dataset. The flame LUPJ1-110 in the TRZ regime can be
characterized as a flamelet-like flame from previous discussion. However, non-
flamelet behavior was also observed occasionally. In the region marked by the
square, the CH layer is seen to be locally broadened up to -~ 3 mm, whereas the
CH layer is typically -~ 200 pm in thickness and lies in the thin OH/CH,O
interface under the flamelet conditions (see Figure 5-12 (a)). This locally
broadened region is further magnified and displayed in Figure 5-16 (A). It can be
seen that the iso-intensity contour of the broadened CH layer fits well with both
edges of the strong OH and CH,O signal regions. As indicated by the arrows, the
imaged structure resembles the motion of small eddies that roll in CH,O from the
unburnt regions and bring in OH from the product side. Such turbulence mixing
of reactants and radicals occur rapidly along with chemical reactions including
those that generate CH. The mixing process is also reflected on the CH image: on
the upper-left of the images in Figure 5-16 (A), following the direction of the
arrow, the CH,O signal gradually decreases with a corresponding increase of CH
signal as CH,O is rolling in; a similar observation can also be made for OH if one
follows the arrow at the bottom-right of the images in Figure 5-16 (A). This
observation might present as an example of a possible onset of local CH-layer
thickening as a consequence of local rapid turbulence mixing between unburnt
reactants (represented by CH,O) and radicals (represented by OH) from the
product side. It appears that the eddy-like structures of OH and CH,O have a
diameter of ~ 2 mm, which is comparably larger than the thickness of the flame
front but close to the integral scale in the present flame (see Figure 5-4). This is
consistent with the theoretical speculation as depicted by Lipatnikov [25] that “zhe
thickening of the flamelets starts from small-eddy penetration and then larger and larger
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eddies could penetrate into thicker and thicker reaction zones and thereby broadening
them further and further. Due to such a penetration-broadening-penetration cascade,
the reaction zone could finally reach a thickness of the order of the integral length scale.”

Zoom-in Images
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- 3
r(mm) OH

Figure 5-17 Simultaneous CH/CH,O/OH images measured in the flame LUPJ1-418,
featuring distributed reactions. The iso-intensity contour of OH was superimposed on
the fields of other scalars for comparison. Detailed flame structures are further
illustrated in the zoom-in images (A), (B) and (C) together with the contours of scalars
that were measured.

The other example is given in Figure 5-17 for the flame LUPJ1-418 which
features distributed reactions. Three regions containing local fine structures of the
distributed reaction are marked by the squares in the OH images of Figure 5-17
and displayed in Figure 5-17 (A-C). Contours of measured scalars have been used
for illustration of their correlations. Unlike flamelet structures, Figure 5-17 shows
that CH, OH and CH,O can substantially overlap with each other widely in space.
As can be seen in Figure 5-17 (A-C), local increases of OH (CH,O) signals even at
scales as small as 100 pm can be related to corresponding local low-signal regions
of CH and CH,O (OH). This demonstrates how the multi-scalar imaging
approach assists in the discrimination of small-scale structures from noise. It is
noteworthy that in the middle of Figure 5-17 (A) and Figure 5-17 (C) where both
OH and CH,O signal levels are low or medium, the resolved structures of the
reactive scalars (e.g. CH and CH,O) are chaotic and remain uncorrelated. This
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indicates that the chemical reactions involved rather than turbulent mixing become
rate-limiting on a small scale when the concentrations of reactive radicals are low.
More comprehensive investigations are needed in the future to reveal the role of
small-scale turbulence and how it interacts with the flame front.

5.2 Lean Premixed Low-swirl Flames

Low-switl stabilized lean premixed flames (LSFs) bear the advantages of low
NO, emission, stable flame operation and low noise, and therefore have the
potential to be employed for gas turbine applications [124-127]. The present work
(that reported in Paper VIII) concerned two methane/air LSFs, designated as LSF-
1 and LSF-2 with Reynolds numbers of 20000 and 50000, respectively, using
simultaneous PLIF measurements of CH, OH and CH,O.
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Figure 5-18 Photographs of investigated flames, LSF-1 and LSF-2 with 200 ms
exposure time. The dashed squares indicate the area that has been investigated by PLIF
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Measurements.

