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Abstract

Combustion and its control are essential to our existence on this planet since we knew
it. Nowadays, the largest share of the world’s electricity and most of our transportation
systems are powered by combustion. In addition, industrial processes also rely heavily
upon combustion. In most industrial combustion systems, combustion occurs under
turbulent flow conditions that can produce combustion instabilities. These are
problematical since they can result in oscillations in thrust, low- or high-cycle fatigue
of system components, flame blowoff or flashback, and oscillations in combustion
efficiency together with high emission levels or even damage to the combustion systems.
Thus, flame stabilization is of fundamental importance in the design, the efficient
performance and the reliable operation of the combustion systems.

Experimental and numerical investigations of swirl and bluff-body stabilized flames are
presented in the thesis. Both premixed and diffusion flames are investigated in detail.
Different parameters including the operating conditions, the burner geometries, fuel
injection strategies are examined. High-speed PIV, high-speed PLIF and intensified
CH* chemiluminescence, together with thermography and corresponding image
analysis methods are adopted in the experimental work. In addition, DES and LES
turbulence models on the basis of ANSYS Fluent and OpenFOAM, respectively, are
employed in the numerical studies. The doctoral work is concerned above all with flame
structures and flame instabilities.

For swirl stabilized lean premixed flames, the operating conditions, including the total
mass flow rate and the equivalence ratio of the reactants all play an important role in
determining flame structures and lean blowout limits of swirl stabilized lean premixed
flames. The geometries of the confinement, including the cross-sectional shape and the
cylindrical confinement diameter, strongly affect the swirl stabilized flame structures
and flame dynamics. Proposals are made regarding the mechanisms behind the forming
of swirl stabilized lifted M-shape flames and corresponding flame dynamics. Fuel
injection strategy employed also affects the characteristics of low-swirl stabilized flames,



such as the time-averaged flame structures and the flame oscillations that occur. An
axial fuel injection strategy leads to a more compact flame and a leaner blowout limit
than a tangential fuel injection method does. The flame oscillation frequency near lean
blowout is affected when fuel injection strategy is altered. When the global equivalence
ratio decreases, flame dynamics frequency is reduced until the occurrence of flame lean
blowout.

A central fuel or air jet through the bluff-body axis makes the bluff-body stabilized
premixed flame less stable. When a central fuel injection takes place, the flame is found
to be lifted off from the bluff-body, with a circular motion of the flame tip along the
outer edge of the bluff-body. The injection of a central fuel or air jet results in a higher
lean blowout limit. At the same time, the temperature on the upper surface of the bluff-
body becomes lower.

Different patterns of bluff-body stabilized diffusion flames are presented: the
recirculation zone flame, the stable jet diffusion flame, the lifted flame, the split-flashing
flame being included here. The position of a bluff-body in relation to the annular
channel exit affects the instabilities of the diffusion flame, particularly when the annular
air flow velocity is high. Mounting the bluff-body downstream of the annular channel
exit makes it able to better stabilize the flame. The flame stabilization is achieved by the
recirculation bubble that was adjacent to the outer wall of the bluff-body.

A diffusion flame stabilized by a combination of swirl and bluff-body is studied both
experimentally and numerically. The effects both of a bluff-body on a swirl-stabilized
diffusion flame and of swirl on a bluff-body stabilized diffusion flame are investigated.
Diffusion flame ‘flashback’ is studied, the mechanisms behind it being proposed. When
a larger bluff-body is employed, air driven recirculation zone is found to be located
further upstream near the burner exit. The flame is found to be better stabilized by use
of a larger bluff-body and/or a stronger swirling flow.



Popular Science Summary

Combustion and its control play an important role in everyday life. Combustion has
been the cornerstone of industrial development for nearly two centuries. The burning
of fuel to produce heat and power is an integral part of industrial processes generally.
Combustion of fossil fuel produces the largest share of the world’s electrical power. In
addition, most transportation systems rely on combustion. The drawbacks of
combustion in daily life are the formations of environmental pollutions, causing fires
threatening people’s lives, etc. Although considerable progress has been made over the
years in achieving a basic scientific understanding of combustion, these drawbacks still
remain. The strong regulatory and competitive forces at work aimed at developing
combustion equipment with greater flexibility, improved performance and less
environmental impact, all at a reasonable cost are needed. Being able to achieve these
goals is a basic objective in efforts to obtain a better understanding of combustion and
its control.

In most industrial combustion systems, combustion occurs in process involving highly
turbulent flow, a matter that strongly increases the complexity. In addition, the
turbulent flow can result in instabilities in combustion in the form of oscillations of
large-amplitude and marked changes in flame structures inside the combustor. The
occurrence of such instabilities is generally problematic since it can produce oscillations
in pressure and velocity of large-amplitude, which in turn can lead to oscillations in
thrust, to severe vibrations that can interfere with the operation of the control-system,
to enhanced heat transfer and thermal stresses to combustor walls, to oscillatory
mechanical loads that result in the low- or high-cycle fatigue of system components, to
flame blowoff (the flame extinction) or flashback (the flame propagating into the
upstream region), and to oscillations in combustion efficiency along with high emission
levels. These phenomena may result in premature component wear that can lead to
costly shutdown or to failure with missions that are undertaken. Thus, flame
stabilization is of fundamental importance in the design, efficient performance and
reliable operation of combustion systems.

In addition, flame instability can create unstable flame structures and marked variations
in the heat that released from combustion. The interaction of flame structures and flow



fields determines the flame instabilities and its performance in terms of emissions as
well. The geometries of the combustor/confinement and the burner as well as the
operating conditions that are present (such as the flow swirl strength) affect the flow
fields and the flame behaviors considerably. It is thus highly important to investigate
the mechanisms involved in flame stabilization.

Flame stabilization is usually accomplished through the recirculation of combustion
products with high temperature so as to continually ignite the reactants. The hot
recirculating gases transfer heat to the cold reactants to ignite them and thus to
maintain the spread of flame. The burnt gases transfer heat to the recirculation zone,
this serving to balance the heat lost in igniting the combustible gases. Two common
methods of generating recirculating flows to stabilize the flames are the use of swirl flow
and of a bluff-body. Switl flow is the flow with strong tangential component of the
velocity, while a bluff-body can be defined as a solid body inside the flow field that

creates a recirculation downstream of it.

In the thesis, experimental and numerical investigations of flames stabilized by swirl
flow and a disk-shape bluff-body are presented. The experimental work was carried out
on a model gas turbine swirl burner under atmospheric conditions and on an adjustable
bluff-body burner both with and without swirl flow. Advanced laser-based non-
intrusive diagnostics techniques and flame visualization methods were employed in the
experimental study. In addition, numerical simulation work was carried out to
complement the experimental work in efforts to better understand the flame behaviors
involved.
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total mass flow rate of air [In/min] or [SLPM]



MCH4
myg
MH?2

m;

T edge
T;
U,
Uea
Uer

wr

Greek symnols
a

AH

Amair

At

D180

mass flow rate of methane [In/min] or [SLPM]

mass flow rate of fuel [In/min] or [SLPM]

mass flow rate of hydrogen [In/min] or [SLPM]

mass flow rate of the tangential air [In/min] or [SLPM]
radial position [mm]

the swirl number [-]

geometrical switl number [-]

representative bluff-body upper surface temperature in

the base case [K]

temperature at the inner edge of the bluff-body [K]
inlet temperature of the reactants [K]

velocity of the annular flow [m/s]

velocity of the central air jet [m/s]

velocity of the central fuel jet [m/s]

velocity of the central jet [m/s]

tangential inlet width [mm]

flame width [mm)]

flame open angle [°]

Distance from bluff-body upper surface to annular
channel exit [mm)]

step of the change in the mass flow rate of air [SLPM]
time delay between two laser pulses [ps]

equivalence ratio [-]

global equivalence ratio [-]

lean blowout equivalence ratio [-]
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CFD computational fluid dynamics

CFL Courant—Friedrichs—Lewy
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FFT Fast Fourier Transform
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IEA International Energy Agency

IRZ inner recirculation zone

ISL inner sheary layer

LBO lean blowout

LDA Laser Doppler Anemometry

LDV Laser Doppler Velocimetry

LES Large Eddy Simulation

LIP Laser Induced Phosphor

ORZ outer recirculation zone

OSL outer shear layer

PDF probability density function

PISO pressure implicit with splitting of operator
PIV Particle Image Velocimetry

PLIF Planar Laser Induced Fluorescence
PVC Precessing Vortex Core

RANS Reynolds-Averaged Navier—Stokes
RMS root mean square
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SST shear stress transport
URANS unsteady RANS
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CH,O formaldehyde

CHy methane
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N, nitrogen
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1.Introduction

1.1 Motivation

Combustion and its control are essential to our existence on this planet since we knew
it. According to the International Energy Agency (IEA), the largest share of the world’s
electricity is produced by combustion of fossil fuel [1]. Most of our transportation
systems, i.e. the vehicles, aircrafts and most trains as well as ships, rely heavily on
combustion. Industrial process, including those in furnaces, boilers, refineries, glass
melters, solid dryers and the curing of surface coatings, to name a few examples, also
rely heavily on combustion [2]. At the same time, among the drawbacks of combustion
in daily life are that it produces environmental pollutions, causes system damages and
also causes fires that threaten people’s lives. In view of the importance of combustion
in society generally, as thorough an understanding of combustion and its control as
possible is needed.

In most industrial combustion systems, combustion occurs under turbulent flow
conditions, which strongly increases the complexities. In addition, the turbulent flow
may result in instabilities in combustion. Such instabilities are characterized by large
amplitude oscillations and changes in flame structures inside a combustor. The
occurrence of instabilities is generally problematic since they produce large amplitude
oscillations in pressure and velocity that can lead to oscillations in thrust, severe
vibrations that can seriously interfere with control-system operations, enhanced heat
transfer and thermal stresses to combustor walls, oscillatory mechanical loads that can
result in either low- or high-cycle fatigue of system components, flame blowoff or
flashback, and oscillations in combustion efficiency with high emission levels. Such
phenomena can result in premature component wear that can lead to costly shutdown
or catastrophic failure of various components or of the mission that was undertaken, as
shown in Figure 1.1 [3]. Thus, flame stabilization is of utmost importance in the design,
the efficient performance and the reliable operation of combustion systems.



Flame stabilization is usually accomplished by causing some of the combustion
products to recirculate and hence to continually ignite the reactants. The hot
recirculating gases transfer heat to the colder reactants to ignite them and thus initiate
flame spread. The burnt gases transfer heat to the recirculation zone to balance out the
heat lost in igniting the combustible gases. Sufficient energy must be fed to the
stabilization region to continuously ignite the coming gas flow. Two common methods
of generating recirculating flows to stabilized the flames are studied: stabilizing flames
by means of swirl flow and by use of a bluff-body.

Figure 1.1 New burner assembly (left) and damaged by combustion instability (right) [3].

In addition, flame stabilization process is always accompanied by significant changes in
flame structures. The interaction of flame structures and flow fields determines to a
considerable extent the flame instabilities that appear and the emission performance
achieved. The geometry of the combustor and of the burner as well as the operating
conditions (the flow switl strength in particularly) strongly affect the flow fields and
thus determine the flame behavior to a considerable extent. It is thus important to
investigate the effects of swirl flow and of a bluff-body on flame structures and flame
instabilities.

In addition, the concept of lean premixed combustion in gas turbines has been widely
accepted in recent years as an effective method to the stringent standards of emissions.
Having flames burnt under lean conditions can reduce the emission of NOx
considerably due to the low flame temperatures involved. At the same time, under fuel
lean conditions, flame instabilities can more readily to occur. In order to achieve flame
stability, the flames in some industrial gas turbines are stabilized aerodynamically by
inducing swirl flow of the reactants or utilizing a bluff-body. The underlying
mechanisms that bring about flame instability involve complex interactions between
flame structures, flow fields, heat and mass transfer, chemical reactions, and burner



geometries. Thus, it is important to obtain a deeper understanding of flow fields, flame
structures and flame instabilities in swirl and bluff-body stabilized flames.

1.2 Objectives

The major aim of thesis is to investigate the effects of the operating conditions, the
burner and combustor geometries and fuel injection strategies on the flow fields, flame
structures and the flame instability characteristics. The combined experimental and
numerical investigations here were conducted on a variable-swirl burner and an
adjustable bluff-body burner with and without swirl. Premixed, non-premixed
(diffusion) and partially premixed flames were investigated. The detailed objectives of
the thesis are:

1. For swirl stabilized flames:

e To study the effects of the operating conditions and the confinement geometries
on lean premixed flame instabilities and flame structures. The operating
conditions include the mass flow rates and the equivalence ratio of the reactants.
The geometrical parameters of the confinement include its cross-sectional shape
and its diameter.

e To study dynamics of low-swirl stabilized partially premixed flames with use of
different fuel injection strategies, with the aim of better understanding the
mechanisms controlling flame structures and flame dynamics under fuel lean
conditions.

2. For bluff-body stabilized flames:

e To investigate the effects of a central fuel and air injection on bluff-body stabilized
premixed flames. Of particular interests are flame dynamics, flame structures, the
flame blowout limits and the temperature on the upper surface of the bluff-body.

e To investigate the effects of the burner geometries on bluff-body stabilized
diffusion flame structures and its instabilities; the effects of the position of the
disk-shape bluff-body on the flow fields and their interactions with flame
stabilizations.

3. For the combined swirl and bluff-body stabilized flames:



e To investigate the effect of bluff-body size and the swirl strength on non-premixed
flame stabilization and flame structures.

The framework of the doctoral thesis is formed based on the research objectives
mentioned above and the output three peer-reviewed articles that were published or
accepted as well as three manuscripts that are now under review.

1.3 Approaches and methodologies

Investigations of switl stabilized flames were carried out on a confined variable-switl
burner. Flame dynamics, flame structures and the lean blowout features were made
visible by use of an optical quartz tube. Different operating conditions including the
inlet temperature, the mass flow rates, the swirl strength and the equivalence ratio of
the reactants could be adopted and controlled. The variables concerned with the
confinement geometries included the cross-sectional shape and the diameter of the
confinement.

Research on bluff-body stabilized flame behaviors was carried out on an adjustable
bluff-body burner without swirl. The velocities of air and fuel flow could be validated
by a separately controlled air and fuel supply system. The position of the as well as the
shape of the bluff-body were adjustable as well.

Studies of the combined bluff-body and swirl stabilized diffusion flames were
conducted on a modified version of the adjustable bluff-body burner with swirl. The
bluff-body was removable and the swirl strength could be adjusted by changing the
mass flow rates of the tangential and the axial flow.

In order to be able to better visualize the flow fields, flame structures and flame
dynamics, following measurement techniques and image analysis methods were
adopted in the experimental work:

e High spatial resolution, long exposure time CH* chemiluminescence photography
as well as the use of corresponding inverse Abel image reconstruction methods,
were utilized for visualizing the time-averaged flame structures.

e High-speed intensified CH* chemiluminescence photography and corresponding
image analysis methods, together with Fast Fourier Transform (FFT) methods,
were utilized in studying flame dynamics.



e  High-speed Particle Image Velocimetry (PIV) measurement was utilized to
capture the flow fields both in the iso-thermal and combusting cases.

e  High-speed Planar Laser Induced Fluoresce (PLIF) measurement was adopted for
obtaining the distribution of CH,O in the combined swirl and bluff-body

stabilized flames.

e A thermographic camera was utilized for visualizing the temperature distribution

on the upper surface of the bluff-body in the adjustable bluff-body burner.

In addition, numerical simulations were performed as well. 3D unsteady numerical
simulations of bluff-body stabilized non-premixed flames were conducted based on
ANSYS Fluent and OpenFOAM. Large Eddy Simulation (LES) and Detached Eddy
Simulation (DES) were adopted in the simulation of flame structures in the adjustable
bluff-body burner with and without swirl respectively.

1.4 Thesis outline

The thesis is composed of seven chapters in which tow published, one accepted and
three submitted papers are summarized. The papers, which are attached at the end of
thesis, contain the major results of the doctoral work.

Chapter 1: The aims and objectives of the research reported on in the thesis are
introduced. The various approaches and an overview of thesis as a whole are also

included.

Chapter 2: A survey of literatures on flames that are stabilized by swirl flow and a bluft-
body is presented. Comparisons of swirl and bluff-body stabilized flames are also
provided. In addition, matters of flow structures, flame patterns, flame instabilities and
their interactions are highlighted.

Chapter 3: The experimental setup and the various approaches, including a variable-
swirl burner, an adjustable bluff-body burner with and without swirl, are described in
detail.

Chapter 4: The measurement techniques adopted are described, details of
corresponding image analysis methods employed being provided as well.



Chapter 5: The numerical assumptions and models utilized in the simulations are
presented, details of the mesh and of the numerical setups also being described.

Chapter 6: The major results of the work carried out are presented and discussed,
summaries of the papers also being provided.

Chapter 7: The main conclusions of thesis are highlighted and suggestions for further
investigation are proposed.



2.Flames Stabilized by Swirl Flow and
Bluft-body

This chapter reviews recent research on swirl and bluff-body stabilized flames.
Particular emphasis is placed on flame structures, flame instabilities and their
interactions with flow fields. Both premixed and diffusion flame behavior based on the
results of both experimental and numerical studies are reviewed in the chapter.

2.1 Swirl flow

2.1.1 Switl strength

As mentioned in Chapter 1, swirl flow is widely adopted in stabilizing lean premixed
flames, especially in gas turbine combustors. Swirl flow is commonly generated by use
of two different swirlers: the guiding vane swirler and the tangential flow entry swirler.
Compared with a guiding vane swirler, the tangential entry system has better
performance in the vorticity contribution to the core from the endwall boundary.
However, the major drawbacks of tangential entry swirl generator are the higher degree

of asymmetry and the effects brought about by the Taylor-Gortler vortices that are
formed on the tube wall [4].

Flow having a tangential momentum generates the centrifugal force directed at the
confinement wall. A pressure gradient in the radial-direction is then formed in order to
sustain equilibrium with the centrifugal force, this being termed as simple radial
equilibrium flow [5]. The equation concerning the momentum in radial direction of
the pressure gradient can be calculated as
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It is assumed here that under steady state conditions the axial and the radial velocities
are functions of radius, axial symmetry and radial direction velocity. Then the
momentum equation in radial direction can be simplified to

op 2
a PV 2.2)

It was found that when the flow expands and the azimuthal velocity decays with an
increase in the axial distance, the pressure in the downstream region recovers. A positive
pressure gradient is generated along the axis, which consequently leads to the formation
of a recirculation zone, providing the swirl strength is high enough. In some gas turbine
combustors, the sudden expansion of the cross-sectional area from the burner to the
combustor can enhance the formation of vortex breakdown in terms of pressure
gradient: the vortex core grows rapidly and generates an adverse pressure gradient,
which is further enhanced by the pressure recovery due to the general decrease in axial
velocity [6]. Several types of vortex breakdown were observed and described in both
laminar and turbulent flows [7-11]. The method by which the switling flow is
generated (i.e. use of guiding vane or of tangential flow entry) as well as the geometries
of the burner and confinement have strong effects on the vortex breakdown and thus

on the flow fields [6, 12].

Several non-dimensional parameters have been proposed in characterizing turbulent
swirling flow. These include Reynolds number, the swirl ratio, the circulation number,
Rossby number, Strouhal number, the geometrical swirl number and the swirl number
[4]. In the thesis, the swirl number, S, was selected to evaluate the swirl strength in the
investigations of flames in the variable-swirl burner. It is defined as the ratio of the axial
flux of the tangential momentum to the axial flux of the axial momentum times a
characteristic length, i.e. the radius of the burner exit, R :

Mt

>~ Ru, (2.3)

where M, is the axial flux of the tangential momentum, and M, is the axial flux of the
axial momentum. M, and M, can be calculated with use of equations (2.4) and (2.5),
respectively:
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where p is the density of the incoming flow,  is the axial velocity, w is the tangential
velocity, 7 is the radius and p is the static pressure at the combustor inlet. In some
calculations of S, such as in the one used in the thesis, the pressure term in equation
(2.5) is often neglected.