Direct photographs of LSF-1 and LSF-2 are shown in Figure 5-18. The two
flames exhibit a rather similar lift-off distance of - 30 mm above the burner exit,
whereas LSF-2 shows a significantly smaller flame chemiluminescence volume than
that of LSF-1, a matter that can be explained by the increased ambient air
entrainment downstream of the flame [128]. The region in which the PLIF
measurements were performed is marked out by the dashed squares in Figure 5-18,
which cover the leading flame front region (LFF, at height above burner, HAB of -
30mm), the flame trailing edge region (FTE, - 30 mm <HAB< 55 mm) and the
central region of the flame further downstream (HAB> 55mm). Most of the

73



experimental and numerical investigations have been focused on the LFF region
where the LFF has been shown to be thin and of typical laminar flamelet structure
(10, 29, 129-133]. Slightly downstream, the existence of extinction holes in the
FTE region due to the ambient air entrainment has been reported [12, 134, 135].
On the basis of the flow field measurements under similar flame conditions [9,
134], the Karlovitz number of the investigated flames is estimated to be about
unity at the LFF region and about 30 in the FTE region, their thus being located
in the corrugated/TRZ regimes in the Borghi diagram. The fuel/air mixture diluted
by the entrained ambient air can leak through the holes into the downstream
regions and mix with the hot combustion products. The characteristics of the
leaked unburned fuel/air mixture downstream are not adequately studied by
experiments. This is re-examined in the present work.

Figure 5-19 shows examples of three series of simultaneous PLIF images for
LSF-1: (A) CH,O/OH, (B) CH/OH and (C) CH/CH,O. Each image consists of
four independent instantaneous PLIF image pairs recorded at different HAB
positions. As can be seen in Figure 5-19 (A1-A2), the LFF of LSF-1 contains a thin
CH,O layer that partially overlaps with the high-gradient OH front, exhibiting a
typical laminar flamelet structure. OH radicals prevail over a large area downstream
of the LFF, signifying a region with hot combustion products where the mean
temperature up to 1700 K has been measured [136]. In the downstream regions
(HAB>55 mm) where fuel was found to widely exist [135], intermediate reactant,
CH,O appeared distributed in space with reduced maximum signal level by a
factor of 2 as compared with the LFF region. This indicates that the leaked fuel in
the downstream regions can continue to react. The corresponding mean
temperature (reported in Ref. [136]) along the central axial direction decreases
gradually from 1600 K (at HAB=55 mm) to 1000 K (at HAB=140 mm) due to the
entrainment of ambient air. More strikingly, Figure 5-19 (B-C) shows that the
short-lived CH radicals can be distributed and coexists with CH,O in wide regions
downstream, similar to the observed distributed reactions in the LUP]J flames but
with completely different burner configuration. Furthermore, at some downstream
locations as marked by the circles in Figure 5-19 (C1-C2), the CH signal
disappears whereas CH,O still survives, which very likely signifies local quenching
of the distributed reactions due to cooling of the entrained ambient air. In contrast
to the distributed reactions downstream, the CH layer in the LEFF/FTE regions is
thin. As further shown in Figure 5-19 (A3-C3), the CH layer is shown to locate
downstream of the CH,O layer and upstream of the OH layer, coinciding with the
layer in which OH and CH,O partially overlap. It is noteworthy in Figure 5-19
(C3) that the CH layer in the FTE region remains thin and intact, whereas the
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CH,O layer is distorted by small turbulence eddies, which can be considered as a
typical flame front structure in the TRZ regime.
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Figure 5-19 Examples of simultaneous PLIF measurements of (A1-A2) CH,O/OH
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structures of two simultaneously measured species as marked by the dashed square are

shown in (A3-C3)

75



0 CH [Counts| 1100
0 CH,O [Counts] 70004
OH [Counts] 2.5X10

HAB (mm)

R Y AR
-10~0 0 100 20 -20_ 410 20y
“Radial Positien(mm) \
\ N s

. L
10 20 220 -10
Radial Position(mm) \

HAB (mm)

60

40

20

. . S T
20 =10 0 10 20 220 -10
Radial Position(mm)

Figure 5-20 Examples of simultaneous PLIF measurements of (A1-A2) CH,O/OH
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Simultaneous PLIF measurements of LSF-2 are shown in Figure 5-20. Similar
to LSF-1, the flamelet-like structures of LSF-2 (cf. Figure 5-20 (A3-C3)) in the
LFF/FTE regions and the distributed reactions in the downstream regions are also
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found, whereas LSF-2 displays more wrinkled structures in the LFF/FTE regions
owing to the smaller scales of the turbulent eddies in higher Reynolds number
flame. It appears that the distributed reactions start earlier in space with increased
the Reynolds number as indicated by the occurrence of a distributed CH layer with
HAB -<50 mm shown in Figure 5-20 (B1-C1). Furthermore, quenching of the
distributed reactions (indicated by the absence of the distributed CH regions) were
not observed within the region with HAB < 50 mm where the distributed reactions
are well surrounded by hot combustion products and are less affected by the
ambient air entrainment. In contrast, significant quenching of the distributed
reactions can be found at locations downstream (HAB>60 mm), a matter which is
less obvious for the LSF-1 case. This can likely be attributed to the excessive
cooling of the ambient air entrainment at the current higher Reynolds number case.
As shown in a recent numerical simulation [128], the temperature in the
downstream regions of the flame LSF-2 can be significantly lower than 1000 K,
whereas the mean temperature for the flame LSF-1 in the same regions is
constantly higher than 1000K [136]. Consistent with the finding of distributed
reactions in the LUPJ flames [137], the present study supports that the distributed
reactions occur above certain temperature, which, in the present cases, is about
1000 K, whereas below this temperature CH is quenched.

In summary, the present study reveals an interesting feature of LSFs, namely
the LSFs are shown to span spatially over many combustion regimes which covers
the corrugated flamelet regime in LFF region, the TRZ regime in FTE region and
the DRZ regime in the downstream region. This result provides a direct
experimental evidence along with the one found in LUPJ flames that distributed
reactions can be a common combustion mode.

5.3 Concluding Remarks of Distributed Reactions in
Turbulent Premixed Flames

Along with the present work, a number of earlier studies have also reported some
experimental flame observations which were claimed to concern the distributed
reactions. These are summarized in Table 5-4. In addition, an experimental
observation of a broadened reaction layer in the interface between two liquids is
also included [138]. It can be noted that the present work provides unique and
persuasive evidence for the existence of distributed reactions through the direct
visualizing of short-lived radicals, namely, HCO and CH. As discussed earlier, the
chemical lifetime of HCO and CH is on the order of ten nanoseconds. Therefore,
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the presence of HCO/CH must indicate the occurrence of reactions so that the
observation of broadened/distributed HCO/CH layers can be regarded as a
rigorous criterion for the existence of DRZ in flames. In this section, it is intended
to clarify other experimental observations which can be associated with the
occurrence of DRZ in flames.

Table 5-4 Experimental observations of distributed reactions

Case
No. Flames Methods Observations Refs
® Reduced VT with increased jet speeds. Equivalently,
homogeneous T field and broadened thermal thickness
. »
Piloted OH/ ® V T fields contain filament-like fine structures 108
1 CH,/air jet CH,O PLIF 12[ 1 )
flames » RST! ® Patchy OH regions 3,139]
® Appearance of quenching-and-ignition judging from flame
chemiluminescence
> MIE?
® A bending point of MIE appears with increasing turbulent
Fan stirred > High speed | incensity (140
2 CH /air FC? 142
flames \ ) ® Flame fronts (judged from high speed FC) appear ]
»> Schlieren dispersive and fragmental with filament-like edges
imaging
Piloted ® The third point in case 1
3 CH,/air jet EP(I)S/PLIF [109]
flames 2 ® OHxCH,O area increases with increasing Re,
® The first three points in case 1
® The point in case 3
® Distributed CH and HCO layers
» OH/CH/ o .
® Distributed reactions appear to occur above 1000 K
LUPJand | HCO/CH,0O o Papers V
4 LSB CH//air | PLIF ® OH radicals were found in low-T region with low o VIII
flames concentration level
> RST!
® CH and HCO appear similar but might have subtle
differences in intensity distribution
©® HCO (CH) radicals can widely coexist with CH,O in
space even when OH is barely detectable
Reaction i
5 inizcrf:;: :} LIF of S - \/R_?t where fS is t‘he fr_a\tio of turbulent and laminar (138]
wo liqui ds reactants propagation rate of reaction front
! Rayleigh Scattering Thermometry; 2 Minimum ignition energy; 3 Flame Chemiluminescence;
* Not technically a flame but a reacting interface between two liquid solutions.
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For one thing, the present results for both LUPJ flames and LSB flames
indicate that temperatures above - 1000 K appears to be important for sustaining
distributed reactions. This sheds light on the fact that most of the flame conditions
(Case 1 and Case 3 in Table 5-4) that were claimed to be in DRZ mode employed
a pilot coflow flame. In addition, in the present work the build-up of radical pools
in the regions with (intermediate) reactants was found to be responsible for the
DRZ. The broadening of the CH,0O X OH layer was shown in the present work to
be in line with the broadening of HCO/OH (see Section 5.1.6), which could be
considered as an additional criterion for DRZ. However, cautions have to be taken
in regard to the issues of limited SNRs and the non-ideal background subtraction,
which might lead to an artificially broadened or thinning of the CH,O X OH layer
as discussed in Section 5.1.6. In addition, it is noteworthy that some of the
observations listed in Table 5-4 may not necessarily be associated with the
distributed reactions. For instance, the observation of the fine filament-like
structures in the Grad[T] field is not a unique feature of distributed reactions since
the distortion of the temperature field through turbulence starts already for flames
in the TRZ regime which can be exemplified in Figure 5-15 for LUPJ1-66. Besides,
the patchy OH regions that were observed in the flames might merely signify
quenching and not be explicitly linked to DRZ. Finally, no direct evidence has
been found that the observations in regard to Case 2 reported by Shy et al. [140-
142] belong to the distributed reactions. This remains to be clarified through
further investigations (such as CH/HCO PLIF) on the experimental conditions of
Case 2.