In addition, in investigating flame behavior in the adjustable bluff-body burner with
swirl flow, the geometrical swirl number, S,, was utilized. The same as in the literatures

[13, 14], S, is defined as

_ mryd, m,
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where A, is the total area of the eight tangential air inlets, 4} is the diameter of the central
body, 7. is the radius of the annular channel 7, = d, - d,, d, is the outer diameter of the
annular pipe, 7 is the tangential mass flow rate and , is the mass flow rate of the axial
flow. The geometrical swirl number is determined by the mass flow ratio of the
tangential to the axial flow, together with the burner geometries.

2.1.2 Swirl flow structures

As shown in Figure 2.1.1 and described in [5], when the switling effects are sufficiently
strong, the central vortex breakdown and thus an inner recirculation zone (IRZ,
sometimes referred to as the central recirculation zone) are formed. The vortex
breakdown is characterized by the existence of internal stagnation points and reversing
flows which enhances flame stabilization. An outer recirculation zone (ORZ,
sometimes referred to as the corner recirculation zone) is generated as well due to effects
produced by the confinement wall. In the swirling flow field, vortex breakdown is often
associated with a negative axial velocity field, although different breakdown structures
may also appear [4]. The vortex breakdown is formed due to the adverse pressure
gradient that develops along the combustor axis under conditions with high swirl



strength [6]. There is an inner shear layer (ISL) located between the main flow and the
inner recirculation zone, the outer shear layer (OSL) being located between the main
flow and the outer recirculation zone.

Figure 2.1 The typical swirl flow structures inside a confinement.

Furthermore, the most common type of coherent vortex structure in swirl flow is the
so-called precessing vortex core (PVC) [15-20]. A three-dimensional PVC and other
vortex structures are shown in Figure 2.2. It was found that the PVC develops when a
central vortex core starts to precess around the axis of symmetry at a well-defined
frequency. This phenomenon is usually associated with vortex breakdown and the
corresponding recirculation zone in flows with high Reynolds number [21].

Rotating PVC v /\i)
Destruction by
turbulence
Stagnation point S

P

Burner exit

Vortex core due to swirl

Figure 2.2 Three-dimensional reconstruction of vortex structures in switl flow [22].

2.2 Flames stabilized by swirl flow

As mentioned above, the development of dry low emission (DLE) burner concept in
industrial context lead to the use of lean premixed gas turbine systems as well as high
performance flame stabilization techniques. In lean premixed gas turbine combustors,
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swirl flows are commonly employed. The primary role of swirl is to create a low velocity
region where the flame can be anchored [23]. Moreover, the inner recirculation zone
of the swirl flow acts as an aerodynamic blockage in stabilizing the flame. The
combustion products recirculate in the inner recirculation zone and thus continually
ignite fuel mixture. The hot burnt gases transfer heat to the recirculation zone to
balance out the heat lost in igniting the combustible mixtures.

2.2.1 Flame structures within swirl flow

Flame shapes (or referred to as flame topologies or flame macrostructures) in a swirl-
stabilized lean premixed gas turbine combustor have been studied extensively in recent
years. The flame shape is strongly affected by the operating conditions, the heat transfer
to the confinement wall together with the geometries of the burner and the
confinement [21, 24-28]. Guiberti et al. [28] stated that there are primarily two types
of flame shape: the M-shape flame and the V-shape flame, as shown in Figure 2.3(b)
and in Figure 2.3(c). The V-shape flame is stabilized in the inner shear layer; whereas
the M-shape flame is formed with the reaction zones both in the inner shear layer (ISL)
and the outer shear layer (OSL). Flashback of the trailing edge of the V-shape flame
along the confinement wall was suggested as being the trigger for the sudden transition
from the V-shape flame to the M-shape flame [25, 28]. This was supported by
numerical computations indicating that heat losses to the burner walls favored the
occurrence of the V-shape flame [29]. Guiberti, T. F. et al. [30] concluded that for a
fixed swirl strength and a small confinement ratio, a critical Karlovitz number could
predict the flame transition phenomenon rather well.

V flame

M flame |

| (c)

Figure 2.3 (a) A schematic of flow fields in a switlling jet flow with a central bluff-body; (b) the typical
V-shape flame and (c) the typical M-shape flame [28].

Further types of swirl stabilized flame structures were observed as well. S. ]. Shanbhogue
et al. [27] designated in their study a time-averaged flame shape as being a flame
‘macrostructure’. As shown in Figure 2.4, they observed four different flame
macrostructures appearing as the equivalence ratio was changed during their
experiments. In addition to the typical V-shape and M-shape flames (or referred to as
IRZ and ORZ flames respectively in their study), they observed both a columnar flame
that was detached from the center body and a ‘bubble’ flame. Chterev et al. [24]
observed four different flame shapes in their experimental and numerical work. They
named the different flame shapes with use of Roman numbers, such as flame I (the
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columnar flame), II (the inner shear layer stabilized bubble flame), III (the inner shear
layer stabilized V-shape flame) and IV (both inner and outer shear layers stabilized M-
shape flame), in a switl-stabilized combustor in which a center body was mounted at
the burner exit. Alekseenko et al. [31] studied unconfined premixed propane-air flames
with different flow swirl numbers. They observed three flame types: attached flames,
quasi-tubular flames and lifted flames. Malanoski et al. [32] separated swirl flame
structures into two groups, based on the flow structures (whether the vortex breakdown
bubble was attached to the center body). They found the recirculation zones that were
formed downstream of the center body had a marked effect on the flame
macrostructures.

I I vt 1V

Figure 2.4 (a) An inverse Abel reconstructed chemiluminescence of (I) the columnar shape flame, (II)
the bubble shape flame, (IIT) the V-shape flame and (IVf and IV) the M-shape flame [27].

2.2.2 Flame instabilities within swirl flow

Flame instability refers to damaging oscillations in pressure associated with oscillations
in the heat release rate from combustion [33]. Several mechanisms capable of bringing
about combustion instabilities in swirl flow in gas turbine combustors have been
identified, as shown in Figure 2.5. The mechanisms are summarized to be: (1) fuel feed
line-acoustic coupling; (2) equivalence ratio oscillations; (3) oscillatory atomization,
vaporization, and mixing; (4) oscillatory flame area variation and (5) vortex shedding
[3]. The alternations of flame and flow structures were commonly observed during the
flame oscillation process.

Soufien T. et al. [34, 35] reported that a circular motion in the outer recirculation zone
around the confinement centerline was the reason for low frequency flame oscillation.
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They found that the flame instabilicy was strongly correlated with the flame
macrostructures. Soufien T. et al. [36] also found that the sudden and intermittent
ignition of reactants recirculating in the outer recirculation zone led to flame
fluctuations and thus to the transition of flame macrostructures.
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Figure 2.5 Diagram of the mechanisms responsible for swirl stabilized flame instabilities in gas turbine
combustors [3].

Other flame instability related events include flame flashback, lean blowout and
autoignition. Flame flashback commonly occurs in premixed flame when the flame
propagates upstream into the premixing zone or along the boundary into the upstream
region [37-42]. Sayad, P. et al. [37, 42] summarized four different mechanisms that
can lead to flashback in a switl stabilized flame: flashback in the boundary, flashback
due to combustion induced vortex breakdown (CIVB), autoignition in the premixing
zone upstream and flame propagation in high velocity core flow. In addition, Sommerer
et al. [40] pointed out the flame instabilities as being a fifth factor that could lead to
flame flashback. Lean blowout describes the process of flame extinction under fuel lean
conditions. For premixed combustion, two theoretical mechanisms can be utilized for
explaining the lean blowout phenomenon: (1) as defined by Kanury [43], the blow out
phenomenon arises when the time allowed by the flow is not long enough for the
reactions to proceed to ignition or deflagration; (2) as suggested in the literatures [33,
42, 44-46], flame blow out occurs under conditions of an imbalance between the
entrance rate of reactants into the recirculation zone and the burning rate of fuel-
oxidizer mixtures involved. This can be reduced to a Damkohler number blow-off
criterion, making use of a chemical time derived from the well stirred reactor [46].
Autoignition can occur in the premixed cases when the residence time of the reactants
exceeds the ignition delay (which is determined by the local temperature, pressure and
equivalence ratio). It can be defined as the spontancous ignition of a fuel/oxidizer
mixture in the absence of any concentrated ignition source (such as a flame or a spark)
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[47]. Autoignition in the premixing zone could readily result in flame dynamics that
increase the emissions or possibly cause structural damage to the combustor.

2.2.3 Interactions between flames and swirl flow fields

The flow fields in a swirl-stabilized combustor can change with the heat released from
combustion, especially near the axis of the combustor [3]. In addition, the mass flow
rate and fuel to air ratio for the swirl generator affects the position of the stagnation
point as well as the flow structures [24, 48]. At the same time, the flame stability
characteristics can affect the size of the inner recirculation zone [5]. Stohr et al. [49]
stated that PVC affected the flame in two aspects. Firstly, the chemical reaction rates
near the stagnation point and the inner shear layer were accelerated by PVC. Secondly,
PVC enhanced the mixing of burned gas with the unburned fuel-air mixture. It can
also change the flame behavior through inducing an enlargement of the flame surface
or bringing about a strain-induced local flame extinction. However, it can in some cases
lead to low-frequency acoustic oscillations in gas turbine combustors. The flame
eccentricity caused by PVC is suggested to be detrimental to the upstream flame
propagation and effective in inhibiting flame flashback in a swirl stabilized gas turbine
model combustor [19]. In addition, the behavior of PVC is significantly altered by the
heat released from combustion and by other operating parameters [50].

2.3 Flow fields downstream of a bluff-body

A bluff-body can be utilized to stabilize both premixed and diffusion flames. The typical
flow fields downstream of an unconfined bluff-body in the case of premixed flame
stabilization are shown in Figure 2.6 [51]. Three regions can be identified: the
boundary layer along the bluff-body, the separated free shear layer and the wake region.
A pair of recirculation zones is generated with a relatively low pressure region

downstream of the bluff-body.

In addition, in the case of bluff-body stabilized diffusion flames, a central fuel jet is
commonly found, this making the flow fields more complicated. The typical flow fields
downstream of the bluff-body with a central jet are shown in Figure 2.7 [52]. Two
recirculation zones, namely the inner and the outer recirculation zone, can be observed.
The outer recirculation zone is driven by the annular flow whereas the inner
recirculation zone is driven by the central jet. These two recirculation zones interact
with one another and play an important role in diffusion flame structures and thus
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determine the occurrence of flame stabilization. Dally et al. [53] identified three mixing
layers in the recirculation zone: (a). an external mixing layer located between the
annular air flow and the outer recirculation zone (shown as the annular flow shear layer
in Figure 2.7); (b). an intermediate layer between the inner and the outer recirculation
zones (shown as the mixing shear layer in Figure 2.7); (c). an internal layer between the
inter vortex and the central fuel jet (shown as the jet shear layer in Figure 2.7).
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Figure 2.6 A schematic of typical flow fields of a bluff-body stabilized premixed flame[51].

The flow structures downstream of a bluff-body with a central jet are strongly
dependent upon the velocity ratio [52] or the momentum ratio [53] of the central jet
to the annular flow. For an axisymmetric bluff-body burner, Roquemore et al. [52]
divided the flow topologies into three modes (as shown in Figure 2.7), based on fuel to
air velocity ratio in the iso-thermal flow. With an increase in the velocity ratio of the
central jet to the annular air flow, the flow structures were found to change from the
annular jet dominating, to a transitional pattern, and finally to the central jet
dominating. Esquiva-Dano et al. [54] distinguished three flow patterns based on the
number of the stagnation points in the central axis of the flow. When the annular air
dominated the flow structures downstream of the bluff-body, two stagnation points
could be observed along the centerline. These two stagnation points were related to the
central jet penetration and the length of the recirculation zone, respectively. When the
central fuel jet dominated the flow structures, there was no stagnation point located
along the centerline. The occurrence of the transition mode was when neither the
central fuel jet nor the annular air jet dominated the flow fields. The transition mode
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was an intermediate state in which only one stagnation point could be observed. Ma
and Harn [55] numerically studied the effects of the blockage ratio, the cone angle and
fuel-air velocity ratio on the flow fields downstream of the bluff-body. It was found
that when the blockage ratio was high, a larger recirculation zone would be formed.
However, a less degree of variation in the velocity gradient in the major mixing zone
could be observed in the case with a high blockage ratio. It was predicted that in cases
of a higher blockage ratio, the mixing of the central fuel jet with the annular air flows
would proceed less effectively.
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Figure 2.7 A schematic of the typical flow fields downstream of a bluff-body with a central jet
(reproduced from [52]).

2.4 Flames stabilized by a bluff-body

As mentioned above, a bluff-body could be utilized to stabilize both premixed and
diffusion flames. The use of a bluff-body flame holder is commonly employed in flame
stabilization due to the enhanced mixing characteristics and the ease of combustion
control it provides. The recirculation of hot gas behind the bluff-body can help to
reignite gas mixtures, and thus to stabilize the flame [56]. In addition, the longer
residence time downstream of the flame holder may also enhance flame stabilization. A
bluff-body has been utilized as well to increase the heat conduction that takes place and
to shorten the flame length both in steam boiler and in gas turbine combustors [57].



2.4.1 Flame structures within a bluff-body burner

Bluff-body stabilized diffusion flame structures are of considerable interest to
researchers since they can be strongly related to the flame stabilization characteristics
involved. Chen et al. [58] proposed a regime diagram of bluff-body stabilized flame
patterns applying to (a) a recirculation zone flame, (b) a central jet dominated flame,
(c) a jet-like flame, (d) a partially quenched flame and (e) a lifted flame. Tang et al. [56]
referred to flame structures considering stable flames, transitional-state flames, unstable
flames and flame blowout. They also observed split-flashing flames, split flames and
lift-off flames appearing under certain operating conditions. San et al. [57] studied
rifled bluff-body frustums and they divided the flame patterns into the categories of jet
flames, flickering flames, bubble flames, lifted flames and turbulent flames. Yang et al.
[59] classified diffusion flames behind the disc stabilizer into five different modes: (1)
recirculation zone flames, (2) central jet dominated flames, (3) jet like flames, (4)
partially quenched flames and (5) lift-off flames. Masri and Bilger [60] also reported
there to be three types of bluff-body stabilized turbulent natural gas and liquefied petrol
gas flames: (A) short, recirculation controlled flames, (B) transitional flames, and (C)
long, fuel jet dominated flames. Subsequently, Huang and Lin [61] divided the
commercial propane diffusion flames into the following seven types: (I) the recirculated
region flame, (II) the transition flame, (III) the unsteady detached flame, (IV) the
laminar ring flame, (V) the developing ring flame, (VI) the split flashing flame and (VII)
the lifted flame. Esquiva-Dano et al. [54] investigated the effects of the shape of the
bluff-body on the behavior of diffusion flames. With respect to decreasing in the
velocity ratio of the jet to the annular air flow, they classified flames into five different
regimes: (1) laminar flame regime, (2) transition I flame regime, (3) laminar ring flame
regime, (4) transition II flame regime and (5) recirculating flame regime, these being
followed by flame extinction. In the transition I flame regime, bulge flame, detached
flame and reattached flame were observed. They also reported that the tulip-shape
bluff-body promoted the flame stabilization. Whereas the disk-shape bluff-body, which
created a larger recirculation zone, performed worse in stabilizing the flame. Fuel
penetration and fuel-air mixing process were concluded as the dominant factors in
determining the flame patterns and the flame stabilization. However, Longwell et al.[44]
reported that a larger recirculation zone downstream of the bluff-body could better
stabilize a premixed flame. They emphasized the fact that in a larger recirculation zone,
the reactants involved can have longer residence time and thus better promote flame
stabilization. It was noted by Shanbhogue et al. [51] that the flame patterns were
strongly associated with flame dynamics that were present. They reported that flame
blowoff occurred as a sequence of events: first extinction along the flame sheet, then
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large scale wake disruption and finally flame blowoff. These flame behaviors were
claimed to depend upon wake cooling and shrinking. In addition, significant
differences between the iso-thermal and the reacting flow structures were reported.

2.4.2 Flame instabilities within a bluff-body burner

As described in the literature [2], when a bluff-body stabilized diffusion flame is stable,
the flame root is commonly found to be attached to the bluff-body. As fuel flowrate
changes, holes begin to form in the flame sheet until no continuous flame is attached
to the bluff-body, this finally leading to a blowout. Accordingly, there are two critical
conditions related to flame stability: liftoff and blowout. Various other researchers have
also defined the appearance of holes in flame sheets as representing a third state of the
diffusion flame instability [56] [58]. In addition, bluff-body stabilized flame dynamics
as well as flame-area variations, which may be originated from oscillations in the shear
layer and from vortex merging, can also be regarded as diffusion flame instabilities

within the bluff-body burner [3].

Tang et al. [56] found that unstable diffusion flames were triggered by local extinctions
at the neck region, when Reynolds number of fuel approached the unstable limit, in a
bluff-body burner. The unstable limit of a flame was determined to a significant extent
by Reynolds number of the annular air. Unstable flames corresponded to the
occurrence of flame splitting or local flame quenching which was caused by the local
strain rate exceeding a critical value [62]. Chen et al. [58] reported there to be two
different flame stability limits: local flame extinction dominating the lifting of jet-like
flames and the partial quenching of blue-neck flame in jet-dominated flames. Stability
of jet-like flames is governed by local flame extinction at the position where the outer
mixing layer of air vortex meets the central jet flame fronts. Schefer et al. [63] concluded
that fuel concentration in the recirculation zone played an important role in
determining the flame stabilization. They also claimed that when the confinement ratio
was lower than 0.25, the confinement would not have significant effects on diffusion
flame stabilization or flame structures. The flame blowoff of bluff-body stabilized
flames was reviewed by Shanbhogue et al. [51], who described the growth of flame
holes in the flame sheet: once a flame hole was initiated, its size might either stay
constant, grow, or shrink (through ‘flame healing’). It was associated with whether the
edge flame remained stationary, retreats (a ‘failure wave’), or advances (an ‘ignition
front’) into the hole. They also proposed that the classical Damkohler number
correlations did not describe the ultimate blowoff condition itself, but rather described
instead the conditions under which flame extinction began to occur.
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2.4.3 Interactions between flames and flow fields within a bluff-body burner

Schefer et al. [63] reported that the velocity ratio of the central jet to the annular flow
determined the number of stagnation points together with the size and the strength of
the recirculation zones. They were applicable to both reactive and non-reactive cases
within different confinements. Whereas, Yang et al.[64] studied the reacting flow
structures and distinguished them in terms of four different modes. It was also
concluded that the flow patterns were strongly determined by the interaction between
flow and combustion. Schefer et al. [65] compared the iso-thermal case with the
combusting case regarding the velocity fields downstream of the bluff-body, when
holding the velocity ratio of the central jet to the annular flow constant at U; / U, =
0.84. It was concluded that the velocity in the centerline region was altered between
one case and the other; whereas the velocity distributions in the remainder of the flows
were quantitatively similar to one another. They also reported that combustion would
result in an increase in the central jet penetration. However, Huang and Lin[66]
reported that the lifted flames did not significantly affect the flow structures near the
bluff-body. In the lifted flames, combustion in the recirculation bubble led to a lower
pressure locally and thus enhanced the reinforcement of the development of the central
jet. It was found that the flow patterns and the turbulent intensities could affect
combustion by ways of fuel entrainment, diffusion and mixing capabilities. They
classified the flow structures into pre-penetration, penetration and large shear flows
according to the velocity ratios of the central jet to the annular flow.

2.5 Temperature on the surface of a bluff-body

Considerable research has been carried out on the premixed flames that were stabilized
by a simple bluff-body without a central jet [44, 51, 67-75]. However, there has been
only a limited amount of research concerning with the heat load to the bluff-body.
Nishimura et al. [76] utilized a fine wire thermocouple in studying the temperature
fluctuations of the diffusion flame in a bluff-body burner. The temperature distribution
along the axial line of the burner, including temperature on the surface of the bluff-
body was presented. Euler et al. [77, 78] measured the temperature on the surface of
the bluff-body of Cambridge/Sandia Stratified Swirl Burner using Laser Induced
Phosphor (LIP) thermometry. Different premixed and stratification cases with and
without swirl were tested. They concluded that the overall operation of the burner was
adiabatic since the radiative and convective heat transfer by the bluff-body amounted
to less than 0.5% of thermal input of combustion. They also noted that there were few
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measurements of the temperature distribution of the flame holder, whereas that
temperature clearly had a strong effect on the flame stabilization. In fact, in practical
applications in gas turbine combustors, the major challenge involved in use of a bluff-
body appears to be the severe heat load and the extremely high temperature on the
surface of the bluff-body. The heat load to the bluff-body could be expected to strongly
affect the stability limits of the premixed flame [79]. In addition, the temperature
distribution on the surface of the bluff-body is important in regard to the lifetime of
the combustion system [80]. There is a need of practical methodologies that are able to
reduce the heat load on the surface of the bluff-body.