In addition to the experimental evidence concerning DRZ, some DNS
simulations in high Kz flames have also been reported, these being summarized in
Table 5-5. Consistent with the experimental results, the major observation
regarding DNS simulation is the transport of radicals to the low temperature
regions, leading to an enhancement of local heat release in low-temperature regions
and the decorrelation between the fuel consumption and the heat release regions. It
is noteworthy that such radical transport might have occurred in the TRZ regime
[112], but it is certainly more marked and dominant in the DRZ regime. On the
other hand, all of the DNS were performed in turbulent tube flows, and only a
broadened but not a distributed reaction zone was reported. This discrepancy may
arise from the streamwise history effects in practical combustion which are not
considered in DNS. In addition, it can be noted that the Lewis number effect on
the high Kz flames is one that has been of particular interest in the DNS
investigations that have been carried out, but that it has not been examined
experimentally. Experimental investigations using the techniques involved in the
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present work can be carried out to bridge such a mismatch to thus facilitate a better
comparison between the experiments and numerical simulations.

Table 5-5 Numerical observations of distributed reactions

Case
No. Flames Methods Observations Refs
® The reaction zone appears thickened but not distributed.
® A pool of radicals such as H, O, OH and HO, can be found in low-T
H,/air, regions, which are responsible for enhancement of reactions at low-T
CH,/air and regions.
1 Cdl:;f;lr 3D DNS ® Decorrelation between the fuel consumption and heat release regions. [114132_'
embedded in ® Lewis number, beside Ka, might also influence the transition from 145]
turbulent flamelet to distributed reaction mode.
tube flow
® Methane and propane flames in the DRZ regime have similar
burning rate to their corresponding laminar values, whereas the burning
rate for the hydrogen flame was enhanced in the DRZ regime.
® The first two points in case 1.
® Rapid convective transport in high Ka flames, which is an order of
magnitude faster than the chemical reaction rate, is responsible for
L . . . . [46,
2 Similar to 2D and effective rapid exchanges among burnt, unburnt and reactive mixtures 113
case 1 3D DNS | prior to being consumed. 146i
® Methane/air and hydrogen/air flames with the same Ka exhibit
differently in the transition from flamelet to distributed reaction mode,
which is partially attributed to the differential effects

The schematic plot presented in Figure 5-21 attempts to depict the flame
front/turbulence interaction in the DRZ regime on the basis of the experimental
observations made in the present work. In the DRZ regime, if an established
boundary that separates the (intermediate) reactants from the burned mixture is
subjected to strong turbulence distortions, the temperature field might be first
homogenized (see Figure 5-8 for the experimental examples). The radicals such as
H and OH can be transported rapidly to the regions of reactants, giving rise to
significant local heat release. Three major exothermic reactions identified as being
responsible for such heat release for H,/air flames through DNS [112, 113] are
listed in Figure 5-21. The concentration of transported OH and H radicals might
have to stay low at the region with an appreciable amount of reactants (see Figure
5-17 for experimental evidence). The transport of intermediate reactants such as
CH,O to the burnt regions was shown to be less effective in the present
experiments, which can be probably attributed to the preferential diffusion, the
lighter radicals/species being transported faster and further. Therefore, the heat
release layer is extended only slightly beyond the original reactant/burnt mixture
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interface to the burnt region. It is not clear thus far how the HRR in the
distributed reaction mode compares with that in the laminar flamelet case. This
issue remains to be investigated in the future. In addition, the concepts such as the
flame surface density and the displacement speeds of the flame fronts may no
longer be valid under the DRZ regime. Accordingly, revisions of the current
flamelet combustion models may be needed in order to adapt the nature of DRZ
in an appropriate manner.

Temperature
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Figure 5-21 Schematic of the flame front interacting with eddies in the DRZ regime.