2.6 Geometries of bluff-body burners

Bluff-body stabilized diffusion flames are found in a variety of applications, such as gas
turbine combustors, afterburners, heat recovery steam generators, and industrial
furnaces [58]. In order to stabilize a diffusion flame, the bluff-body is commonly
designed to be located along the axis of an annular channel in such a way that fuel jet
passes through the center of the bluff-body.

In addition, in bluff-body stabilized diffusion flames, the geometries of the burner can
be altered by changing the shape and the position of the bluff-body as well as the
blockage ratio and the confinement ratio of the burner. Different geometries of the
burner with different bluff-body flame holders are summarized and listed in Table 2.1.
Researchers often prefer to place the bluff-body at the level of the annular channel exit,
as can be noted in the literatures [54-56] [58] [61] and [64]. The bluff-body shapes
most commonly employed are disk-shape or conical shape. Various other bluff-body
burner geometries have also drawn the attention of investigators, such as placing the
bluff-body downstream [57] [68] [81, 82] or upstream [83] of the annular channel exit,
or using a rifled bluff-body [57].

In addition, Yang et al. [59] studied the effects of the blockage ratio on flame
stabilization and flame patterns. They concluded that when the blockage ratio increased,
the main reaction zone regularly moved upstream to the inner side of the recirculation
zone. It was similar with the phenomenon when fuel-to-air velocity ratio was increased.
Esquiva at al. [54], in turn, investigated the effects of the shape of a bluff-body on the
flame regime that appeared. A tulip-shape bluff-body was found to perform better in
stabilizing the flame than a disk-shape flame holder did. Kumar and Mishra [84, 85]
studied the effects of the size of a disk-shape bluff-body on a liquefied petroleum gas
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Table 2.1 Different bluff-body burners investigated in the literatures and in the present study

References d[mm] dy[mm] Uj[m/s] | di[mm] | U.[m/s] [AH [mm] Shape Cone angle

Guo et al. [81, 82, 88] 4 40 2.5-50 60 3.72-12.5 20 Disk/Conical 180/60
Yang et al.[58, 59, 64, 87] 3.5 30-45 0-50 55.1 0-20 0 Disk 180
Esquiva-Dano et al.[54] 5 40 0-14 200 3.65 0 Disk/Tulip 180
Huang and Lin[61, 66] 3.4 20 12.5-103 30 3.56-4.52 0 Disk 180
Tang et al.[56] 2.2 27.3 0-219 42 0-10.4 0 Conical 45

San et al.[57] 5 30 0-10 30 0-2.5 30 Conical 36.87
Caetano and Silva [83] 7.1 60 4.2-17.9 200 4/8 - - 180

Ma and Harn [55] 8.05 25.2/38.8/43.2 | 10/14/25 | 50.25 | 14/17.9/25 0 Disk/Conical | 15/30/45/180

Kumar and Mishra [84, 85] 5 6.5/12.8/18.1 0.816 57 0.016/0.033 0 Disk 180
Chaudhuri and Cetegen [68-70] - 10 - 20/40 5-16 90 Disk 180
Roy and Sreedhara [86] 3.6 50 80/134 - 40 0 Disk 180
Present thesis 4 15 0-30 30 0-8 0/10 Disk 180
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(LPG)-Ha jet diffusion flame. It was found that as the diameter of the bluff-body was
increased, the flame length became shorter. The recirculation zone downstream of the
bluff-body performed better in mixing the reactants, then the reaction zone was likely
to propagate toward the bluff body. As a consequence, this led to a reduction in the
length of the flame. However, research concerned with the effects of the position of the
bluff-body (specially whether it is at the level to the annular air channel exit or higher
than it) on the recirculation zones and flame structures is rare. At the same time, as
indicated above, researchers have already utilized burners with different positions of the
bluff-body in their research. Whether and to what extent the position of the bluff-body
can affect the flame patterns is still a topic in need of study. In the burner design process,
more information concerning with the effects of the position of the bluff-body on the
flame behaviors is clearly required.

2.7 Comparison of flames stabilized by switl flow and

bluff-body

Chen et al. [89] compared swirl and bluff-body stabilized diffusion flames, concluding
that: if a bluff-body flame and a swirl flame were operated under conditions such that
they had the same non-dimensional vortex strength (of air driven vortex) and the same
non-dimensional fuel jet momentum, the two flames would display similar flame
properties and trends. They also reported that bluff-body flows had the same vortex
velocity as swirl flows did, with the swirl number being approximately 0.5 (with an
accuracy of plus or minus 0.1 in swirl number). They observed two types of flame
structures (Type 1, a fuel-jet dominated flame and Type 2, a recirculating flame) both
in the bluff-body and switl stabilized flames. They also concluded that flame behavior
was strongly determined by the flow fields downstream of the bluff-body or the switler.
In addition, for large powers and high inlet flow speeds, creating a recirculation zone
behind a bluff-body may not be sufficient to ensure that flame stabilization was
maintained while pressure losses were minimized [22]. In such cases, swirl flow could
be utilized in industrial burners to stabilize the diffusion flame [90]. A. Mestre and A.
Benoit [91]also pointed out the advantage of the use swirl flow in flame stabilization is
that the absence of a solid flame holder in the combustor avoids flame impingement on
the surface of the flame holder, thus ensuring minimum maintenance and extended life
for the combustion system.

There are also some research dealing with the combination of bluff-body and swirl
stabilized flames, especially diffusion flames. Masri and his colleagues [92-99] utilized
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modern laser-based diagnostic methods to study the combination of a bluff-body and
swirl flow in stabilizing the diffusion flames. Their experimental results could serve as
detailed data validations of the numerical research that has been conducted by other
researchers.

B. Ge and S.-S. Zang [100] examined experimentally the effects of adding a bluff-body
to swirl stabilized flames, as well as the effects of adding swirl to bluff-body stabilized
flames. Kashir et al. [101] studied combustion characteristics of a blended methane-
hydrogen diffusion flame stabilized by a combination of a bluff-body and switl flow.
They tested their numerical model with experimental data from Masri et al. [95]. They
also compared the typical flow fields downstream of the bluff-body with and withouta
swirling flow, as shown in Figure 2.8. The inner recirculation zone was driven by the
central fuel jet, whereas the outer recirculation zone was created by the bluff-body and
was driven by the annular air flow. With an increase in the swirl number of the annular
flow, an additional swirling flow driven ‘secondary vortexX’ was formed further
downstream of the bluff-body. The flow fields appeared in an hourglass shape. K.R.
Dinesh et al. [102] studied numerically the flow structures of a turbulent jet, a bluff-
body stabilized turbulent jet and a bluff-body stabilized swirling turbulent jet in a co-
flow environment. They concluded that the combination of bluff body and swirl could
significantly increase the mixing of the central jet with the annular flow in the radial
direction and thus could reduce the axial extent of the high concentration zone.

Swirling air
flow driven,
secondary
recirculation
vortex

Air driven, outer
recirculation
vortex

Mixing layer

Outer shear layer

Central jet
driven, inner
recirculation

Inner shear layer
vortex

Non-swirling annular air flow Centralljet flow Swirling annular air flow

Figure 2.8 The typical time-averaged flow and flame structures downstream of a bluff-body with
(right) and without (left) switling annular flow (reproduced from [101]).
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3.Experimental Setups

Two experimental facilities were utilized in the research: (1) a confined variable-swirl
combustor designed and built at the Division of Thermal Power Engineering, LTH,
Lund University for studying the switl stabilized flame behaviors in a gas turbine model
combustor; (2) an adjustable bluff-body burner designed and manufactured on a
cooperative basis by the Division of Thermal Power Engineering and the Division of
Combustion Physics, LTH, Lund University for studying both the bluff-body
stabilized and combined swirl and bluff-body stabilized flame structures and
corresponding flame dynamics. These two experimental facilities will be described in
detail in the present chapter.

3.1 The variable-swirl burner

The experimental setup for the confined variable-swirl burner, together with a high-
speed PIV system, a high-speed intensified CH* photography system and a high spatial
resolution CH* photography system are shown in Figure 3.1. Further details
concerning with the confined variable-swirl burner and its dimensions are shown in

Figure 3.2 and Figure 3.3.

As shown in Figure 3.1 and in Figure 3.2, tangential and axial flows enter the
combustor through the variable swirler. The swirler was used to generate variable
strength swirl flows through combining axial and tangential flows. The swirler had four
tangential flow inlet channels in width of 3mm and height of 10mm, as shown in Figure
3.3; while the axial inlet diameter was 15mm. The burner had the potential of varying
the swirl strength by changing the proportions of the mass flow rates of the axial and
the tangential flows. In addition, two feedback-controlled air heaters (Sylvania Sureheat
Jet) were used to heat up the tangential and axial air flows individually with the
maximum input thermal power of 8 kW. Fuel was injected into and premixed with the
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axial/tangential flow downstream of the heater and at least 200 mm upstream of the
swirler. This enabled fuel and air to be mixed perfectly in air/tangential flow prior to
their entering the swirler. The swirler was located directly upstream of a short mixing
tube with length of 30 mm. The mass flow rates of the axial/tangential air flows and
fuel flow were metered individually, using the laminar-flow differential-pressure mass
flow meters (Alicat MCR series). Airflow temperature at the exit of the mixing tube
was measured as the inlet flow temperature, 75, by a K-type thermocouple. The
perfectly premixed fuel-air reactants in the one flow direction (axial or tangential
direction) then further mixed with flow from the other direction in the mixing tube.
The premixing tube led into a stepped expansion, referred to hereafter as the ‘dump
plane’. At the dump plane, a small injection hole for the premixed pilot mixture was
located. The pilot flame was only used in the ignition process until a stable main flame
had been obtained. The optical confinement, which had access for the flame
visualization and the flow field measurements, was located downstream of the mixing
tube. The confinement was held in place by pneumatic pressure provided by four
pneumatic actuators that acted upon it. The pneumatic system allowed swift sealing
and removal of the confinement. A spark plug, which was utilized to ignite the
premixed torch flame, was mounted at the exit of the confinement. In addition, an
exhaust gas sampling probe was placed at the exit of the optical quartz tube, as shown
in Figure 3.3.

Exhaust pipe

Nikon D70s Camera ‘

Optical filter.

CMOS camera

Nd : YLF Laser

Control PC

Tangential flow,
CMOS camera

Seeding generator

High speed controller / synchronizer P I
Control PC

Figure 3.1 A schematic of the experimental setup for the variable-swirl burner.
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The large cylindrical confinement shown in Figure 3.2 and Figure 3.3 is a quartz tube
having an inner diameter of 63 mm and a length of 120 mm. The dimensions of all
three confinements employed in the doctoral work are listed and compared with one
another in Table 3.1. Two cylindrical confinements and one confinement with a
rectangular cross-section were involved. The rectangular confinement was enclosed by
four optical quartz windows held in place by a metal frame. Since the cross-sectional
area of the small cylindrical confinement and that of the rectangular confinement were
approximately the same, the bulk velocities inside these two confinements were
comparable under the same operating conditions. These two confinements were
employed to study the effects of the cross-section geometry on flame structures and the
flame instabilities.

Exhaust pipe

Water cooled steel liner
Pneumatic actuators

Emission detector Optical quartz tube

Tangential flow

Dump Plane
Swirler
Torch flow

I Axial flow

Figure 3.2 A schematic of the confined variable-swirl burner with the large cylindrical confinement.
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Figure 3.3 Cross-section of the confined variable-swirl burner with the large cylindrical confinement.
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Table 3.1 Dimensions of three different confinements investigaed in the thesis.

Confinement Large cylindrical Small cylindrical Rectangular
Cross-section shape Circular Circular Rectangular
Inner diameter [mm)] 63 39
Outer diameter [mm)] 66 42 -
Long window width [mm] - - 40
Short window width [mm] - - 30
Cross-section area [mm?) 3117.25 1194.59 1200
Length [mm] 120 120 120

3.2 The adjustable bluff-body burner

The adjustable bluff-body burner was employed to study both the premixed and the
diffusion flame structures and the flame instabilities. Two versions of the burner were
utilized throughout the doctoral work. Version 1 was used to study the effects of a
central jet on the behaviors the premixed flame and on the heat load on the surface of
the bluff-body (Paper IV). In addition, the effects of the position of a bluff-body on
the diffusion flame patterns that appeared were investigated for the first version of the
burner as well (Paper V). For the modified version of the adjustable bluff-body burner
(Version 2), swirl flow was induced in order to study the flames stabilized by a
combination of swirl flow and a bluff-body (Paper VI).

3.2.1 Adjustable bluff-body burner: Version 1

The adjustable bluff-body burner (Version 1) and the experimental setup are shown
schematically in Figure 3.4. The annular channel of the burner had an inner diameter
of 30 mm. The removable stainless steel bluff-body was mounted in the center of the
annular channel, which had an inner diameter of 4 mm for the central jet and an outer
diameter of 14 mm. The blockage ratio of the burner, as shown in Figure 3.4, was then
b= (dy ! d)* = 0.218. Two bluff-body geometries were studied in the thesis work, the
one involving a simple disk-shape bluff-body and the other one having a 45° conical
shape. Since the position of the central pipe could be adjusted, the distance from the
upper surface of the bluff-body to the annular channel exit (A, as shown in Figure
3.6) was variable. The central pipe had an inner diameter of 4 mm and the thickness
of the central pipe wall was 2 mm. The disk-shape bluff-body had a thickness of 5 mm,
as shown in Figure 3.6. A ceramic honeycomb was mounted in the annular channel to
provide a uniform annular flow and to avoid flame flashback into the further upstream
region in the annular channel. As shown in Figure 3.4 and in Figure 3.6, there was no
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swirl induced upstream of the bluff-body. The flame was only stabilized by the bluff-
body, which was different from the modified burner (Version 2).
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Figure 3.4 A schematic of the experimental setup of the adjustable bluff-body burner (Version 1).
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Figure 3.5 A schematic of the experimental setup and the high-speed PIV system associated with the
adjustable bluff-body burner (Version 1).
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Figure 3.6 A schematic of the adjustable bluff-body burner (Version 1).

Different fuel and air injection strategies for the adjustable bluff-body burner could be
adopted. To be more specifically, in investigating the effects of a central jet on bluff-
body stabilized premixed flames, as shown in Figure 3.4, the annular flow was fed by
premixed fuel and air, whereas the central jet was either pure air or pure fuel. When
studying the effects of the positions of the bluff-body on the instabilities of the diffusion
flames, as shown in Figure 3.6, the central jet was fed with pure fuel while the annular
channel was fed with pure air.

3.2.2 Adjustable bluff-body burner: Version 2

The purpose of modifying the original adjustable bluff-body burner (Version 1) was to
investigate the effects of a bluff-body on swirl stabilized diffusion flames, as well as the
effects of adding swirl flow on bluff-body stabilized flames. The experimental setup is
shown schematically in Figure 3.7 and the modified adjustable bluff-body burner is
shown in Figure 3.8. The removable bluff-body was mounted at the exit of fuel pipe.
Two sizes of the disk-shape bluff-bodies (4 = 14 mm and 20 mm) were adopted in the
experiments in investigating the effects of a bluff-body on the flow fields and flame
structures. Since the annular flow channel of the burner had a diameter of 4, = 32 mm,
the blockage ratios were & = (d; / 4,)* = 0.191 and 0.391, respectively. The height of
the two bluff-bodies were the same at 4, = 5 mm. An optical quartz tube (4, = 50 mm),
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through which the flame propagating upstream of the bluff-body could be observed,
was placed upstream of the burner exit. As shown in Figure 3.8, the swirl flow was
generated by eight tangential flow inlets, each having a height of 10 mm and a width
of 3 mm.
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Figure 3.7 A schematic of the experimental setup and the high-speed PIV system associate with the
adjustable bluff-body burner (Version 2).

In order to obtain the global emissions from the combustion, a burner confinement
was adopted. The confinement for the setup had a diameter of approximately . = 104,.
Thus, the confinement ratio was ¢ = (d, / d,)* = 0.01. It has been reported that when
the confinement ratio is lower than ¢ = 0.25, the effects of the confinement on the
bluff-body stabilized flame structures can be ignored [63]. Optical windows of the
confinement allowed visualization of the flame and the adoption of PIV measurements.
It is worth noting that the PLIF measurements were carried out without the
confinement in order to have a stronger fluorescence signal. As shown in Figure 3.8,
fuel was supplied through the central jet pipe (4 = 4 mm), while the swirling air flow
being fed through the annular channel. Methane was selected as fuel for the central jet,
since it was the main component of natural gas. In addition, the established detailed
chemical reaction mechanisms of methane were available for the numerical simulations.
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Figure 3.8 A schematic of the adjutable bluff-body burner (Version 2).
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4 Experimental Techniques and Image

Analysis Methods

In order to quantify and control the experimental conditions, several basic mass flow,
temperature and pressure measurements were used in the doctoral work. In addition,
certain more advanced velocity measurements were adopted, and a variety of flame
visualization methods together with corresponding image analysis methods were
employed. The flow fields in the iso-thermal and combusting cases were registered by
means of a high-speed PIV system, while flame structures being visualized by means of
the broad-band or filtered CH* chemiluminescence and a high-speed PLIF system,
together with corresponding image analysis methods. In addition, the temperature on
the surface of the bluff-body was obtained through use of the infrared thermography
measurement. In this chapter, a brief account at theoretical background of these
measurements will be presented.

4.1 High-speed PIV system

Particle Image Velocimetry (PIV) is a non-intrusive laser-based diagnostic technique
providing instantaneous velocity vectors measurements in a cross-section of the flow
field. It involves the use of modern laser techniques and digital cameras, together with
dedicated computing hardware, measuring the real-time velocities of micron-sized
particles following the flow. With sequences of velocity vector maps, one can obtain
the statistics, the spatial correlations and other relevant data in the flow field. A
presentation of the working principles upon which the PIV system is based is provided
in Figure 4.1. Digital camera lens images the particle-seeded flow (which is being
illuminated in the target area by a laser sheet) onto the sensor array of a digital camera.
The camera captures and records each laser pulse in a sequence of two pulses in separate
image frames. The sequenced frame 1 and frame 2 are then divided into small
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interrogation windows. The interrogation areas are cross-correlated with each other.
Through the peak search of the cross-correlation, the common particle displacement in
the frames that are sequenced could be obtained. The velocity associated with the
interrogation window could be obtained on the basis of the time delay of the two laser
pulses. A velocity vector map over the entire target area was obtained by repeating the
cross-correlation for each interrogation window over the two image frames captured by
the camera. Further details concerning the cross-correlation and data analysis

algorithms can be found in the product manual of DaVis 8.1 [103].
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Figure 4.1 (a) A schematic of PIV system and (b) cross correlation used in evaluating PIV results
(reproduced from [104]).

In the thesis, a high-speed PIV system (Lavision Flowmaster) was utilized to capture
the flow fields in both the iso-thermal and the combusting cases. A diode-pumped,
dual-cavicy Nd:YLF laser (Litron LDY) was utilized to illuminate the central plane of
the burner having a laser sheet thickness of approximately 1 mm, using a diverging laser
sheet generated by an optical lens. The high-speed laser had a wavelength of 527nm
and a frequency of 2 kHz. The time delay between the two laser pulses was set to Az =
50 ps. The laser light scattered off the TiO, seed particles and was recorded at a
repetition rate of 2kHz with the high-speed CMOS camera (Vision Research Phantom
V 611). The TiO; particles were seeded into the flow field using LaVision solid particle
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seeder (LaVision Particle blaster 100) and/or a rotating drum particle seeder (Scitek PS-
10). A multi-pass cross-correlation algorithm, which was available in the DaVis (v.8.1.4)
computer software, was utilized to evaluate the velocity fields. The cross-correlation
was carried out on interrogation areas of 64x64 pixels and subsequently 32x32 pixels

with a window overlap of 50%.

4.2 Flame chemiluminescence

Optical emissions from the flames were captured to investigate the unsteady and time-
averaged flame structures, as well as the flame instabilities in different experimental
cases. The methane-air flame can emit radiation under the following conditions [105]:
(1) black body radiation from soot or high carbon content particles, which is mainly
found in diffusion flames; (2) radiative heat transfers due to H,O and CO; radiation at
high temperature from rotation-emission bands; (3) radiation emitted from atoms,
molecules, or radicals, returning from an electronically excited state to the ground state,
which is generally known as chemiluminescence. Figure 4.2 shows a typical
chemiluminescence spectrum of an atmospheric turbulent methane-air flame. The
dashed line in Figure 4.2 is an approximation for the broad-band emission from CO..
The highlighted areas represent signals of interest from OH* and CH*. In addition,
the transmission curves of the band-pass filters are shown. In the thesis, CH*
chemiluminescence was selected for marking the distribution of heat release from the

flame.
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Figure 4.2 The typical chemiluminescence spectrum of the turbulent methane-air flame under
atmospheric conditions [106].
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A high spatial resolution Nikon D70s camera together with a 430 + 10 nm band-pass
filter were adopted to capture the CH* chemiluminescence from the flame. The
resolution of the image was 3008x2000 pixels. The long exposure time (compared with
any turbulent fluctuations) and averaging of the raw images had the effect of averaging
out the instantaneous winkles of the flame front, thus yielding the equivalent of time-
averaged flame structures. Since CH* chemiluminescence intensity peaks at a light
wavelength of 431 nm in the blue range, only the blue layer in the raw RGB format
images was used in the image analysis process (as is the case in [28]). In addition, in
order to obtain the representative flame length (Zz), CH* chemiluminescence intensity
within the time-averaged image was first summed in the lateral direction, as shown in
Figure 4.3(b). Since the CH* intensity has a linear relationship with the heat release
rate [107], the integrated CH* intensity indicates the distribution of the heat release
along the axial direction. The position of flame’s center of heat release (Hcomr), as
shown in Figure 4.3(b), is the axial location with maximum CH* chemiluminescence
intensity [108]. The full width at half maximum (FWHM) of the heat release
distribution profile is also shown in Figure 4.3(b). This value was calculated by finding
the width in the axial profile at an intensity value of half of the peak value [108]. The
FWHM characterizes the axial distribution of the flame’s heat release [109]; thus, it
could be regarded as the representative flame length (Zz).
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Figure 4.3 (a)The typical time-averaged CH* flame structures and (b) the height of the flame’s center
of heat release (Hconr), together with flame length (Lr) of full width at half maximum (FWHM)

measurement overlaid.
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In addition, the raw image of CH* chemiluminescence was obtained by use of a line-
of-sight method. It can be deconvolved using the inverse Abel image reconstruction
method, based on the assumption of an axisymmetric flame. The inverse Abel
reconstruction or the Abel inversion of the projection is the reconstruction of a
circularly symmetric two-dimensional function from its projection onto an axis [110].
As will be shown later in Chapter 6, the inverse Abel reconstructed image better marks
the location of the time-averaged flame brush in the central plane of the confinement.
The major drawback of the inverse Abel reconstruction method is the strong noise
along the centerline of the reconstructed image.

In order to obtain flame dynamics, as shown in Figure 3.1, a high-speed CMOS camera
(Vision Research Phantom V7.1) coupled with an image intensifier (Hamamatsu
C4598), 2430 + 5 nm band-pass filter and a phosphate glass lens (UV-Nikkor 105mm,
f/4.5) was used to record CH* chemiluminescence from the flame. The camera had a
spatial resolution of 600x800 pixels and a depth of 24 bit. A time series of 1450 images
was obtained at a recording rate of 4000 frames per second (fps). In order to resolve the
time-varying flame structures, the exposure time of the camera was set to 20 ps. An
example of the CH* chemiluminescence from the flame is shown in Figure 4.4(a), with
the white line denoting the quartz tube wall. The oscillation of the flame can be
obtained by Fast Fourier Transform (FFT) of the time series of the total intensities of
each transient images [5]. An example of flame oscillation having a dominant frequency

of /=172 Hz is shown in Figure 4.4(b).
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Figure 4.4 (a) An example of CH* chemiluminescence from the flame obtained by the intensified
high-speed photography and (b) flame oscillation obtained on the basis of the image intensity.
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4.3 High-speed PLIF

Planar Laser Induced Fluorescence (PLIF) is a modern laser-based combustion
diagnostic technique for measuring emissions of excited molecules or atoms, when they
are released from a higher energy band. The working principle involved is shown in
Figure 4.5. There, v denotes vibrational quantum numbers, VET and RET standing
for vibrational energy transfer and rotational energy transfer, respectively. The target
specie is excited by a laser with a special wavelength that matches its transition energy.
The fluorescence light is then emitted on the basis of the de-excitation process. The
fluorescence may emits the same or slightly different (usually longer) wavelength than
those of the excitation source, as shown in Figure 4.5. Thus, optical filters can be used
to suppress the irradiating laser light. The absorbed and the emitted energies are unique
to the target species that can be chosen selectively. Information concerning both
temperature and concentration could then be extracted from them [111].

Y
predissociation

photoionization

H—="=0

Figure 4.5 A schematic diagram of the energy transfer processes in a typical radical [111].

Formaldehyde (CH>O) is an important combustion intermediate found within the
‘cool flame’ region prior to the primary reaction zone within hydrocarbon-fueled flames.
It plays a critical role in fuel oxidation, auto-ignition, lifted flame stabilization and
engine knock. Figure 4.6 shows the experimental setup of CH,O PLIF for the
adjustable bluff-body burner (Version 2). A burst-mode laser (QuasiModo by Spectral

Energies, LLC) was used to excite CH,O molecules at 355 nm. Further detailed

information concerning CH,O PLIF can be found in [112]. A cylindrical lens (= -40

mm) and a spherical lens (f'= +500 mm) were used to form the laser sheet, 70 mm in

height and less than 0.5 mm in thickness, passing through the center of the burner.
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A high-speed COMS camera (Photron Fastcam SA-Z) was placed perpendicular to the
laser sheet plane. The exposure time was set to 250 ns in order to reduce the influence
of chemiluminescence and Planck radiation from the diffusion flame. A long pass filter
(GG385) was used to prevent the scattering of laser light from entering the camera. A
camera lens (f/= 50 mm, F#=1.2), together with a 12 mm extension ring were mounted
in front of the camera to create a field of view by 74 x 65 mm®.

Cylindrical lens
High speed
Spherical lens  camera

Camera lens

GG385
N fier )
Burner Extension
Beam dump ring

Figure 4.6 A schematic of experimental setup for the high-speed CH>O PLIF.

The pulse width of the laser was 10 ns. Thus, the motion of the diffusion flame was
‘frozen’ in each image. The camera and the laser were synchronized by a digital delay
and a pulse generator (DG535) at 22.5 kHz. The camera with a resolution of 1024 x
896 pixels started before the start of the burst-mode laser. Thus, the high-speed camera
recorded the natural luminosity image of the diffusion flame without the laser, which
was then used as a background image. By subtracting the background image, the noise
of chemiluminescence and Planck radiation from soot in the diffusion flame could be
suppressed. Figure 4.7 shows the raw images of CH,O PLIF first with a sooty
background and then the result after background subtraction.
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Figure 4.7 An example of CH>O PLIF in a sooty flame.
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4.4 Infrared thermography

Infrared thermography is equipment or method that detects infrared energy emitted
from an object, converts it to temperature, and displays an image of the temperature
distribution. Most popular infrared cameras capture radiometric thermal images that
contain apparent temperature measurements for each pixel within the image. It is an
instrument technique for measuring the temperature on the surfaces of objects.

An infrared thermographic camera (Testo 881-3) was used to record the temperature
distribution on the upper surface of the bluff-body. The adjustable bluff-body burner
(Version 1) was unconfined, which made measuring of that temperature practical and
reliable. The thermographic camera, with a spatial resolution of 160x120 pixels, was
placed above the burner, as shown in Figure 3.4. The camera could measure the
temperature in the range of 253 K to 823 K, the reading error of the measured
temperature within the span of 273 K to 623 K being less than 2%. As shown in Figure
4.8 and the same as presented in the literature [77], the temperature distribution peaked
in the center on the upper surface of the bluff-body. In the present study, however, the
high temperature distribution at -2 mm < < 2 mm was probably caused by the
reflection of infrared light from the curved inner wall of the injection hole. So
temperature data in the center injection hole was treated as noise and thus deleted in
the analysis process. The temperature at the inner edge of the central injection hole is
selected and analyzed as the representative temperature 7.4 In the base case (which
will be described in detail in Chapter 6), the temperature 7.4 was referred to as 75.
The emissivity (€) of stainless steel type 301 is within the range of 0.54 to 0.63. The
error caused by selecting the emissivity from 0.54 to 0.63 was within 2%. In the thesis,
the emissivity was selected at a value of 0.58.
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Figure 4.8 The typical infrared image of the bluff-body (left) and the temperature distribution along
the radial direction (right).
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In order to obtain the representative temperature on the upper surface of the bluff-
body, the unstable change of 7.4 during the flame shutdown process was recorded, as
shown in Figure 4.9. With the shutdown of fuel supply, the temperature dropped, the
gradient being sharp initially because of the weak flame that remained being attached
to the bluff-body. When the flame had vanished completely, the surface temperature
changed slowly over time due to the heat convection from the bluff-body to the
environment. 7.4 then decreased at a rate of less than 4 K/s. Thus, the representative
temperature was taken within 1s after the flame was completely quenched. The
corresponding error for that was within 2%.
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Figure 4.9 The typical changes of Tedge during shutting down of fuel supply.
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5.Numerical Methods

An advantage of the experimental investigations is that the results can be expected to
be rather reliable. However, its cost is usually considerably and the results may well be
limited to the measurement techniques. The use of compurational fluid dynamics
(CED) can thus be seen as highly advantageous due to the fact that it is easier to carry
out and its lower cost. CFD has by now reached a stage at which flow fields in practical
situation can be predicted sufficiently well to aid appreciably in the design of some
equipment as well as in investigating the fundamental flow physics. It can thus be
utilized to better understand and to resolve many fundamental issues within fluid
mechanics. Its use has been extended to flows with combustion through the solving of
additional conservation equations for individual species. Also, CFD can be used to
gather more data than those obtained through the experimental investigations, so as to
obtain greater insight into experimental results. However, the verification of data
obtained from CFD, through comparing it with corresponding results of experimental
investigations, is also needed. The use of a combination of experimental and numerical
techniques, so as to complement the drawbacks of using techniques of the one type but
not the other, has been aimed at in the thesis.

5.1 Turbulence modelling

Turbulent flows are characterized by eddies with a wide range of length and time scales.
The largest eddies are typically comparable in size to the characteristic length of the
mean flow (for example, the thickness of the shear layer). The smallest scales are
responsible for the dissipation of turbulent kinetic energy. There are three main
approaches that can be taken for unsteady turbulent flow simulations: Unsteady
Reynolds-averaged Navier-Stokes (URANS), Large Eddy Simulation (LES) and Direct
Numerical Simulation (DNS). In URANS simulation, all turbulence scales are

modeled, which reduces simulation costs. However, URANS has lower levels of
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accuracy. In addition, the simulation costs for DNS, which resolves the whole spectrum
of turbulent scales without scaling, is extremely high. Thus, it is difficult to make use
of it in simulations of 3D turbulent flow together with detailed combustion
mechanisms. In LES, large eddies are resolved directly, whereas small eddies are
modeled. It therefore falls between DNS and RANS in terms of the scales that resolved.
LES has been proved to be a powerful tool for the prediction of transient turbulent
reacting flows and flame structures with a high degree of resolution and with sufficient
accuracy. Unsteady three dimensional effects and transient detailed flow fields have

been reported to be predicted better by LES than by URANS [113].
5.1.1 LES model

There are four conceptual steps in LES [114]: (1) a filtering operation is defined, aiming
at decomposing the velocity fields into a filtered component (large eddies) and a
residual (or subgrid-scale, SGS) component; (2) the evaluation of large eddies is derived
through use of Navier-Stokes equations, whereas the SGS stress tensor is derived from
the residual motions; (3) modelling of the SGS stress tensors mostly by use of an eddy-
viscosity model; (4) the model filtered equations being solved numerically, this
providing the large scale motions of the turbulent flow. By employing the Favre filter,
the governing equations for the incompressible LES model can be expressed as
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LES filter can be applied to a spatial and temporal field to perform a spatial and/or a
temporal filtering operation. The subgrid-scale stresses stemming from the filtering
operation in LES models are unknown, and require modeling. Most of the SGS models
are based on Boussinesq hypothesis and some models are now available in ANSYS

Fluent [115].
5.1.2 DES model

The use of LES models is only recommended, however, for flows in which wall
boundary layers (where the local Reynolds number is usually high) are not relevant and
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need not be resolved. Accordingly, the detached eddy simulation (DES) model, which
is a hybrid LES-URANS model combining use of URANS in the wall boundary layer
with use of LES in the separation zones, was adopted in the present study. In addition,
the improved delayed detached eddy simulation (IDDES) model, which is based on
the shear stress transport (SST) 4-w model, shows better performance than DES does.
IDDES model appears to present a more flexible and convenient scale-resolving
simulation (SRS) model for flows having a high Reynolds number [115]. The transport
equation for the turbulent kinetic energy (k) and the specific dissipation rate (w) in the
SST-IDDES model can be given as follows:
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It is shown above that Fippesis related to the RANS turbulent length scale and the LES
length scale. For further information concerning the formulations of the IDDES model
and different length scales, the readers could refer to ANSYS theory guide [115] and
the literature [116]. In the present study, the IDDES model was utilized to simulate
different diffusion flame behaviors in the adjustable bluff-body burner (Version 1) in
cases with different positions of a bluff-body.

5.2 Combustion models

5.2.1 The partially premixed combustion model

In use of ANSYS Fluent, the partially premixed combustion model was adopted for
studying the effects of the position of a bluff-body on flame structures in the adjustable
bluff-body burner (Version 1). The transport PDF model [117], the EDC model

concerned with detailed mechanisms [118] and the flamelet-based combustion model
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[119] are commonly used in the simulation of non-premixed combustion. It was shown
that the different models just referred to all provide results conforming fairly well with
the experimental data. The partially premixed non-adiabatic flamelet combustion
model was adopted for use in the thesis work in view of its computational accuracy and
the short computational CPU time it involves. This model solves a transport equation
for the reaction progress variable (c) as well as the mean mixture fraction (fj. Thus it
can simulate non-premixed flames (based on use of /), premixed flames (based on use
of ¢) and partially premixed flames (based on use of both fand ¢). The mixture fraction
(/) quantifies the extent of mixing with each other of fuel and oxidizer streams in non-
premixed combustion. It can be expressed by the atomic mass fraction as

Z,—1Z

f — i i,0
Zi,f _Zi,o (5.6)

where z; is the elemental mass fraction for species 7, the subscript o stands for the value
at the oxidizer flow side, and the subscript f denoting the value at fuel side. In the
diffusion flamelet model, f'is assumed to follow the fS-function probability density
function (PDF), the scalar dissipation fluctuations being ignored. The chemistry of
combustion is then reduced and described completely by the transport equations of ¢
and f; this enabling the flamelet calculations to be preprocessed and to be stored in the
look-up tables. It reduces the computational costs considerably. The transport equation
for £, under the assumption of equal diffusivities, is then

()

O

+V-(pvT)=v -[MV?}L S, (5.7)
where z is the laminar viscosity and z is the turbulent viscosity. S, is the source term,
concerning the mass transfer from a liquid or a solid phase into a gas phase during the
chemical reaction. For the diffusion flamelet model adopted for LES region within the

IDDES model, the variance of mixture fraction, f’, is modeled as

t7=c, 2 |vi[ (5.8)
where C, is a constant having a value of C,,, = 0.5 and L, is the subgrid length scale.
In addition, the progress variable ¢ is a parameter that characterizes the evolution of the
global chemical status from being purely mixed and unburnt (¢ = 0) to being fully burnt
(¢ =1). The flame front propagation is modeled by solving a transport equation for the
density-weighted mean reaction progress variable, denoted by T :
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(5.9)

where S¢; is the turbulent Schmidt number and S. is the reaction progress source term.
Density weighted mean scalars (such as species fractions and temperature) are calculated
from the probability density function (PDF) of fand ¢. More detailed descriptions in
connection with the turbulent models and the partially premixed steady flamelet model
are available in ANSYS Fluent Theory Guide [115]. The reduced version of GRI-
MECH 1.2 [120] concerning 19 species and 84 reactions of methane and air, involving
reasonable computation costs, was selected here. The Peters turbulent flame speed
model [121] was selected in the partially premixed flame model simulation.

5.2.2 Composition PDF model

The composition PDF model was utilized for studying flames stabilized by a
combination of swirl flow and a bluff-body in the adjustable bluff-body burner
(Version 2). The PDF model has emerged as one of the most promising approaches for
evaluating the effects of turbulent fluctuations on the modeling of turbulent
combustion [122]. Although the use of PDF transport simulation is computationally
more expensive than the use of partially premixed flamelet model [115], the strength
of the PDF method is that the chemical source term in that model appears in closed
form. Hence the composition PDF model eliminates the need for direct modeling of
the mean chemical source terms [123]. As compared with the other transported PDF
models, including the composition-velocity PDF model and the composition-velocity-
frequency PDF model, the composition PDF model is more tractable and
computationally efficient [124]. There are two different discretizations of the
composition PDF transport equation, namely Lagrangian method and Eulerian
method. The Lagrangian method is clearly more accurate than the Eulerian method,
but requires a significantly longer run time to converge [115]. In the thesis, therefore,
the Eulerian composition PDF on the basis of OpenFOAM was adopted for studying
flames stabilized by a combination of swirl flow and a bluff-body.

For the one-point, one-time joint PDF P (¥;X,t) of the composition vector

v =[Y,,Y,, -+, Y\, h], the modeled transport equation is given by
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where the sub-grid eddy-viscosity and the interaction-by-exchange-with-mean (IEM)
are used to model the sub-grid transport and the micro-mixing terms, respectively. The
Eulerian Stochastic Fields (ESF) method [122, 124, 125] is employed to solve the
composition PDF equations. The governing equation for the nth stochastic field can
be expressed as
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where dW” represents a vector Wiener process that is spatially uniform but different for

(5.11)

each field. The chemical kinetic mechanism of Smooke and Giovangigli [126], which
is made up of 16 species and 35 reactions, was utilized in the thesis work. It gives a
laminar flame speed similar to that of the more comprehensive mechanisms for
methane/air combustion, such as GRI3.0 [127], under atmospheric pressure and room
temperature conditions. Due to its relatively low computational costs, use of the
mechanism of Smooke and Giovangigli [126] is preferred since the composition PDF
model is time demanding.

5.3 Numerical setups

5.3.1 Mesh and boundary conditions for the adjustable bluff-body burner
(Version 1)

In the numerical study of effects of the position of a bluff-body on diffusion flame
structures in the adjustable bluff-body (Version 1), the incompressible governing
equations for mass, momentum and mixture fractions were solved with use of a
structured 3D grid, as shown in Figure 5.1. The resolution effects that were investigated
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used up to 2.19 million nodes. As can be observed in Figure 5.1, the computational
domain covered 290 mm in the streamwise direction with /# = 200 mm downstream of
the bluff-body. The downstream outlet was 160 mm in the radial direction. The hybrid
grids were refined in a cylindrical domain at 0 mm < 7 < 15 mm and -10 mm < / < 50
mm. The boundary refinement was also adopted for the upper and side walls of the
bluff-body. Strong shear stresses, the boundary layer flow, strong fuel-air mixing and
most of the chemical reactions were found in this cylindrical region. The walls fo the
annular channel and the bluff-body were set to adiabatic, as suggested by Euler et al.
[77, 78] on the basis of their experimental investigations. When simulating the iso-
thermal flow structures without the presence of a central jet, the central jet boundary
was switched from velocity inlet to adiabatic wall conditions.