5.4 Similarities with Other Combustion Concepts

The concept of the distributed reactions does not apply solely to turbulent
premixed combustion in which distributed reactions are achieved through the
intensive turbulence/flame front interactions. Instead, a group of similar
combustion concepts also utilizes a similar idea of the DRZ which is in contrast to
the conventional view of the laminar flamelet-like flames. The moderate or intense
low-oxygen dilution (Mild) combustion is probably the most quoted expression
among these concepts. Other expressions such as FLOX (Flameless Oxidation),
CDC (Colorless Distributed Combustion), HiCOT (High Temperature
Combustion Technology) and HITAC (High Temperature Air Combustion) have
also been employed and referred to the same or similar combustion processes as the
Mild combustion. This type of combustion is typically featured by an elevated
temperature of reactants and low temperature increase during the combustion
process [111]. The elevated temperature of reactants is achieved either by
preheating of air or by hot exhaust gases recirculation (EGR). The invisible flame
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chemiluminescence (FC) to the naked eyes and the homogeneous distribution of
time-averaged OH" emission are typically regarded as being experimental evidence
for the occurrence of distributed reactions [147-151] since the visible FC is
associated with the thin flame front under laminar flame conditions [54]. Recent
DNS simulations [152] under Mild conditions indicate, however, that the
reactions may still occur in thin regions. To study experimentally the reaction zone
structures of Mild combustion, flame emission spectra and instantaneous OH
PLIF measurements were carried out in a laboratory flameless combustor. CH
PLIF measurements in the flameless combustor were also attempted, but very little
CH signal were detected under all flame conditions that were investigated.
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Figure 5-22 Spectrally integrated intensities of (a) OH °, (b) CH ~and (c) C, afier
background subtraction recorded at different axial positions along the flameless
combustion chamber for three combustion modes, i.e. the conventional mode (squares),
the transient mode (triangles) and the flameless mode (circles). (d) the subtracted
continuous background (CBG) was integrated over the visible range (400 nm — 700
nm) and (ef) the intensities of the CH "or C, emission divided by the corresponding
CBG. The data points in each subplot are normalized by their corresponding maximum
value.

Except for the appearance of a continuous background (CBG), the emission
spectra recorded from the flameless combustor were similar to the one showed in

Figure 4-1, where the emissions from OH', CH" and C," can be identified. Figure
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5-22 (a-c) presents the spectrally-integrated intensities of OH', CH and C, after
background subtraction as a function of the axial location along the combustion
chamber for each of the three combustion modes. As can be seen, the OH  and
CH' show a similar trend in the axial direction for each combustion mode, their
also being qualitatively in line with the OH' emission images shown in Figure 2-5.
The transient and flameless modes show slightly weaker OH" and CH' emissions
than the conventional mode does. Instead, a significant suppression of the C,’
emissions can be observed for the flameless mode (Figure 5-22 (c)). Nevertheless, it
is clear from the measured spectra that the visible CH" and C," emissions still exist
even under the flameless condition in which the flame appears to be invisible to the
naked eyes as shown in Figure 2-4. The flame visibility is reduced further through
the increased CBG emission likely contributed from the CO,  emission [153]. The
intensities of the CBG for each of the three combustion modes were integrated
spectrally over the visible spectral range (400nm — 700 nm) and displayed in Figure
5-22 (d). The CH and C, emissions that are responsible for the flame visibility are
normalized by their corresponding CBG values as shown in Figure 5-22 (e) and (f),
respectively. It can be seen that the CH/CBG and C,/CBG emission intensities
are constantly low, both of them being about an order of magnitude lower than the
maximum value of the conventional condition. The increased CBG reduces the
contrast of the visible flame emission against the background so that flames appear
to be invisible to the naked eyes.

Table 5-6 Formation mechanisms of major chemiluminescent species in flames.

OH" Mech. Refs CH" Mech. Refs
Rl CH+O,=—=CO+OH 155] R3 C,+OH=—=CO,+CH 157]

RS C,H+O==CO+CH" [160]
C," Mech. Refs CO," Mech. Refs

R6 CH,+C==H,+C, [161] | R8 CO+O+M=CO5+M [153]
R7  C3+0=CO0+C, [162]
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Figure 5-23 Instantaneous OH PLIF images for (a) the conventional mode (b) the
transient mode and (c) the flameless mode. The primary regions of OH emission shown
in Figure 2-5 are delimited by the dashed lines.
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The chemical kinetics provides insight into the changes in intensity of these
chemiluminescent  species. The major formation mechanisms of the
chemiluminescent species in flames are listed in Table 5-6. Under the flameless
condition, as shown by the reaction R8, the increase of CO," emission that was
observed suggests an increase in the concentration of CO, which promotes the
forward reaction. Thus, peak CO concentrations might be expected along with the
peak of CO, emission which was shown in Figure 5-22 (a) and (d) to qualitatively
coincide in space with the location of peak OH' emission. The increased CO
concentration would also result in a reduction in C, formation through R7, in
CH' formation through R5 and in OH' formation through R1. In laminar
hydrocarbon flames, both CO and H, are intermediate reactants and coexist in the
oxidation layer. Thus, it might be expected that H, concentration would also
increase, which would lead to a further suppression of C, formation through RG6.
On the other hand, the formation channels of R2 for OH', R3 and R4 for CH are
less affected. This explains the spectral characteristics that were observed under the
flameless condition.