A second-order upwind scheme was used for spatial discretization, whereas a bounded
second order implicit scheme was selected for the transient formulation. A coupled
pressure-velocity coupling algorithm was used to solve the discretized equations. The
CFL number in the present work was set to 0.7. Since the boundary flow near the outer
surface of the bluff-body was important in determining the flame behavior, use of
IDDES turbulence model was adopted in the numerical simulations.
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Figure 5.1 Computational domain and boundary conditions for the adjustable bluff-body burner
(Version 1).
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5.3.2 Mesh and boundary conditions for the adjustable bluff-body burner
(Version 2)

The computational domain and the boundary conditions in the numerical study of the
combined bluff-body and swirl flame on the adjustable bluff-body burner (Version 2)
are shown in Figure 5.2. Just as in the experiments, fuel was supplied at a constant jet
bulk velocity through the central tube, as indicated in Figure 5.2. The velocities of the
tangential and the axial flow were set so as to agree with those of the experimental cases.
Downstream of the swirler, a conical domain was considered in the simulation. A
conical domain extending 754; in the downstream direction was adopted for the
simulation, with 7 = 154 in the radial direction at the swirler exit plane and » = 454,
at the outlet plane. The minimum length scale of the grid was 0.2 mm inside the
quartz tube and the reaction zone. The total grid number was approximately 3 million.

Outlet

Air Inlet.

Fuel Inlet

Wall \ Open Boundary

Figure 5.2 The computational domain and the boundary conditions for the adjustable bluff-body
burner (Version 2).

The open source CFD library, OpenFOAM [128], was adopted for numerical
integration of the governing equations. The second-order filtered linear implicit scheme
was used for the spatial discretization and the second-order backward Euler scheme was
used for the temporal integration. The pressure implicit with splitting of the operator
(PISO) algorithm was employed for the pressure-velocity coupling. At the wall
boundaries, non-slip boundary conditions were applied. A velocity mapping method
involving use of a prescribed mass flow rate of fuel was employed at fuel inlet. At the
open boundaries, pressure conditions were employed that allowed the ambient air to
be entrained into the domain and the fluid to flow outside the domain. The
experiments were conducted at atmospheric conditions, both air and fuel inlet
temperatures being 294 K. These conditions were also adopted as the initial and
boundary conditions in the numerical investigations.
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6.Results and Summary of Publications

This chapter concerns the results of the experimental and the numerical studies and
how they can be interpreted. This is taken up in three sections: (1) flames stabilized by
swirl flow, (2) flames stabilized by a bluff-body and (3) flames stabilized by a
combination of swirl flow and a bluff-body. In the investigation of swirl stabilized
flames, the effects of operating conditions, confinement geometries and fuel injection
strategies were studied. The results in this section are also reported in Paper I, IT and
III. The second section concerns the effects of a central jet and the position of a bluff-
body on bluff-body stabilized flames. The results have been reported in Paper IV and
V. The third part concerns the flames stabilized by a combination of swirl flow and a
bluff-body. The results obtained are reported in Paper VI. All three sections were
concerned with flame structures and flame instabilities, together with their interaction
with the flow fields involved. Following discussions of these matters, short summaries
of the papers and an overview of the contribution of each of the papers are presented.
Further details of the results and the discussions can be found in the papers that are
appended to the thesis.

6.1 Flames stabilized by swirl flow

The studies of swirl stabilized flames reported in this section were carried out on the
confined variable-swirl burner (shown in Figure 3.2 and Figure 3.3). In investigating
the effects of a particular unique operating condition on the behavior of the flame, the
other operating conditions were kept constant. For example, in investigating the effects
of the mass flow rate of the reactants on flame structures, the inlet temperature, the
swirl number and the equivalence ratio of the reactants were held constant within a
particular confinement.
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As mentioned in Chapter 3, the swirl number at the burner exit was varied by a change
in the momentum ratio of the tangential to the axial flows through the swirler. In the
thesis work, S was calculated on the basis of an empirical relationship map obtained
using Laser Doppler Anemometry (LDA) measurements 1 mm above the dump plane,
on the same test facility in the literature [129] as that in the thesis work.
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Figure 6.1 The swirl number versus the momentum ratio of the tangential to the axial flow [129].

6.1.1 Effects of the operating conditions (Paper I and II)

6.1.1.1 The total mass flow rate of the reactants

When holding the equivalence ratio constant, 7 changes linearly with 2., With an
increase in 7., Lr became lengthened, whereas Hconr remained approximately
constant. At the same time, the flame area was enlarged as the flame detached from the
dump plane. It was also observed that the flame became unstable as 72, was increased.
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Figure 6.2 Effects of m.iron Lr and on Heonrat @ = 0.7, S = 0.6 and Tin= 397K.
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As shown in Figure 6.3, when § = 0.66, the opening angle of the flame and its
impingement location to the confinement wall did not change appreciably with
alternation of the mass flow rate of air. In addition, it is found that @,z first increases
along with the increase in 72, to a critical value and then decreases with the further
increase in 724, in all the three confinements investigated in the present thesis.
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Figure 6.3 The effects of m.i- on inverse Abel reconstructed time-averaged flame structures (CH*
chemiluminescence), when @ = 0.7, S = 0.66 and Ti, = 297K in the large cylindrical confinement.

6.1.1.2 The equivalence ratio

A decrease in the equivalence ratio led to the time-averaged flame shape changing from
an M-shape to a V-shape. In addition, two types of M-shape flames: the flame root
propagating either inside or outside the premixing tube, could be observed within the
large cylindrical confinement, as shown schematically in Figure 6.4.

The mechanisms that led to the forming of different M-shape and V-shape flames,
together with corresponding flame dynamics, are shown in Figure 6.4 and Figure 6.5,
respectively. The comparisons of the mechanisms in the present study and these taken
from the literature [28] are also given in Figure 6.4 and Figure 6.5. In the present study,
the outer recirculation zone was filled with fresh fuel-air reactants, whereas in the
literature [28] the outer recirculation zone was filled with combustion products, as
shown in Figure 6.4. In the thesis work, the flashback of the flame trailing edge along
the boundary layer near the combustor wall into the outer recirculation zone led to the
formation of an M-shape flame. Moreover, combustion occurred mainly in the inner
shear layer, as shown in Figure 6.4(b). The M-shape flame in the burner with a central
rod was found to be formed by the reaction in both the inner and the outer shear layers,

as shown in Figure 6.4(c) [24, 25, 28, 35, 36].
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Figure 6.4 Examples of different M-shape flames and flame dynamics in the cylindrical confinement.
(a) An M-shape flame with flame root inside the premixing tube. (b) A lifted M-shape flame with
flame root out of the premixing tube. (c) An attached M-shape flame for the burner with a central

bluff-body (reproduced from [28]).
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Figure 6.5 Examples of different V-shape flames and flame dynamics in the cylindrical confinement.

(a) A lifted V-shape flame with the trailing edge of the flame attached to the confinement wall. (b) A

lifted V-shape flame with the trailing edge of the flame detached from the confinement wall. (c) An
attached V-shape flame for the burner with a central bluff-body (reproduced from [28]).

Different flame oscillations, including: (1) the flame root propagating in an unstable
manner inwards and outwards of the premixing tube, (2) the flame trailing edge
flashing back into the outer recirculation zone or propagating along the confinement
wall downstream to the exit, (3) the shift of the flame shapes from wall-attached to
wall-detached V-shape flames, were observed during the alternation of flame structures,
as shown with the blue double-arrow lines in Figure 6.4 and Figure 6.5.

6.1.2 Effects of confinement geometries (Paper I and II)

6.1.2.1 The cross-sectional shape

As can be seen in Figure 6.2, under the same operating conditions, flame in the
rectangular confinement has a longer Lr than that in the small cylindrical confinement.
Whereas Hconr is less affected by the cross-sectional geometry of the confinement. One
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can note in Figure 6.6 that flames in the small cylindrical confinement have leaner
blowout limits, indicating the cylindrical confinement to perform better in stabilizing
the lean premixed flames.
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Figure 6.6 Effects of the cross-sectional geometry on the lean blowout limits at § = 0.6, Tin= 397 K.

6.1.2.2 The diameter of the cylindrical confinement

Flame macrostructures differed from one another in the changing of the confinement
diameters. Two blowout phenomena, including the blowout due to oscillation and the
peaceful lean blowout, were observed within the large cylindrical confinement.
However, no oscillation flame blowout was observed within the small cylindrical
confinement. Thus, the blowout limits caused by peaceful lean blowout within the two
confinements are reported and compared with one another in Figure 6.7. It can be
noted that the flame within the large cylindrical confinement had lower lean blowout
limits, indicating a better performance in stabilizing the flame. In addition, in all these
two confinements, prior to flame blowout, the flame showed a weak long V-shape.
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Figure 6.7 Effects of the diameter of the confinement and the mass flow rate of air on the lean blowout

limits, when S = 0.66 and Ti» = 297K.
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6.1.3 Effects of fuel injection strategy (Paper III)

Two fuel injection methods were investigated in the thesis: fuel being injected through
the axial flow and through the tangential flow, as listed in Table 6.1. All of the
experiments were conducted at atmospheric pressure and room temperature on the
variable-swirl burner with the large cylindrical confinement. Fuel (a mixture of
methane and hydrogen) was injected and premixed with either the tangential or the
axial air flow at least 200 mm upstream of the swirler. The presumably perfectly mixed
fuel-air mixtures was then further mixed with air flow (from the other flow inlet) inside
the mixing tube. The variation of global equivalence ratio, @,, was achieved through
alternation of the mass flow rate of methane.

Table 6.1 Test conditions of swirl stabilized partially premixed flames with use of different fuel
injection strategies.

Axial flow rate [SLPM] Tangential flow rate [SLPM] )
Case name Swirl number
CHj4 H» Air CHy H, Air
A-S28 12.6-LBO 3 75 0 0 75 0.284+0.002
T-S33 0 0 75 12.6-LBO 3 75 0.337+0.002
A-S33 10-LBO 3 70 0 0 80 0.332+0.002
T-S28 0 0 80 10-LBO 3 70 0.289+0.002
A-S31 10-LBO 3 72.5 0 0 77.5 0.310+0.002
T-S31 0 0 77.5 10-LBO 3 72.5 0.311+0.002

6.1.3.1 Flame behaviors under conditions far from blowout

As shown in Figure 6.8, when @, = 0.85, the time-averaged flame structures appeared
a bell shape in case with a tangential fuel injection strategy, whereas the axial fuel
injection resulted in a more compact flame. The same as utilized in the literatures [56,
130, 131], the paths of CH* chemiluminescence produced by the flame at the central
line in cases A-528 and T-S33 are shown in Figure 6.9. It stitches the central line of
each raw image in the time consequence order. To be more specifically, for example,
the first column pixels of the image in Figure 6.9 was from the central line of the first
raw image in a time series images for case A-S28. The white lines there show
schematically the direction of the flame propagating along the central axis in one
oscillation cycle. As can be clearly seen that flames in both these two cases had strong
oscillations. These two cases were similar in the flame oscillation frequencies produced,
these being at = 170 Hz. The flame lifted higher when an axial fuel injection strategy
was employed. In the case A-S28, the flame became weaker when it was propagating
upstream. In the other case, strong heat release was found both in the upstream and in
the downstream flame propagation process.
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Figure 6.8 Inverse Abel reconstructed time-averaged flame structures (CH* chemiluminescence) in (a)
case A-S28 and (b) case T-S33, when holding ®g = 0.85.
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Figure 6.9 Flame segment paths (CH* chemiluminescence) along the centre line for (a) case A-S28 and
(b) case A-S31, when holding @, = 0.85.

6.1.3.2 Flame bebaviors near lean blowout

As shown in Figure 6.10, when holding @,= 0.62 near lean blowout limit of the flame,
the time-averaged flame structures took on a heart shape in the case with tangential fuel
injection; whereas otherwise the flame showed an arrow-shape detached from the dump
plane. The heart shape flame propagated unsteadily into the premixing tube and
outwardly from it. Strong flame oscillations could be observed simultaneously.

When holding @,= 0.62, flame segment paths in the central line for cases with different
fuel injection strategies and different swirl numbers are shown in Figure 6.11.
Significant oscillations near lean blowout can be observed. Flames in cases with the
same fuel injection strategy were found to be similar in terms of the dominant
oscillation frequency. The flames flashback into the premixing tube was only observed
in cases with a tangential fuel injection method. The flame motion in these two cases
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near lean blowout were found to differ from that occurred under comparatively rich

conditions (@,= 0.85) shown in Figure 6.9.
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Figure 6.10 Inverse Abel reconstructed flame structures (CH* chemiluminescence) when holding @, =
0.62 near lean blowout: (a)case A-S28 and (b)case T-S33.
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Figure 6.11 Paths of the flame segment (CH* chemiluminescence) in the centre line for (a) case A-
$28, (b) case A-S31, (c) case T-S33 and (d) case T-S31, near lean blowout at @z = 0.62.
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The axial velocity segment paths in the central axis for the reacting case T-$33 near
lean blowout are shown in Figure 6.12. The axial velocity there also shows clear
oscillations indicating there to be strong interactions between the flame and the flow
fields. Higher axial velocities were found in the region near the burner exit, while strong
reversing flow locating further downstream. This indicates the formation as well as the
location of the vortex breakdown. When the location of vortex breakdown advanced
upstream close to or even inside the premixing tube, a sudden increase in axial velocity
was found to occur after that. Meanwhile, the recirculation vortex was pushed
downstream and then finally disappeared.
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Figure 6.12 Axial velocity segment paths in the center line for case T-S33 at ®,= 0.62.

6.1.3.3 Flame dynamics and lean blowout limits

As shown in Figure 6.13, when the global equivalence ratio is high (®,> 0.72), all of
the flames tend to show a high frequency oscillation at /= 170 Hz. Whereas, when the
value of @, is reduced, strong flame oscillations with a lower oscillation frequency were
noted. Near flame blowout, cases in which the axial fuel injection methods were carried
out tend to show a flame oscillation at £~ 20 Hz, whereas in other cases the dominant
flame oscillation frequency was higher, at a level of £~ 50 Hz. A slight change of the
swirl strength (from § = 0.28 to S = 0.31) did not tend to have a significant effect on
flame dynamics in the present investigation.

As shown in Figure 6.14, the tangential fuel injection method resulted in a higher @150,
which indicated a worse performance in flame stabilization. In addition, a stronger
effect of the swirl number on @150 could be noted in cases in which a tangential fuel
injection strategy was employed than that in other cases.
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Figure 6.13 The dominant frequency versus the global equivalence ratio (@y).

0.70

—e— Axial fuel injection
0.65 |- —=a— Tangential fuel injection

0.60 -

o [

& 055

0.50

0.45 1 1 1 1 1
0.28 0.29 0.30 0.31 0.32 0.33 0.34

Swirl Number [-]

Figure 6.14 The lean blowout limits versus the swirl number for different fuel injection methods.

6.2 Flames stabilized by a bluff-body

6.2.1 Effects of a central jet on premixed flames (Paper IV)

The effects of a central jet on bluff-body stabilized premixed flames were investigated
based on the adjustable bluff-body burner, as shown in Figure 3.4. The experiments
were carried out without confinement under the atmospheric conditions. In the base
case without any central jet while holding the annular flow at @ = 0.64 and U, = 2.77
m/s, the temperature 7.4 at the inner edge of the bluff-body was referred to as 75 in
the thesis. The effects of a central jet on 7.4 are evaluated by comparisons of 7.4 in
different cases with 7 in the base case.
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6.2.1.1 Effects of a central air jet

It can be observed in Figure 6.15 that without injection of a central air jet, the heat
release peaked on the central axis. However, with the injection of a central air jet, the
main heat release zone occurred elsewhere than on the burner axis. With a small amount
of central air (U../ U, =0.79), the flame width (wy; as shown in Figure 6.15) was larger
than that in the base case. The small amount of the central air jet might form an inner
vortex (generating the locally extremely lean condition), as shown schematically using
the white triangle in Figure 6.15, preventing the flame being attached to the bluff-body
as well as the heat convection of the combusted products to the surface of the bluff-
body. An increase in the velocity of the central air jet led to the flame becoming shorter,
at the same time the flame width becoming smaller. Meanwhile, the flame turned to be
weaker as the heat release zone shrank. An instability of the premixed flame (the split-
flashing flame) might appear when more central air was injected into the flow fields, as
shown in Figure 6.15.

Flashing 80

Height [mm]

20
Radial position [mm)]

Figure 6.15 Time-averaged bluff-body stabilized premixed flame structures (broad-band
chemiluminescence) associated with a central air jet (from left to right: U/ U. = 0, 0.79, 3.94, 7.87
and 13.22).

As shown in Figure 6.16, with an increase in the velocity of the central air jet, the flame
blowoff limits as a whole increased. When U.., / U, was low, the flame was extremely
unstable with an easily occurrence of flame blowout. A further increase in U, led to a
decrease in the flame blowoff limit. Increasing U.., further resulted in a further increase
in the flame blowout limits. Two different blowout phenomena were observed: with
and without the appearance of a split-flashing flame mode, and they are strongly
determined by U...

When U.../ U, = 1, the temperature of the bluff-body surface could easily drop to less

than 80% of 7%, as shown in Figure 6.16. Afterwards, an increase in U.., would lead to
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the temperature ratio returning to a value of approximately 87%. The injection of a
central air jet, as a whole, reduce the heat load to the upper surface of the bluff-body.
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Figure 6.16 Effects of a central air jet on the flame blowoff limits (left) and the temperature on the
upper surface of the bluff-body (right).

6.2.1.1 Effects of a central fuel jet

As shown in Figure 6.17, with injection of the central fuel jet, the flame became
detached from the bluff-body. The height of the flame liftoff increased with an increase
in U.x With a large amount of central fuel jet, the yellowish flame behaved more like
a diffusion jet flame, the annular flow serving as the oxidant and the central fuel jet

serving as the main fuel source.
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Figure 6.17 Time-averaged flame structures (broad-band chemiluminescence) with a central fuel

injection (from left to right: Ucr/ Us = 0, 0.045, 0.089, 0.22 and 0.36).

With the injection of a central fuel jet, the flame became unstable with the flame tip
being attached to the outer edge of the bluff-body. The attached point of the flame tip
was unstable, moving circularly with a dominant oscillation frequency along the outer
edge of the bluff-body, as shown in Figure 6.18. That dominant frequency decreased
with the increase in U,

62



Height [mm)]

-20 0 20 -20 0 20
Radial position [mm]

Figure 6.18 Typical flame instability behavior caused by the injection of a central fuel jet (the flame tip
moving circularly around the outer edge of the bluff-body).

In addition, as shown in Figure 6.19, following injection of the central fuel jet, 7.4
decreased significantly, possibly to even less than 75% of 7. The liftoff of the flame
led to the reduction of heat load to the surface of the bluff-body.
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Figure 6.19 Effects of a central fuel jet on the temperature on the surface of a bluff-body.

6.2.2 Effects of the position of a bluff-body on diffusion flames (Paper V)

With the positions of a bluff-body being AH = 0 mm and AH = 10 mm, different flame
patterns: the recirculation zone flame, the stable jet diffusion flame, the lifted flame and
the split-flashing flame, were observed in the adjustable bluff-body burner (Version 1),
as shown in Figure 6.20. An alternation of fuel and air flow velocities led to the
variances of flame patterns within these two burner geometries. The flame pattern
regimes versus different velocities of air and fuel in different burner geometries with
AH = 0 mm and AH = 10 mm are shown in Figure 6.21.
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Figure 6.20 Typical flame patterns (broad-band chemiluminescence): (a)the recirculation zone flame,
(b)the stable jet diffusion flame, (c,d,e): the split flame, (f) the transition from the split flame to the
lifted flame, (g) the lifted flame and (h) the split-flashing flame.