Figure 5-23 shows instantaneous OH PLIF images for (a) the convention
mode (b) the transient mode and (c) the flameless mode and the primary regions of
OH' emission shown in Figure 2-5 are delimited by the dashed lines. Overall, one
can note that the edges of the OH layer for all the three flame modes are not as
sharp as the one shown in typical flamelet-like flames [163]. Particularly, for the
cases of the transient mode and the flameless mode, the minimal OH signal level is
appreciably above zero in the region around the axial position of 150 mm, being
about 40% of the maximum signal in the same region. This suggests a non-
flamelet behavior. Recent numerical simulations under Mild conditions indicate
that the non-flamelet behavior could be resulted from the intensive flame-flame
interaction in addition to the turbulence/flame interaction [152, 164]. It should be
noted that instantaneous OH filed has been also shown to contain sharp OH
gradients under MILD conditions [165], which is in contrast to the results shown
in Figure 5-23. This fact indicates that the features of MILD combustion might
vary from one to the other depending on practical experimental configuration.
Further classification of different types of MILD combustion could be needed. Of
interest too is the fact that under the flameless condition the OH emission regions
correspond to the regions where the instantaneous OH field appeared to be rather
homogeneous. In addition, as also shown by A.S. Verissimo et al. [13] for the same
flameless combustor with similar flame conditions, the OH  emission on the mean
tends to largely overlap with the occurrence of CO in space. Accordingly, the OH’
might be used to mark out the CO oxidation regions. The CO oxidation by OH,
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for example, takes place at relatively slower reaction rates, which can thus be
expected to be more prone to turbulence distortions. In the flameless case, the
homogeneous OH distribution in the regions of OH emissions suggests that CO
oxidization might take place in a distributed way. As long as the resident time of
CO in the combustion chamber is sufficiently long, CO will be eventually oxidized
to CO,, resulting in a negligible amount of CO being found in the exhaust gases
which is measured to be about 5 ppm under the current flameless condition [13].

In summary, the present spectral investigations show that the invisibility of
Mild (or flameless) combustion can be attributed to the suppression of both the C,’
emission and the CH' emission, the latter to a lesser extent, along with an increase
in the continuous background from CO,. As analysis of chemical kinetics
indicated, this suggests an increased amount of CO in the OH' region. The results
of the OH PLIF measurements also suggest the instantaneous OH field appears to
be homogeneous in the OH regions, which points to a distributed CO (and likely
H,) oxidization process taking place under Mild conditions. Further investigation
is needed to determine how fuels are converted into CO under Mild conditions.
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Chapter 6

Summary and Outlook

The thesis deals with the development and application of laser-based scalar
visualization to the study of turbulent premixed combustion.

The first part of the thesis was concerned with the development of laser-based
diagnostics intended to provide instantaneous visualization of the key species
involved in combustion of hydrocarbons and nitrogen-containing fuels under
turbulent conditions. The species in question include HCO and hot O, for
hydrocarbon flames, together with NH;, NH, (taken up in related work), and NH
for flames burning nitrogen-containing fuels, as well as CN to mark the interplay
between the hydrocarbon and nitrogen chemistry. All these above species are
demonstrated with good SNRs and the capability of instantaneous visualization
using PLIF. In addition, quantification of the CH,O PLIF signal is presented,
which accounts for the temperature dependence of the Boltzmann factor and of the
quenching rate. Besides, the potential for instantaneous temperature mapping by
means of two-line atomic LIF (TLIF) of indium using a novel seeding system are
demonstrated. It was found to be possible to effectively convert the seeded gaseous
Ttrimethylindium (TMI) into indium atoms without appreciably affecting the
flame chemistry.

The second part of the thesis includes the experimental investigations of
premixed CH,/air turbulent flames on two quite different types of burners, i.e. the
LUPJ burner and the LSB burner. The LUP] and LSB the flames were studied in a
wide variety of combustion regimes. Simultaneous visualization of scalars among
HCO, CH, CH,0O, OH and temperature was employed to study the flame
structures. The results obtained for both the LUPJ and the LSB flames provided
the first experimental evidence that the reaction zone of premixed flames can be
significantly broadened through rapid turbulence mixing, a fact being verified by
the observation of the broadened and distributed short-lived radicals, HCO and/or
CH. The LUPJ] flames in which distributed reactions were involved are
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characterized by high Karlovitz number. In contrast, the LSB flames typically
featured a low Karlovitz number about unity at the leading flame front. The
distributed reactions were observed at downstream locations where leaked fuel/air
mixture diluted by the entrained ambient air was mixed with hot combustion
products from upstream. The Karlovitz numbers downstream of the LSB flames
are expected to be high due to the ambient air entrainment. The observations
obtained for the two distinctly differing burner configurations suggested that the
distributed reactions could be a common combustion mode. In addition,
correlations between scalars and the detailed local structures in flames with and
without the presence of distributed reactions were analyzed and compared. It was
found that the temperature above -~ 1000 K is important for sustaining the
distributed reactions involved. The build-up of radical pools through rapid
transport of turbulence within the regions of (intermediate) reactants was found
also to be responsible for the occurrence of the distributed reactions. The transport
of (intermediate) reactants to the burnt regions may be less effective likely due to
the preferential diffusion. At last, optical investigations were performed on a
flameless combustor which was operated under Mild combustion which has a
similar concept of the distributed reactions. The results show that the invisibility of
Mild combustion is attributable to the suppression of C, emission and CH’
emission, the latter to a lesser extent, together with an increase in the continuous
background from CO,". Under Mild combustion the instantaneous OH fields was
found to experience no appreciable gradient in the regions where OH' was
presented. Chemical kinetics analysis of the formation of these emitting radicals
suggested an increased amount of CO presented in the OH’ regions under the
Mild combustion. The OH" regions were further shown to have a homogeneous
distribution of the instantaneous OH filed. This fact suggested the oxidization of
CO may take place in a distributed manner. Further investigation is needed in
order to obtain an adequate understanding of how the fuels are converted into CO
(and likely into H, as well) under the Mild combustion.