As can be seen in Figure 6.21, when U, < 2 m/s, two flame patterns could be observed
for these two burner geometries. Whereas for moderate values of U,, there were three
flame patterns altogether under different operating conditions. The flame transition
points for these two burner geometries were similar to one another when U, < 6.8 m/s.
However, when U, > 6.8 m/s, these two burner geometries differed from one another
in terms of flame instabilities. The flame could not be stabilized in the upper left region
in Figure 6.21(a); whereas in Figure 6.21(b) in the same region, the flame could be
stabilized with a recirculation zone flame pattern in the burner with AH = 10 mm. Two
flame extinction phenomena were observed in the experiments. The first type of flame
extinction was due to a decisive increase in the velocity of the central fuel jet when U;>
10 m/s, which was referred to as flame blowoff shown in the middle right region in
Figure 6.21(a) and (b). The split flame occurred prior to flame blowoff from a stable
diffusion flame pattern. Another type of flame extinction, shown in the upper left in
Figure 6.21(a), was that caused by a decisive decrease in the velocity of the central fuel
flow referred to here as flame blowout.
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AH = 0 mm and (b) AH = 10 mm.

Placing the bluff-body 10 mm above the annular channel exit enhanced flame
stabilization, especially when U, was high. In that burner, the flame tip propagated
further upstream, even into the region where 4 = -5 mm. As can be seen in Figure 6.22,
a recirculation bubble adjacent to the outer wall of the bluff-body could be noted. The
pathway for the convection of the central fuel into that recirculation zone is shown
schematically by the red dashed lines. The mixing of central fuel jet with the annular
air could be expressed as follows: (a) that fuel first mixes with air in the shear layer
located between the fuel driven inner recirculation zone and the air driven outer
recirculation zone; (b) that fuel rich mixture then becomes further convected to the
recirculation bubble adjacent to the outer wall of the bluff-body and (c) that a further
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mixing of fuel with air takes place inside the wall-adjacent recirculation zone. Since the
local mixture of reactants might well be within the flammability limits or preferably the
local equivalence ratio is @ = 1, the flame can be originated from and thus stabilized in
the wall-adjacent recirculation zone with a sufficiently low scalar dissipation rate. As a
consequence, flame stabilization is enhanced for the burner with AH = 10 mm.
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Figure 6.22 A comparison of simulation results with experimental data in regard to flow structures
near the bluff-body (the red dashed line showing the pathway that fuel convection takes).
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Figure 6.23 Effects of combustion on the flow fields: (a) experimental results and (b)simulation results.
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In addition, as shown in Figure 6.23, combustion changed the flow fields downstream
of the bluff-body considerably. The location of the outer recirculation zone core moved
further downstream in the reacting case. At the same time, the velocity of the central
jet also accelerated by combustion. Moreover, the wall-adjacent recirculation zone
could only be observed in the reacting cases due to the flow expansion in the inner and
outer recirculation bubbles. The interaction between flow fields and the combustion
that occurs determines different flame structures and flame stability characteristics.

6.3 Flames stabilized by a combination of swirl flow and a

bluff-body

Flames stabilized by a combination of swirl flow and different bluff-bodies were studied
under atmospheric conditions, in the adjustable bluff-body burner (Version 2). The
experimental conditions are listed in Table 6.2.

Table 6.2 Experimental conditions of flames stabilized by a combination of swirl flow and/or different

bluff-bodies.

Case Name dy [mm] m; [In/min] ma [In/min] myg[ln/min] midm [-] Sel-]
T200-A0-d0 - 200 0 3 1 4.08
T150-A50-d0 - 150 50 3 0.75 2.30
T200-A0-d14 14 200 0 3 1 2.83
T150-A50-d14 14 150 50 3 0.75 1.59
T100-A100-d14 14 100 100 3 0.5 0.71
T50-A150-d14 14 50 150 3 0.25 0.18

T0-A200-d14 14 0 200 3 0 0
T200-A0-d20 20 200 0 3 1 1.88
T150-A50-d20 20 150 50 3 0.75 1.06
T100-A100-d20 20 100 100 3 0.5 0.47
T50-A150-d20 20 50 150 3 0.25 0.11

T0-A200-d20 20 0 200 3 0 0

6.3.1 Effects of the size of a bluff-body (Paper VI)

Holding 2, m, and my constant, the effects of the size of a bluff-body on flame
structures could be obtained, as shown in Figure 6.24. The flame expansion
downstream near the burner exit with a flame open angle, &, was marked by the dashed-
dotted line in the third row in Figure 6.24. It decreased when the size of the bluff-body
was getting smaller. Further downstream of the flame expansion region, in all three
cases shown in Figure 6.24, a flame tail was generated. The flame tail in case T150-
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A50-d0 was longer than that in the other cases. One can also note that in case T150-
A50-d0, the flame tip ‘flashback’ upstream into the quartz tube, which was different
from the flame behaviors in other cases. The flame was shorter and more compact in
case T150-A50-d20 than that in the other cases. The bluish flame zone, which was
located upstream of the flame tail region, was found closer to the bluff-body in case
T150-A50-d20 than that in the other two cases.
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Figure 6.24 Flame structures in different cases. Left column: T150-A50-d0; center column: T150-
A50-d14; right column: T150-A50-d20; upper row: broad-band chemiluminescence; middle row:
time-averaged CH* chemiluminescence; lower row: inverse Abel reconstructed CH*
chemiluminescence downstream of the bluff-body.

The typical CH>O PLIF results for cases with different bluff-body sizes are shown and
compared with each other in Figure 6.25. The same as described in Figure 6.24, the
spatial distribution of CH,O in the case T150-A50-d20 is more compact than it is in
the other two cases. The simulation results show fairly good agreement with the
experimental data, especially in describing the expanded CH,O brush. In the lower row
in Figure 6.25, one can note that in case T150-A50-d0, due to the strong switling flow,
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a recirculation bubble was formed at /# = 35 mm downstream of the jet exit. The reverse
flow motion in the air driven recirculation vortex forced the central fuel jet to propagate
upstream and hence pushed fuel jet expansion radially. In addition, a small recirculation
bubbler was being generated beside the central pipe close to the jet exit. That
recirculation vortex enhanced fuel-air mixing and brought fuel into the upstream region
of # < 0 mm by convection in the mixing layer between fuel driven and air driven
vortexes. It was thus the flame in case T150-A50-d0 could be observed propagating
upstream into the region of / < 0 mm, as shown in Figure 6.25. In addition, a part of
the central fuel jet penetrated the annular air driven recirculation zone. As a
consequence, a flame tail could be generated in all three cases shown in Figure 6.25. In
comparing the flow fields in the three different cases shown in Figure 6.25, it could be
noted that with an increase in the size of the bluff-body, air driven recirculation vortex
was located increasingly close to the jet exit. In case T150-A50-d20, a large recirculation
bubble was found to be attached to the upper surface of the bluff-body. The air driven
recirculation vortex was generated by the bluff-body other than the swirling flow. Its
presence was due to the fact that even when the flow swirl number was S, = 0, the
similar recirculation bubble could still be generated.
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Figure 6.25 Comparison of the experimental results and the numerical data for different cases: Left
column: T150-A50-d0; center column: T150-A50-d14; right column: T150-A50-d20. Upper row:
experimental data concerning CH>O distribution; lower row: numerical data concerning CHO
distribution and the flow fields, the white lines denoting the iso-contour of the stoichiometric mixture.
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The interesting phenomenon with flame ‘flashback’ into a region further upstream is
more clearly seen in cases with 7, = 200 In/min, as shown in Figure 6.26. From the
broad-band chemiluminescence of flame structures it can be seen that more soot was
produced in case T200-A0-d0 than that in the other two cases. The flame in case T200-
A0-d20 had the most bluish color, indicating it to have the best mixing of fuel and air.
The blue line in the simulation results in the lower row in Figure 6.26 denotes the
region of stoichiometric mixture that marks the spatial distribution of fuel. In cases
T200-A0-d0 and T200-A0-d14, the strong reverse flow in air driven vortex pushed a
part of the central fuel jet in air-fuel mixing layer upstream into the quartz tube. In case
T200-A0-d20, however, the flame could not be pushed upstream into the quartz tube,
due to blockage of the large bluff-body there. It was also found that the time-averaged
fuel-driven inner vortex was smaller in the case for which ) = 20 mm than in the other
cases, due to the stronger reverse flow momentum it possessed. Without a bluff-body,
the central fuel jet could penetrate higher.
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Figure 6.26 Different flame structures in three different cases: T200-A0-d0 (left column), T200-A0-
d14(middle column) and T200-A0-d20 (right column). Upper row: broad-band chemiluminescence;
lower column: comparisons of the time-averaged CH* chemiluminescence obtained in the experiments
(left) with the temperature distributions and the flow fields obtained in the simulations (right).
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6.3.2 Effects of the swirl strength (Paper VI)

Figure 6.27 shows the effects of a bluff-body and the swirl strength on Lr and Heonr.
One could note that flame in case with &, = 14 mm had the longer Lr and the higher
Hconr than that in case with a larger bluff-body. In case with &, = 14 mm, an increase
in the mass flow rate of the tangential air led to the formation of a shorter and more
compact flame. However, in the case with 4} = 20 mm, Lr and Hconr did not change
significantly with the alternation of the swirl strength. Flame could not be stabilized in
the burner without a bluff-body when 7, <120 In/min. The bluff-body enhanced the

diffusion flame stabilization especially for cases in which the flow swirl number was low.
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Figure 6.27 Lr (a) and Hconr (b) versus mass flow rate of the tangential air flow.

Comparing flame structures shown in Figure 6.24 and Figure 6.26, for the burner in
which d;, = 20 mm, a slight decrease in flame length and a widening of the flame open
angle along with an increase in the swirl number could be observed. An increase in the
swirl number enhanced the outer recirculation zone and thus the momentum of the
reverse flow. It resisted the central jet penetration, hence forming a shorter flame.
Meanwhile, the flame became bluish with a stronger swirl strength in the burner in
which 4, = 20 mm indicating a much better mixing of central fuel and annular air.

6.4 Summary of publications

I.  Tong Yiheng, Mao Li, and Jens Klingmann. Influence of Combustor Geometry
on Swirl Stabilized Premixed Methane-Air Flame. ASME Turbo Expo 2016:
Turbomachinery Technical Conference and Exposition. American Society of

Mechanical Engineers, 2016.
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In this paper, the effects of the confinement geometries on the switl stabilized flame
structures and the lean blowout limits were investigated. Two confinement geometries,
a rectangular one and a cylindrical one, both having the same cross-sectional area, were
used in the experimental study. The effects of the mass flow rates on the lean blowout
limits, the effects of the equivalence ratio on flame dynamics were studied as well. Flame
structures and flame dynamics followed with the help an intensified high-speed filtered
CH* camera. CO emissions were registered as well.

My contributions: As both the corresponding and the first author of this paper, 1
conducted the literature review and carried out the experiments together with Mao Li,
under the supervision of Jens Klingmann. I analyzed the experimental data and wrote
the draft of the paper. Jens Klingmann revised the paper.

II. Tong Y, Li M, Thern M, Klingmann J. An Experimental Study of Effects of
Confinement Ratio on Swirl Stabilized Flame Macrostructures. In ASME 2017
Power Conference Joint with ICOPE-17 collocated with the ASME 2017 11th
International Conference on Energy Sustainability, the ASME 2017 15th
International Conference on Fuel Cell Science, Engineering and Technology, and
the ASME 2017 Nuclear Forum 2017 Jun 26 (pp. V001T04A007-
V001T04A007). American Society of Mechanical Engineers.

In this paper, the effects of the diameter of a cylindrical confinement on swirl stabilized
flame structures and flame instabilities were investigated. The time-averaged CH*
chemiluminescence flame structures obtained were analyzed with use of the inverse
Abel image reconstruction methods. Mechanisms forming different M-shape flames
and the interactions of flame structures and flame instabilities were proposed.

My contributions: As the lead author of this paper, 1 designed and conducted the
experiments with the help of Mao Li. I analyzed and discussed the experimental data
under the supervision of Jens Klingmann and Marcus Thern. I wrote the paper and
Jens Klingmann revised it. I presented the paper during the conference.

III. Yiheng Tong, Senbin Yu, Xiao Liu and Jens Klingmann. Experimental study on
dynamics of a confined low swirl partially premixed methane-hydrogen-air flame.

Accepted by International Journal of Hydrogen Energy.

The effects of two different fuel injection methods on swirl stabilized flame dynamics
and flame structures were investigated experimentally in this paper. The total mass flow
rate of air and the mass flow rate of hydrogen were kept constant, whereas the mass
flow rate of methane being varied. Flame dynamics far from and near lean blowout
limits were studied. Intensified high-speed CH* chemiluminescence and high-speed

72



PIV were employed for visualizing flame dynamics and the flow fields, respectively. The
effects of slight changes in swirl strength on the flame behavior and lean blowout limits
were discussed as well.

My contributions: As the first author of the paper, I designed and conducted the
experiments with the help of Senbin Yu and Xiao Liu. I analyzed and discussed the
experimental data under the supervision of Jens Klingmann. The outcomes of the work
were discussed together with the co-authors. I wrote the paper and revised it on the
basis of comments from Jens Klingmann.

IV. Yiheng Tong, Shuang Chen, Mao Li, Zhongshan Li and Jens Klingmann.
Experimental study on bluff-body stabilized premixed flame with a central air/fuel
jet. Submitted to Energies.

The premixed flame structures stabilized by a bluff-body together with the lean blowout
limits of that flame, under conditions with a central air or fuel jet, were investigated in
the paper. The temperature on the surface of the bluff-body in different cases having
different central jet velocities were studied as well. The dynamics of the flame tip and
the unstable structures of the flame were visualized using the high-speed CMOS camera.
The lean blowout limits of the flame provided with additional central air injection were
studied as well.

My contributions: As the first author of the paper, I designed the burner with the help
from Shuang Chen and Zhongshan Li. I conducted the experiments and carried out
the data analysis with Mao Li, under the supervision of Jen Klingmann. The results
obtained were discussed together with the co-authors. I wrote the paper and revised it
based on comments from Zhongshan Li and Jens Klingmann.

V. Yiheng Tong, Xiao Liu, Shuang Chen, Zhongshan Li, Jens Klingmann.
Experimental and Numerical Study about Effects of Bluff-body Position on
Diffusion Flame Instabilities. Submitted to Applied Thermal Engineering.

The paper concerns the effects of the position of a disk-shape bluff-body on diffusion
flame patterns and flame instabilities. Both experimental and numerical work was
carried out to obtain as thorough an understanding as possible of interactions between
the flow fields and the flame behaviors. Two bluff-body positions, AH = 0 mm and AH
= 10 mm, were investigated. The simulation results matched rather well with the
experimental data. Mounting the bluff-body outside the exit of the annular channel
was found to enhance the flame stabilization through a small recirculation bubble
adjacent to the outer wall of the bluff-body. Combustion was found to change the flow
fields appreciably, compared with the iso-thermal conditions.

My contributions: As the lead author of this paper, I designed the burner with the help
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from Shuang Chen and Zhongshan Li. I performed the experimental and numerical
work with the assistance of Xiao Liu, under the supervision of Jens Klingmann; Xiao
Liu helped me with the data analysis. The outcomes of the work were discussed together
with the co-authors. [ wrote the draft of the paper and revised it in line with comments
from Jens Klingmann.

VI. Yiheng Tong, Xiao Liu, Zhenkan Wang, Jens Klingmann. Experimental and
Numerical Study of Bluff-body and Switl Stabilized Diffusion Flames. Submitted
to Fuel,

A combined experimental and numerical investigation of bluff-body and swirl
stabilized diffusion flames was carried out in the paper. The effects of bluff-body size
on switl stabilized flame structures and the emissions, together with effects of switl on
bluff-body stabilized flame behavior were studied. High-speed PIV and high resolution
LES methods were employed to obtain as thorough an understanding as possible of the
interaction between the flow fields and flame structures. Both the total mass flow rate
of air and the mass flow rate of fuel were held constant, thus the global equivalence
ratio and thermal power being kept constant. The diffusion flame ‘flashback’ was
observed, the factors behind it being analyzed in detail.

My contributions: As the lead author of this paper, I designed the experiments with
the help of Xiao Liu. I conducted the experimental work, Zhenkan Wang conducted
the PLIF measurements; | performed the numerical work and the data analysis together
with Xiao Liu. The results of the work were discussed together with all the co-authors.
[ wrote the paper and revised it on the basis of comments from Jens Klingmann.
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7.Conclusions and Suggestions for

Future Work

7.1 Conclusions

Experimental and numerical investigations of flames stabilized by swirl flow and a bluff-
body were conducted in the thesis. The experimental research included measurements
of high-speed PIV, high-speed PLIF, thermography, intensified high-speed CH*
chemiluminescence, while the numerical investigations were based on LES and DES in
ANSYS Fluent and OpenFOAM. The experiments were conducted on the variable-
swirl burner, the adjustable bluff-body burner both Version 1 and the modified Version
2 of it. Fuel used in the present investigation was mainly methane, while the effects of
fuel injection strategies on flame dynamics were being studied with hydrogen mixed
into the reactants. The investigation as a whole concerned flame structures and flame
instabilities, as well as their interactions with flow fields. The main conclusions of thesis
that could be drown were as follows:

- The operating conditions, including the total mass flow rate and the equivalence
ratio of the reactants play an important role in determining the structures and the
dynamics of switl stabilized lean premixed flames.

- The geometries of the confinement, including its cross-sectional shape and the
diameter of a cylindrical confinement, strongly affect the swirl stabilized flame
structures and flame dynamics. Proposals are made concerning the mechanisms
behind the swirl stabilized lifted M-shape flames that were studied and the

corresponding flame dynamics.

- Fuel injection strategy employed affects the characteristics of low swirl stabilized
flame: i.e. the time-averaged flame structures and the flame oscillations. An axial
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fuel injection strategy leads to a more compact flame and to leaner blowout limits,
than a tangential fuel injection strategy does. The flame oscillation frequencies,
which are found when occurrence of a lean blowout is approached, depend on fuel
injection strategy.

- A central air or fuel injection makes bluff-body stabilized premixed flame more
unstable. At the same time, as with use of a central air or fuel jet, the temperature
on the upper surface of the bluff-body becomes lower.

- The position of a bluff-body in relation to the exit of the annular channel affects
the diffusion flame patterns. Mounting the bluff-body 10 mm downstream of the
annular channel exit serves to better stabilize the flame. The recirculation bubble
adjacent to the outer wall of the bluff-body enhances the stabilization of the flame.

- The combinations of a bluff-body and swirl flow in stabilizing the diffusion flame
were studied both experimentally and numerically. Diffusion flame ‘flashback’ was
observed and the mechanisms behind it were proposed. With use of a larger bluff-
body, air-driven recirculation zone was found to be located further upstream close
to the burner exit. Flames were found to be better stabilized with use of a larger
bluff-body and/or a stronger swirling flow.

7.2 Suggestions for future work

Based on the findings of the present doctoral thesis, various directions for future work
are recommended:

- Simultaneous high-speed PIV and multi-species PLIF, together with highly
accurate LES or DES simulations, would be useful for gaining a better
understanding of the interactions between flow fields and flame structures and
thus the flame dynamics involved.

- The effects of a central bluff-body on the confined switl stabilized premixed flame
structures and instabilities should be studied further.

- Further detailed numerical simulations and investigations of flame dynamics
within different geometries of confinements, especially within the rectangular and
the cylindrical confinements, are suggested.
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Simulations of the lean premixed flame dynamics under low-swirl conditions with
use of different fuel injection strategies are suggested.

Further investigation of the emissions occurring under different operating
conditions and burner geometries would appear to be very promising.
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ABSTRACT

Flame structures, blowout limits and emissions of swirl-
stabilized premixed methane-air flames were studied
experimentally in a small atmospheric combustor rig.
Combustion sections with rectangular cross section (30mm by
40mm) and circular cross section (inner diameter = 39mm) were
used to investigate effects of combustor geometry on the flame’s
performance. Flame structures and instabilities were obtained
from CH* chemiluminescence captured by a high speed
intensified CMOS camera. Maps of flame blowout limits (@go)
versus total mass flow rates (=70 ~130 standard liter per
minute, SLPM) were obtained with the combustor inlet flow
temperature (Tin) kept at Tin = 397 + 5K and a flow swirl number
of S = 0.6. Emission data of mole fraction of CO in the exhaust
gas versus equivalence ratio was obtained under the conditions
of Tin=293 £ 5K and S = 0.66. It is found that the flame became
longer and more unstable with decreasing equivalence ratio or
increasing total mass flow rates. A strong high-amplitude and
low-frequency oscillation was found to be the reason for the
flame blowout. A possible reason for flame instability and
blowout is presented in the paper. Within the parameters
investigated in this study, the equivalence ratio had the strongest
impact on flame stabilities and CO emission. Both in the
rectangular and circular combustors, when the flame length
increased to a critical value (Ligo, which was approximately the
same for these two combustors), flame could not be stabilized
anymore and blowout occurred. Compared with the rectangular
combustor, the circular one had lower blowout limits and was
better in stabilizing the flame. Combustor geometry did not
significantly affect CO emission in the current study.

Jens Klingmann
Department of Energy Sciences, Lund University
Lund, Sweden

INTRODUCTION

In the design process of gas turbine combustors, many
requirements have to be fulfilled: combustion stability has to be
ensured (particularly in lean premixed combustion cases),
emission targets met, etc. Often Computational Fluid Dynamics
(CFD) is used in the design process, but in most cases, physical
experiments are also required to ensure the design. These
experiments may range from conventional measurements such
as emission measurements and thermocouples, to more advanced
non-intrusive laser based optical measurements, such as Planar
Laser Induced Fluorescence (PLIF) or Particle Image
Velocimetry (PIV). The latter have the advantage that they
provide physical understanding of the burner’s behavior at
different operating conditions without disturbing the flame
structures. Also they provide validation of results from CFD.
However, they require adaptation of the experimental setup to
measurement techniques. Those laser based diagnostic methods
also require optical access and in most cases simplification of the
burner/combustor geometry. An often used and particular
simplification of geometry is the exclusion of curved walls. The
curved combustor walls are found in almost all commercial gas
turbines. A circular or annular combustor is simply replaced by
combustor with square or rectangular cross section [1-6], which
minimizes measuring problems, such as unwanted reflections
from lasers, distortion of images, etc.

So, there is currently significant interest in understanding
the flame structures and combustion instabilities caused by
combustor geometry. It has been observed in experimental
research that in a swirl stabilized combustion chamber, flame
structures would change with the modification of fuel-air
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mixture flow rates, reactant composition, injection temperature
or pressure, heat transfer to the burner or the combustion
chamber wall and the burner exit geometry. (see e.g., studies in
[1, 2, 7, 8]). The change of flame structures would determine
combustor performance especially in respects of pollutant
emissions, uniformity of the temperature field in the outlet of the
combustor, heat load and its spatial distribution to the combustor
walls and dynamic instabilities [1, 9-11]. It is thus important to
study the effects of combustor geometry and the interaction of
flame and combustor wall on flame structures and the
corresponding combustor performance.

Rosa et al. [12] investigated the effects of cylindrical single-
nozzle swirl-stabilized combustor’s diameter on flame structures
and its dynamic response. It was concluded that the distribution
of heat release rate from the flame and the flow field were altered
as the combustor diameter was changed. Fu et al. [13] studied
the effect of the geometry of a non-reacting rectangular
combustor on the swirling flow of a counter-rotating swirling
cup using a two component Laser Doppler Velocimetry (LDV).
It was found that the flow structures, including location, size and
strength of the outer and inner recirculation zones and the
corresponding shear layers are strongly affected by the size of
the combustor. Orbay et al. [14] and Wu [15] also found that
combustor geometry and the outlet geometrical contraction of
the combustor had significant effects on both the non-reacting
and reacting flow fields. The production of turbulence near the
center line of the combustor could be enhanced by heat release
from the combustion. While heat release would not change the
fundamental vortex breakdown structures in the flow field [14].
By studying turbulent flames in both highly and less confined
swirl-stabilized square combustors, Hauser et al. [16] reported
that flame transfer function was altered by changes in the time
delays together with the variance of flame shape in different
confinement cases. Some other studies about the effects of
combustor diameter or lateral confinement on laminar flame
could be found in studies [17] and [18].

In a gas turbine, in order to get a stable flame, usually a
swirling flow at the burner exit is generated. There are two
common methods used to generate swirling flow: tangential
injection of fuel/air mixture or swirling guiding vane. In some
industrial gas turbine combustors, the cross section area of the
combustor is larger than that at the burner exit. In some practical
devices, a corner or outer recirculation zone is generated in the
corner of the combustor dome and the side walls; while the
center or inner recirculation zone is formed due to the vortex
breakdown when the flow swirl number is higher than a critical
value. Different recirculation zones and the corresponding shear
layers in a swirl-stabilized combustor are shown in Fig. 1. The
interaction between the inner and outer recirculation zones will
dominate the flame shape, flame length, emissions, flame
blowout features and even the stability characteristics [14, 19].
Experiments about flame shapes (V shape and M shape), their
interactions with combustor walls and the reasons for the
alternation between different flame shapes were carried out by
Guiberti et al. [1, 2]. Also in a swirl-stabilized combustor, two
distinct flame blowout phases were captured: flame blowout due

to instability and lean blowout (LBO) [19]. The behavior of
different blowout phases were caused by the presence of the
inner/outer recirculation zones and the fuel composition.

Inner shear layer

Inner recirculation zone

Outer shear layer

Outer recirculation zone

Inlet swirling flow
Fig.1 Schematic of flow structures in a swirl-stabilized
combustor (adapted from [1])

Flame behaves corresponding to the interaction of the inner
and outer recirculation zones with the combustor walls in
different combustor geometries. So the combustor geometry
would affect the flow structure and the combustion stability
characteristics. But the differences of flame stabilization
mechanisms in swirl stabilized rectangular and circular
combustors are not clear and need to be further studied. Both
experimental and numerical data about the comparison of
turbulent flame structures and combustion stability in
rectangular and circular combustors is limited. In the present
paper, CH* chemiluminescence and emission of CO were
captured to investigate the flame behavior in a small atmospheric
optical combustor with a rectangular and a circular cross section.
Blow out limits for different combustor geometries were studied
as well.

EXPERIMENTAL APPROACH AND METHOD
The burner and combustors

The experimental setup used in the present study was a
variable-swirl burner and two combustors with circular and
rectangular cross-section. The burner and the circular combustor
are shown in Fig. 2 and Fig. 3. The combustion chamber with a
circular cross section was an optical quartz tube, with inner
diameter din = 39 mm, outer diameter dout = 42 mm and length
1=120 mm. While the rectangular combustor had the cross
section dimension of 30 mm x 40 mm and the combustor length
was 1=120 mm as well. The cross sectional area for the circular
and rectangular combustors were 1194.59 mm? and 1200 mm?
respectively. The rectangular combustor was enclosed by four
optical quartz windows held by a metal frame. The mixing tube,
shown in Fig. 3, had an inner diameter of 15 mm and length of
30 mm. The swirl mixer was used to generate swirling flow by
combining axial and tangential air flows as shown in Fig. 3. The
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swirl mixer was located directly upstream of the mixing tube.
Methane was premixed with air in the tangential flow before
getting into the mixing tube. A small amount of air from the axial
air inlet was also mixed into the flow in the case of S = 0.60. The
tangential flow inlets were four rectangular channels in the
tangential direction with width of 3 mm and height of 10 mm as
shown in Fig. 3.

Exhaust gas duct

Water cooled
steel liner

Spark plug
Combustor
Dump plane

Swirler
Ignition mixture inlet

Tangential flow inlet

Axial flow inlet

T
Fig. 2 Schematic of variable-swirl burner with optically
accessible circular combustor and exhaust gas duct

I T L

Spark plug and exhaust

Swirl mixer
@

Dump plane
Mixing tube

Fig. 3 Cross section of variable-swirl burner and the circular
combustor. (The spark plug and exhaust gas duct are not shown)

This burner has the potential to vary the swirl number by
changing the proportions of the axial and tangential mass flow
rates. In this paper, two swirl number cases (S=0.6 and $=0.66)
were studied. Axial/tangential air flows and the fuel flow were
metered individually, using three laminar-flow differential-
pressure mass-flow meters (Alicat MCR250). A feedback-
controlled air heater (Sylvania Sureheat Jet) was used to heat up
the tangential air flow and then mixed with cold axial air flow in
the swirl mixer. Air flow temperature (without combustion) at
the exit of the burner, captured using a K-type temperature
sensor, was treated as the inlet flow temperature (Ti,) for
experimental cases. All test conditions for the rectangular and

circular combustors are listed below in Table 1. Here the total
mass flow (m) is defined as the sum of all flows, air and fuel, at
@ = 0.7. All experimental cases were conducted at atmospheric
pressure.

Table 1. Test conditions

Tin (K) m(SLPM) s
29315 94 0.66
397+5 70/90/110/130 0.6

Swirl number

As mentioned above, swirl number (S) at the burner exit was
varied by changing the ratio of tangential to axial momentum of
the flow through the swirl mixer. For a given ratio of tangential
to axial momentum of the flow, S can be calculated as [20]:

Mt
= 1
R (1)

where R=7.5 mm is the radius of the exit of the swirl mixer in
the present setup, M is the axial flux of the tangential
momentum, and M, is the axial flux of the axial momentum. M;
and M, could be calculated based on Eq (2) and (3) respectively:

M, = ZHIUR pwur’dr 0]

M, = Zﬁj: pu’rdr + J'OR prdr ®)

where p is the density of the incoming flow for the
combustor at the exit of the burner, u is the local axial velocity,
w is the local tangential velocity, r is the local radius and p is the
local static pressure at the burner exit. In some definitions of
swirl number, as the one used in this work, the pressure term in
Eq (3) is often neglected. Here in the current study, S was
calculated based the ratios of axial to tangential momentum of
the flow and an empirical relation map obtained using Laser
Doppler Anemometry (LDA) measurements 1 mm above the
dump plane at the same test facility in [21]. A more detailed
description of the LDA measurements together with the
tangential and axial velocity profiles obtained at different
proportions of tangential and axial flows could be found in [21].

Determination of flame blowout limits

To start the series of experiments, the main flame was firstly
stabilized by the pilot flame, which was ignited by the spark, as
shown in Fig. 2. Then increased the main fuel flow till @ got
high enough to sustain a stable flame and stopped the pilot. After
that, slowly increased the fuel flow rate by steps of 0.1 SLPM till
@ = 0.7. Flame blowout limits for cases with a specific m and
S were determined by gradually decreasing @ from @ = 0.7 until
flame blowout occurred. The decreasing of equivalence ratio was
achieved by reducing the fuel mass flow rate by steps of 0.1
SLPM. During this procedure, both axial and tangential air mass
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flow rates, air flow inlet temperature were kept constant so the
flow swirl number was kept approximately constant at the same
time. At each step of varying fuel flow rate, the fuel flow was
kept constant for at least 2 minutes in order to achieve a thermal
equilibrium. In order to avoid systematic errors deriving from the
order in which the experiments were carried out, all experiments
were carried out in a randomized order among different test
conditions (swirl number and total mass flow rates). The flame
blowout limits data presented here in this paper corresponds to
the average of the values obtained in the repeated experiments.

Image analysis method

A high speed CMOS camera (Vision Research Phantom V
7.1) coupled with an image intensifier (Hamamatsu C4598), a
430 £ 5 nm band-pass filter and a phosphate glass lens (UV-
Nikkor 105mm, f/4.5) was used to photograph CH*
chemiluminescence around 431nm from the flame. A time series
of 1450 images were obtained at a recording rate of 2000 frames
per second (fps). In order to resolve the time-varying flame
structures, the exposure time of the camera was set to 4us with
image spatial resolution ~ 0.220 mm/pixel. CH*
chemiluminescence image data provide good estimates of the
global distribution of heat release from the flame as well as the
unstable feature of flame’s center of heat release (COHR) and
flame length (L) [12]. Since this is a line-of-sight measurement
in turbulent flows where the flame sheet is significantly
convoluted, interpretation of the flame sheet structure is difficult
[22].

To determine the flame length (L), CH* chemiluminescence
intensity of the pixels within the image is first summed up along
the lateral direction. The vertical heat release rate profile
illustrates distribution of heat release along the vertical line of
the combustors as demonstrated in Fig. 4. The height of flame’s
center of heat release (Hcorr), Which is also shown in Fig. 4, is
the vertical location with maximum CH* chemiluminescence
intensity [12]. Based on the vertical heat release rate profile,
using a selected threshold for the total intensity, the flame length
(L) could be obtained as shown in Fig. 4. In the integrated
intensity profile, the threshold is approximately 8 times of the
noise from the background and for all cases below 10% of the
maximum integrated light intensity. The unstable feature of the
flame, for example the standard deviation of Hconr and L, could
be captured based on the unstable change of Hconr and L within
the frames as shown in Fig. 5. In Fig. 5, it displays an example
of flame with mean flame length L of 52.40 mm and mean Hconr
of 21.53 mm, and the standard deviation for L is 0.423 mm and
for Heonr is 1.38 mm.

A global understanding of flame structures could be
obtained from statistical data composed of time averaged and
root-mean-square (RMS) images of CH* chemiluminescence
[12, 23]. An example of the spastically resolved oscillations of
heat release in flame in the circular combustor is shown in Fig.
6. The heat release rate was calculated by correlating the heat
release fluctuation at each pixel for the whole recording period.
In Fig. 6, the white line simply indicates the combustor wall in

the circular combustor or the combustor holder in the rectangular
combustor. Inside the white line is the optical window through
which chemiluminescence signal could be captured by digital
camera. Vertical and lateral distance are the distance from the
center of the burner exit. This RMS of CH* chemiluminescence
image demonstrates information about global distribution and
the strength of heat release fluctuations. The color in the RMS of
CH* image is scaled to dimensionless for all cases in order to
compare the differences of fluctuation strength between different
cases.

15"

-

Total Intensity

o
n

"% 20 40 60 80

Vertical distance / mm
Fig. 4  Anexample of axial heat release rate profile with height
for flame’s center of heat release (Hconr) and flame length (L)
measurement overlaid

Vertical height / mm

0 500 1000 1500
Frame number

Fig.5 An example of Hconr and L obtained from the same
experimental condition

Vertical distance / mm

-20 -10 0 10 20
Lateral distance / mm

Fig. 6 Anexample of RMS of CH* chemiluminescence in the
circular combustor
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Emission measurement

The emission capturing and analysis system consisted of a
Rosemount Oxynos 100 paramagnetic O, gas analyzer and a
Rosemount Binos 100 NDIR (non-dispersive infrared
photometers) CO/CO gas analyzer. A combustion exhaust gas
sampling probe was placed at the exhaust gas duct which is
shown in Fig. 2. A linearly distributed multiple holes on the
emission probe can ensure an average sampling of CO, CO; and
0O along the radial/lateral direction. Water vapor in the exhaust
gas was removed before entering the analyzers by cooling the
exhausts to 4 °C. The emission gas analyzers were calibrated with
standard calibration gas every time before starting series of
experiments. The measurements were made in stable combustion
where the unburnt hydrocarbons are assumed to be negligible.
Previous results showed a good agreement between the
calculated equivalence ratios from emission tests and mass flow
controllers and the variance from each other was within 3%.
Since the mole fractions of O, and CO: in the exhaust gas were
a function of @, here in the paper just CO emission is presented
and analyzed.

RESULTS AND DISCUSSION
Flame structures and stabilities

In this part, effects of equivalence ratio and total mass flow
rate on flame structures and stabilities will be discussed. Effects
of equivalence ratio could be observed by the variance of L and
Hcorr Versus @ holding m =70 SLPM, Ti»=397K and S = 0.6,
as shown in Fig. 7. It could be found from Fig. 7 that both L and
Hcorr decrease with the increase of @ for both the rectangular
and circular combustors. When @ gets higher than 0.64, Hconr
will become approximately constant with the increasing of @,
while L will decrease further. L is larger in the rectangular
combustor than that in the circular case when @ are the same.
Near blowout (for rectangular combustor @go = 0.59 and for
circular case ®@go = 0.54), the two geometries have similar flame
length (L), which will be discussed later.

Because the use of a metallic frame in the rectangular case,
chemiluminescence signal was blocked in the upstream of 12mm
from the dump plane, as shown in Fig. 8. Here, it can be observed
that the flame has a heart shape for all cases because of the
swirling effects. For both geometries, the size of main heat
release zone or flame area will shrink with increasing
equivalence ratio. Heat release distributes more uniform at lower
equivalence ratios. Also CH* chemiluminescence intensity gets
weaker, which is to be expected from the reduced fuel flow at
lower equivalence ratios. The smaller reaction zone for the flame
with higher equivalence ratio is caused by the higher flame
speed. Moreover, it could be observed in cases with higher
equivalence ratio (e.g. @ = 0.7 in the circular combustor in Fig.
8) that flame was attached to the dump plane. The attached flame
may be caused by the appearance of inner recirculation zone.
That attached premixed flame was stabilized by the balancing of
the local flame speed and the flow velocity in the inner

recirculation zone. Compared with other cases, the case with
higher equivalence ratio has higher adiabatic flame temperature
and flame speed, which is easier to cause flame flashback [21]
or here in the paper an attached flame.

For cases with the same equivalence ratio, the downstream
edge of the flame in the circular combustor is flatter than that in
the rectangular combustor. Flame in the rectangular combustor
is stretched further near the combustor wall in the downstream
region. Moreover, flame in the rectangular combustor seems get
separated by the inner recirculation zone. Heat release rate along
the radial direction is more uniform in the circular combustor. A
possible reason is that the heat release zone in the rectangular
combustor probably have an ellipse shape, while in the circular
combustor a circular shape. Also the line-of-sight method and
the different integration length between different geometries
used in the paper could result in the differences in CH*
distribution between the upper and lower images in Fig. 8.
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Fig. 7 Effects of @ on L and Hconr at m= 70 SLPM, Tiy =

397+#5Kand S = 0.6.
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Fig. 8 Effects of @ on averaged flame structures at m= 70
SLPM, Ti, =397 £ 5 K and S = 0.6 (upper images: rectangular
combustor; lower images: circular combustor)
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Fig. 9 shows the standard deviation of L and Hconr
computed from 1450 images for the two geometries. It can be
seen that the standard deviation increases as @ varies from @ =
0.7 toward leaner values. The increase in standard deviation is
slow at the beginning but when closing towards blowout limits
it becomes stronger. Standard deviation of L is similar between
the two geometries. But when the equivalence ratio are the same,
standard deviation of Hconr is found slightly higher for the
rectangular combustor than the other one.

In the present study, flame blowout in all cases were caused
by flame instability, which was also expressed in [19] as one of
two distinct blowout phases. Keeping the equivalence ratio
constant near blowout limits, the flame showed low-frequency,
high-amplitude oscillations and blowout occurred during these
oscillation cycles. In this paper, this blowout behavior is defined
as flame blowout due to instability (IBO), which is differed from
flame lean blowout (LBO) as the other one phase presented in
[19]. Flame instability, when occurred at flame blowout process,
may be caused by the interaction of unstable heat release with
the appearance/disappearance of inner recirculation zone. The
appearance of an inner recirculation zone indicates a region with
reversal flow. The flame could be stabilized beyond the balance
of local flame speed and flow velocity within flow field
containing inner recirculation zone. With the alternation of heat
release from the unstable combustion and its interaction with
flow field, the inner recirculation zone will probably disappear.
Then in order to get balanced with local flow speed, the flame in
the center of the combustor will get elongated and detached from
the dump plane. At the same time, heat release from the flame is
varied accompanied with the changing of flow field. During this
unstable process, if the tangential flow momentum gets higher,
the inner recirculation zone will be formed again which will drag
the flame shorter and attached to the dump plane again. The
flame instability cycle is formed and fed by the energy from the
combustion. When the flow instability is strong or the inner
recirculation zone could not be reformed with energy from the
unstable combustion process, the flame could not be stabilized
anymore and blowout occurs.
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Fig. 9 Effects of @ on standard deviation of L and Hconr at m
=70 SLPM, Ti{n=397 +5Kand S=0.6

Effects of @ on RMS of CH* chemiluminescence images at
m =70 SLPM, Ti»=397 + 5K and S = 0.6 are shown in Fig. 10.
It can be observed that when @ is high (e.g. @ = 0.7), flame is
stable with a small RMS of CH* spatial distribution and the RMS
intensity is low. With the decrease of @, flame becomes unstable
with a stronger oscillation near Heonr for all geometries. It should
be noted that the peak RMS of CH* levels are located the same
as where peak mean CH* locates near Hconr. Large fluctuations
of CH* reflect the movement of the heat release as it responds to
the local flow turbulence and its strong interaction with
combustion. When @ are the same for the rectangular and
circular combustors, the RMS of CH* value in the rectangular
combustor is higher than that in the other combustor. That
indicates a stronger oscillation in the rectangular combustor.
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Fig. 10 Effects of @ on RMS of CH* chemiluminescence at
m= 70 SLPM, Tiy =397 + 5 K and S = 0.6 (upper images:
rectangular combustor; lower images: circular combustor)
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The influence of total mass flow rate (m) on L and Hconr
was investigated for m ranging from 70 SLPM to 130 SLPM
by steps of 20 SLPM, at Tin=397 + 5K, S=0.6 and @ = 0.7.
Results of L and Hconr for different cases are shown in Fig. 11.
It could be seen from Fig. 11 that, with the increase of m, Lwill
get lengthened while Hconr Will keep approximately constant.
With the results obtained from the effects of @ on Hconr, it could
be concluded that @ is a more dominant parameter than m in
determination of Hcorr. The rectangular combustor has a larger
L compared with that in the circular case. The difference of L in
these two combustors increases with the growth of m. More
information about averaged flame structures are shown in Fig.
12.