The DRZ combustion regime is a relatively unexplored area, and the flame
behaviors are essentially different from those in the flamelet regimes. Researches to
be carried out in the future will aim at obtaining a better understanding of the
details of the conditions under which the distributed reactions can be initiated.
This could involve studies of the impact of the non-unity Lewis number effect, the
dilation effect and the streamwise history effect in practical combustors on the
distributed reactions. Examination of the distributed reactions in turbulent flames
under elevated pressures could also be of interest. The present work aimed at
revealing the structures of the DRZ with multiple scalars being visualized
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simultaneously. The temporal evolvement of DRZ structures appears, however, to
not have been investigated. An ongoing study of this issue using a high-speed laser
system in our laboratory would hopefully glean some additional insights into the
turbulence/chemistry interactions in the DRZ regime. At the same time, the
concepts of the flame surface density and the displacement speed of flame front etc.
derived on the basis of the flamelet theory might need to be reexamined. New or
revised conceptions may well need to be introduced in order to enable
experimental quantifications of the distributed reactions. For example, an intuitive
question that is related would be that of how rapidly combustion proceeds under

the DRZ mode.

To study turbulence/chemistry interactions, NH;/air flames might be a better
candidate than CH,/air flames are. As declared in Section 4.2.5, the significantly
lower laminar flame speeds of NH,/air flames provide the possibility of achieving
high Kz flames with much less turbulence levels, a possibility may place
experiments to be conducted under a simpler and better-controlled configuration.
Also, NH; chemistry generally involves fewer species than CH, chemistry does
which could be a plus. Last but not least, the laser diagnostics developed in the
present work allows for the detection of the nitrogen-bonded species which covers
the major fuel-oxidization path from the fuel (NHj;), to the intermediate reactants
(NH,) and to the reaction zone (NH). This, however, might not be the case for
CH,/air flames.

On the basis of the experimental data from the present work and those to be
acquired in the future (e.g. the high-speed data concerning LUPJ flames), it has
been planned to establish an experimental database for LUPJ flames and LSB
flames, which would hopefully take account of the characteristics of flow fields,
compositional fields and temperature fields. I hope that such a database could
evoke collective efforts enabling DNS and experimental measurements from other
research groups worldwide to contribute to it. Standardized definitions of
turbulent quantities also need to be adopted in order to facilitate comparisons
between experiments and numerical simulations.
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Appendix
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Appendix I Examples of equivalence ratio dependence for rwo given jet speeds, 100 m/s
(left) and 418 m/s (right) from the HCO/CH,O/OH series.
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Appendix II Jet speed dependence of mean radial profiles of CH,O (Row 1), OH (Row
2) and temperature (Row 3) at different axial locations for the flames of LUPJI-66
(Column 1), LUPJ1-220 (Column 2) and LUPJ1-418 (Column 3).
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Appendix III Equivalence ratio dependence of mean radial profiles of CH,O (Row 1),
OH (Row 2) and temperature (Row 3) at different axial locations for the flames of
LUPJ1-110 (Column 1), LUPJ2-110 (Column 2) and LUPJ3-110 (Column 3).
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Appendix IV Examples of snap-shots of measured scalars and the quantities that were

derived (i.e. CH,OXOH, CHxOH and normalized Grad[OH]) from the flames
LUPJ1-110 and LUPJ1-418 from CH/CH,O/OH measurement series
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Summary of papers

Paper I

We demonstrated the feasibility of high-quality single-shot interference-free HCO
PLIF in turbulent methane/air flames using a multi-mode alexandrite laser.
Conditions to which the present HCO PLIF technique can be applied have been
clarified to avoid potential interferences from OH, O,, CH,O and PAH.

I conducted experiments together with Johannes Kiefer, and I evaluated
experimental data and wrote the manuscript. Others contributed to improve the
manuscript.

Paper II

A strategy of detecting vibrationally excited O, molecule have been developed
using a multi-mode alexandrite laser. The possibility for single-shot imaging of hot
O, has also been demonstrated.

I conducted experiments together with Jobannes Kiefer, and I also contributed to
the data evaluation. Johannes Kiefer wrote the manuscript. Others contributed to
improve the manuscript.

Paper III

This paper reported the development of single-shot CN PLIF and its application in
turbulent flames. An improved detection of CN radicals by a factor of 4 has been
achieved with the employment of an alexandrite laser in comparison to the
conventional dye laser. Broadening and local quenching of the CN layer have been
observed in NH;-doped CH,/air flame.

The idea of this experiment was initiated through discussion with Marcus Aldén
and Zhongshan Li. The experiments were conducted by Christian Brackmann and me.
[ evaluated experimental data with the help of Christian Brackmann and I wrote the
manuscript. Others contributed to improve the manuscript.
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Paper IV

Characteristics of NH; two-photon LIF were investigated, including the excitation-
detection scheme, and the dependence of LIF signal on temperature, laser
irradiance and pressure. NH; distribution in turbulent NH;/CH/air flames was
visualized using two-photon PLIF simultaneously with CH PLIF for flame front
identification.

I contributed to the simultaneous PLIF measurement of NH; and CH together
with Christian Brackmann. Christian Brackmann prepared the manuscript, in which I
contributed with the part concerning CH measurement.

Paper V

A series of LUPJ flames has been investigated by three sets of simultaneous
measurements, i.e. CH/CH,O/OH set, HCO/CH,O/OH set and T/CH,O/OH
set. Distributed reactions achieved through rapid turbulence mixing were
experimentally evidenced for the first time in turbulent premixed flames by the
observations of broadened/distributed CH/HCO layer.

[ initiated the idea through discussion with Xue-song Bai. Christian Brackmann
and I conducted the experiment. I evaluated the data and prepared the manuscript, and
others contributed to it.

Paper VI

In addition to the experimental datasets demonstrated in Paper V, LDA
measurements were performed to characterize the flow fields of LUP]J flames. The
flame structures characteristics and correlations between measured scalars were
analyzed in detail. Temperature was shown to be important to sustain distributed
reactions, and rapid turbulence transport of radicals was found to be responsible
for the occurrence of distributed reactions.

Qing Li, Zhenkan Wang and I were responsible for LDA measurements. Qing Li
evaluated the LDA data to which I also contributed. Christian Brackmann was
responsible for CH,O spectroscopic simulations to be used for quantification of CH,O
LIF signal to which I also contributed. I performed CHEMKIN simulations and
analyzed the PLIF datasets. I wrote the manuscript. Others contributed to improve the
manuscript.
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Paper VII

Based on the multi-scalar imaging measurements demonstrated in Paper V, the
flame structures and correlations between measured scalars in small scales down to
100 pm were illustrated. A possible onset of CH layer broadening was captured
and analyzed in detail. The potential of utilizing the multi-scalar imaging system to
investigate the small-scale turbulence was discussed.

The idea was brought up through discussion with Zhongshan Li. Christian
Brackmann and I conducted the experiment. I evaluated the data and prepared the
manuscript, and others contributed to it.

Paper VIII

Multi-scalar imaging (i.e. OH/CH,O, CH/OH, CH/CH,0) was conducted on
low-switl stabilized lean premixed flames (LSFs). The investigated LSFs were found
to span over multiple combustion regimes (i.e. the corrugated flamelet regime, the
TRZ regime and the DRZ regime) as evidenced by distinctive changes on the
structures of the CH layer. Distributed CH was observed at downstream locations
of LSFs. Local quenching of distributed CH layer was also observed due to cold
ambient air entrainment. Consistent with the results on LUPJ flames, temperature
above ~ 1000 K was shown to be important for the realization of distributed
reactions. This provides the other evidence in addition to the one from LUPJ
flames that distributed reactions can be a common combustion mode.

1 initiated the idea and conducted measurements with Qing Li and Yong He. Per
Petersson contributed to setting up the low-swirl burner. I evaluated the data and
prepared the manuscript, and others contributed to it.

Paper IX

Strategy for PLIF of NH radicals in flames with the possibility of
quantification was developed and demonstrated. NH spectroscopic simulations
were performed to facilitate quantification of NH LIF signal. Simultaneous
broadening and thinning of the NH layers in turbulent NH; flames were observed.

Christian Brackmann and I conducted the experiment. Christian Brackmann
analyzed the experimental data, and I performed the CHEMKIN simulation used for
signal quantification. Christian Brackmann prepared the manuscript, in which [
contributed to the discussion sections.
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