In all cases shown in Fig. 12, at the exit of the combustors,
CH* chemiluminescence intensity gets to almost zero. That
means the combustor is long enough for premixed fuel-air
mixture at different total mass flow rates to get to chemical
equilibrium. It could be observed from Fig. 12 that with the
increasing of m, flame area will get enlarged and flame would
be lifted off from the dump plane (which could be observed from
the circular combustor cases). Increasing m will cause
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increasing of the total thermal power in the combustors leading
to an increase of flame area. While turbulence intensity of the
flow will also get increased due to the increase of flow velocity
at the burner exit. Meaning the flame reaction speed will be
accelerated and in contrast result in a smaller flame area. Those
two effects competed with each other. The increase of thermal
power dominates and lead to the increase of flame area. The
flame lift off is mainly caused by the increasing of flow velocity.
When the burner exit flow velocity is faster than the local flame
speed, flame will be detached to the dump plane and lifted off.
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0

With the alteration of m in these two combustor
geometries, Hcoir keeps constant at approximately 20mm
above the dump plane, which could be found in both Fig. 11 and
Fig. 12. Heonr is the position of the maximum heat release with

maximum heat radiation from the flame and it is not strongly
affected by the combustor geometry.

Flame becomes unstable with the increase of total mass
flow rate, which could be observed in Fig. 13 and Fig. 14. A
possible reason for that behavior is the higher turbulence
intensity and its stronger interaction with the increased thermal
power in cases with higher mass flow rates. Moreover, the
standard deviation of L keeps approximately constant for all
cases. Flame with a smaller standard deviation of Hconr in the
circular combustor, is more stable than that in the rectangular
combustor for all experimental cases in the present study.
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Fig. 13 Effects of m on standard deviation of L and Hconr at
@®=07,S=06and Tin=397 +5K
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Fig. 14 RMS of CH* chemiluminescence for

m=70,90,110SLPM with @ =0.7,S=0.6 and Tin=397 £ 5 K
(upper images: rectangular combustor; lower images: circular
combustor)

As shown in Fig. 14, intensity of RMS of CH* does not

change significantly with the variance of m . Compared RMS of
CH* chemiluminescence image results from Fig. 10 and Fig. 14,
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it could be concluded that flame instability is more depend on @
while the effects of m could be comparable ignored for both
rectangular and circular combustors.

Flame blowout limits

Data of flame blowout limits (®so) versus m is shown in
Fig. 15 and delineates two distinct trends. For m < 110 SLPM,
an increase of m will result in a growth of flame blowout
limits. This phenomenon matches with the trend of flame lean
blowout (LBO) limits presented by Schefer et al. [23] and
Griebel et al. [24], although the blowout process presented in the
current study differed from LBO. The increased stretch rate at
higher mass flow rate conditions was argued as the reason for the
trend. A possible further explanation was suggested by Sayad et
al. [25] that when m and flow velocity are higher, the flame
speed should be higher to consume the fuel-air mixture and
prevent blowout. But the flame speed was strongly determined
by @, meaning that higher flow velocity (or m) should get
balanced with higher flame speed (or @). So that could be a
possible reason for the trend of an increase of ®@go with m
when m <110 SLPM.

For cases at m > 110 SLPM, @go will decrease with the
further increase of m . That may be caused by the higher
turbulence intensity at higher m conditions. Higher turbulence
intensity enhances the mixing of products with fresh mixture and
the heat transfer process in the combustor which is helpful to
stabilize the flame. More experiments about flame blowout
limits with much higher total mass flow rate with detailed
velocity field measurements should be done to provide further
explanation.
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Fig. 15 Effects of m on flame blowout limits at S = 0.6, Ti
=397 +5K

It could be observed in Fig. 15 that the circular combustor
has a leaner blowout limits indicating a better performance in
stabilizing the flame. A possible reason for that is the difference
in tangential momentum in these two geometries. At the same
vertical distance, there are more tangential momentum lose in the
cross section corner in the rectangular combustor than that in the

circular combustor. While the local axial momentum is
approximately the same in these two geometries indicating a
smaller local swirl number in the rectangular combustor. Flame
in the rectangular combustor with a smaller local swirl number
is more unstable and easier to get blowout.

L and Heonr at @ = @so (Liso and Heonr-s0 respectively for
short) are obtained and shown in Fig. 16. They were captured
when the equivalence ratio was holding at flame blowout limits
and flame preserved a strong and high-amplitude oscillation. The
flame could be maintained at least 30 seconds at @go, Which is
long enough for capturing 1450 frames at the recording rate of
2000 fps as mentioned above.
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Fig. 16 Effects of m on Ligo and Hcorreoat S = 0.6,

Tn=397+5K

An increase of m results in an increase of both Liso and
Hcorr-80, Which could be observed from Fig. 16. Moreover, when
the total mass flow rates are the same for these two geometries
(e.g. m =110 SLPM), Ligo are approximately the same. Which
means the flame blowout is determined by flame length L for
both the rectangular and circular combustors.

Based the effects of @ on flame structures which has been
discussed in the paper, flame blowout procedure could be
concluded as:

1. At high equivalence ratio (i.e. @ = 0.7 ), flame is stable and
short in vertical direction with a small heat release zone.

2. With the decreasing of @, flame becomes longer and unstable
with a high-amplitude and low-frequency oscillation and a larger
in size of heat release distribution.

3. Reducing @ further, both in the rectangular and circular
combustors, L gets longer to a critical value (Ligo, which is the
same for these two geometries), then flame could not be
sustained anymore and after several oscillation cycles flame
blowout occurs.

Emission results
Holding S = 0.66, Tin=293 + 5 K, m = 94 SLPM, data

about effects of combustor geometry on CO emissions were
obtained and illustrated in Fig. 17. What could be expected and
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observed in Fig. 17 is that mole fraction of CO decreases to its
minimum value at @ = 0.66~0.7 for these two combustors. The
trends of mole fraction of CO emission in the exhaust gas versus
@ could be explained as [19, 26]: A stable flame could be
maintained when the equivalence ratio is sufficiently high, then
CO oxidation reaction rate would increase with the reducing of
@ due to the decrease of adiabatic flame temperature and result
in a lower mole fraction of CO. When @ reaches a critical value
(e.g. @ = 0.66~0.7 in this paper), CO emission gets low to its
minimum. A further decrease of @ will result in an even lower
of flame temperature and the CO oxidation reaction rate. Then
the residence time required for CO oxidation reaction became
longer than the residence time of the fuel-air flow in the
combustor, leading to a sharp increase of mole fraction of CO in
the dry exhaust gas.
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Fig. 17 Effects of equivalence ratio on mole fraction of CO
emission at S = 0.66, Tin=293+5K, m =94 SLPM

What should be noted is that when the equivalence ratio is
the same, emissions of CO from rectangular and circular
combustors are approximately the same with each other,
meaning that the combustor geometry would not influence the
CO emission from the combustion. CO emission is only
determined by @ for those two combustor geometries in the
current study.

CONCLUSIONS

Experimental results about the effects of combustor
geometry on flame structures, blowout limits and emissions are
presented in the current study. The experiments were conducted
using a variable-swirl burner together with both optical
rectangular and circular combustors under atmospheric pressure
conditions with atmospheric or preheated inlet temperature. In
order to capture flame structures, a high speed intensified CMOS
camera and the corresponding image analysis methods were
adopted. CO emission data was obtained as well.

CH* chemiluminescence based flame images indicate that
in overall the downstream edge of the flame front in the circular
combustor is flatter than that in the rectangular combustor. The
flame gets longer and more unstable with a reduction of @ or an

increase of m . In the current study, compared with the
rectangular combustor, the circular one is better in stabilizing the
flame with leaner blowout limits (@go). Flame behavior and
blowout procedure in these two combustors could be concluded
as:

1. At high equivalence ratio, flame is short in vertical
direction and stable with a small heat release zone.

2. With the decreasing of equivalence ratio, flame becomes
longer and unstable with a high-amplitude oscillation and a
larger heat release area.

3. Decreasing @ further, both in the rectangular and circular
combustors, L gets longer to a critical value (which is
approximately the same for these two geometries) and then flame
could not be sustained anymore and blowout occurs.

CO emission is not significantly affected by the combustor
geometry and mainly determined by @. Taking the flame
structures and flame stabilization performance into
consideration, it is not suggested to simplify a circular combustor
in most industrial cases to a rectangular one in laboratory study.
More experimental and computational investigation about the
flow field and its interaction with flame structures should be
done to further explain different flame behaviors caused by
combustor geometries presented in the present study.
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ABSTRACT

Swirl stabilized premixed flames are common in industrial
gas turbines. The flame shape in the combustor is highly related
to the combustion stability and the performance of the gas
turbine. In the current paper, the effects of confinement on the
time averaged flame structures or flame macrostructures are
studied experimentally. Experiments are carried out with swirl
number S = 0.66 in two cylindrical confinements with diameters
of di = 39 mm and d2 = 64 mm and confinement ratio

=0.148 and ¢, = 0.0567. All the experiments were carried out
in atmospheric. CH* chemiluminescence from the flame was
recorded to visualize the flame behavior. An inverse Abel image
reconstruction method was employed to better distinguish the
flame macrostructures. Different mechanisms forming the time
averaged M shape flames are proposed and analyzed. It is found
that the confinement wall plays an important role in determining
the flame macrostructures. The flow structures including the
inner and outer recirculation zones formed in the confinement
are revealed to be the main reasons that affects different flame
macrostructures. Meanwhile, the alternation of flame shapes
determines the flame stability characteristics. A smaller
confinement diameter forced the flame front to bend upstream
into the outer recirculation zone hence forming a M shape
flame. A strong noise caused by the interaction of the flame
front in the outer recirculation zone with the combustor wall
was observed. Another unsteady behavior of the flame in the
bigger combustor, which was caused by the alternation of the
flame root position inside and outside the premixing tube, is
also presented. The V shape flame in the two combustors
radiated weaker chemiluminescence but the main heat release
zone was elongated than the M shape flame. Other operating
conditions, i.e. total mass flow rate of the air flow and the
equivalence ratio also affect the flame macrostructures. The
flame blowout limits were also altered under different test
conditions. The bigger confinement has better performance in
stabilizing the flame by having lower lean blowout limits.

INTRODUCTION

Modern low emission, lean premixed industrial gas
turbines commonly rely on swirling flows to stabilize and
control the flame over a wide range of operating conditions.
The swirl flow induces vortex breakdown and leads to
recirculation of the hot burnt products to anchor the flame. The
flame structures, which are highly depended on the swirling
flow field, determines the flame stability characteristics, the
performance of the combustor and also the pollutant emissions
[1]-(3].

Flame shapes/topologies/macrostructures have been studied
extensively. It was reported that the flame shape is strongly
affected by fuel mixture fraction, heat transfer to the combustor
wall, combustor geometry, mass flow rate, inlet temperature and
other operating conditions [4]-[9]. Guiberti et al. [1] stated that
there were mainly two types of flame shape: the M shape and
the V shape flame, as shown in. The V shape flame was
stabilized mainly in the inner shear layer as shown in Fig.1 (b)
with the inner recirculation filled with burnt products. The M
shape flame was formed with the reaction zones both in the
inner shear layer (ISL) and outer shear layer (OSL). The
location of the inner recirculation zone (IRZ) and outer
recirculation zone (ORZ) and the corresponding shear layers in
the swirling flow with a confinement are also illustrated in
Fig.1.

ISL
IRZ
OC/

OSL ORZ

(a) I(IO) | I(C)

Fig.1 Schematic of a swirl jet flow field in a confinement with
(b) a V shape flame (c) a M shape flame [1]

V flame M flame
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S. J. Shanbhogue et al. [9] defined the time averaged flame
shape to be the flame macrostructure in their studies. They
observed four flame macrostructures as the equivalence ratio
was changed during their experiments. Beyond the typical V
shape and M shape flames (here referred to as IRZ and ORZ
flames respectively), they also observed the columnar flame that
was detached from the center body and a ‘bubble’ flame.
Soufien T. et al. [10] [11] investigated the thermos-acoustic
instabilities and their link to the flame macrostructures under
different operating conditions within two  different
confinements. A circular motion in the outer recirculation zone
around the confinement centerline was revealed to be the reason
for the low frequency flame instability. They also highlighted
the flame instability was highly correlated with flame
macrostructures. In the recent study of Soufien T. et al. [12], the
sudden and intermittent ignition of reactants recirculating in the
outer recirculation zone was presented as the reason leading to
large fluctuations in the overall heat release and the flame
instability. The fluctuations were the main consequences of the
transition of flame macrostructures. Flame flashback of the V
shape flame tip along the combustor side wall was suggested as
the trigger for the sudden transition from the V shape flame to
the M shape flame [1][5]. This was supported by the numerical
computations indicating that heat losses to the burner walls
favored the V-shape [7]. Chterev et al. [4] observed four
different flame shapes in their experimental and numerical
work. They named different flame shapes using roman numbers,
such as flame I (the columnar flame), Il (inner shear layer
stabilized bubble flame),Ill (inner shear layer stabilized V
shape flame) and IV (both inner and outer shear layers
stabilized M shape flame), in a swirl-stabilized combustor with
a center body at the burner exit. Alekseenko et al. [13] studied
unconfined premixed propane-air flames at different swirl
numbers and observed three flame types: attached flames,
quasi-tubular flames and lifted flames. Diagrams of flow
Reynolds number versus equivalence ratio and flame blow-off
limits for different swirl number cases were obtained as well.
Malanoski et al. [14] reported the possible flow and flame
structures in a swirl-stabilized combustor with different center
body sizes. Based on the behavior of the flow field (whether the
vortex breakdown bubble was attached to the center body or
not), they separated the flame structures into two groups. They
found that the recirculation zones, which were formed
downstream of the center body, highly affected the flame
macrostructures. However, the effects of the confinement were
not considered.

The confinement ratio, which is defined as the cross section
area ratio of the burner exit and the confinement, was concluded
to have strong effects on both the flame structures and the
performance of the combustor [8]. Fu et al. [15] measured the
flow structures of a turbulent confined swirling non-reacting
flow using a two component LDV system. They concluded that
the size and strength of the recirculation zones were larger and
stronger respectively with a larger confinement ratio. The inner
recirculation zone moved upstream inside to the duct and

towards the swirler with the increase of the confinement ratio.
While the size of the outer recirculation zone got enlarged with
the decreasing of the confinement ratio. Alexander et al [16]
investigated the effects of confinement ratio on the flame
macrostructures and the dynamic responds of the swirl-
stabilized and lean-premixed flame. Changes in the flame
macrostructures, i.e. the axial and radial distributions of the heat
release rate from the flame, were observed as the confinement
ratio was altered. They concluded that the main heat release
zone shrunk with a decrease of confinement ratio. The
interaction of the flame instability with flame structures was
however not fully described. Guiberti, T. F., et al. [17] studied
the flame macrostructures in the different confinements and also
noted that the flame flashback in the boundary near the
combustor wall triggered the flame transition from a V shape to
a M shape in the case of strong flame-wall interaction. For a
fixed swirl strength and a small confinement ratio, a critical
Karlovitz number was shown to well predict the flame transition
phenomenon. The flame they investigated was also anchored in
a swirling flow with a central bluff-body.

There are also amounts of researches focusing on flame
flashback. The flashback occurs when the flame propagates
upstream into the premixing zone or along the boundary. Sayad,
P., et al [18] summarized four mechanisms leading to flashback
in a swirl stabilized flame: flashback in the boundary, flashback
due to combustion induced vortex breakdown (CIVB),
autoignition in the premixing zone upstream and flame
propagation in the high velocity core flow. Sommerer et al. [19]
also mentioned the flashback due to CIVB and boundary layer
flashback as the two mechanisms in the five possibilities
leading to flame flashback. Flame flashback in the boundary
layer occurs when the axial velocity gradient at the wall of the
upstream flow becomes lower than a critical value. That critical
value is determined by the local flow velocity, the normal
distance to the wall, the laminar/turbulent flame speed and the
quenching distance between the flame front and the wall [18]. It
is also possible to predict the boundary layer flashback based on
the estimating of a Karlovitz number based on the velocity
gradient at the wall and the quenching distance [20]. The CIVB
flashback mechanisms has been described in the research of
Konle and Sattelmayer [21]. They reported that the occurrence
of CIVB flashback is strongly dependent on heat released from
the combustion which pushed the inner recirculation zone
upstream into the premixing zone with the flame attached to it.
Sayad, P. et al. [22] described the CIVB flashback mechanism
as: when the reactants were consumed by the flame front, their
volume increases and their density decreased in a certain ratio
because of the increased temperature. This contributed to the
production of azimuthal vorticity which can alter the position of
the recirculation zone and thus caused the flame to propagate
from the combustor into the premixing zone upstream. Most
research focus on the flashback in the flame root, i.e. the
leading flame front propagating into the premixing zone in
literature [18] [20] [22]. However, flashback could also occur in
the flame trailing edge near the combustor wall like what was
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observed in the current study and some other literatures, i.e. [1],
[5], [7] and [17].

As reviewed above, the flame macrostructures determine
the flame dynamics and performance of the combustor. But the
flame studied previous were mainly stabilized in the swirling
flow with a central rod/bluff-body. Without the central rod, the
flow structures and the corresponding flame dynamics would be
differently with the previous results. In the current study, flame
macrostructures stabilized in the swirling flow without the
central rod were investigated. Effects of confinement ratio on
flame behavior are highlighted. Two different M shape flames
and the corresponding mechanisms are revealed. Flame
instabilities under different operating conditions with different
flame structures are also presented. Lean blowout limits with
different confinement ratios were obtained as well.

EXPERIMENTAL SETUP AND METHODS

Experimental setup

The variable-swirl burner utilized in the current study is
shown in Fig.2 The confinement, which is an optical quartz
tube, is also schematically shown. Details of the dimensions of
burner employed in the current study are illustrated in Fig.3 .
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Fig.2 Schematic of the variable swirl burner with confinement
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Fig.3 Cross section of the variable-swirl burner and the bigger
confinement

The mixing tube (as shown in Fig.3 ) had an inner diameter
of dmixing = 3 mm and length of Inixing = 30 mm. A swirler was
located directly upstream of the mixing tube. There are three
common ways to generate swirling flows: guiding vane and
tangential entry swirler. Compared with a guiding vane swirler,
the tangential entry system has better performance in the
vorticity contribution to the core from the endwall boundary.
The swirler here in the current study utilized the tangential flow
entry to generate the swirling flow. The fuel, methane, was
premixed with air in the tangential flow 240 mm upstream
before getting into the swirler. The swirler had the potential to
create flows with different swirl numbers by changing the
momentum ratio of the axial and tangential flows. In the current
study when S = 0.66, the swirler was only fed by the tangential
flow. In other cases, which were not presented in this study, if
S < 0.66, a small amount of axial flow was also mixed into the
swirler. Tangential air flow and the fuel flow were metered
individually, using two laminar-flow differential-pressure mass-
flow meters (Alicat MCR250). The tangential flow inlets of the
swirler were four rectangular channel inlets in the tangential
direction with width w=3mm and height h =10 mm as

shown in Fig.3 . The premixing tube led into a stepped
expansion, which would hereafter be referred to as the dump
plane. On the dump plane, there was a small injection hole for
the premixed pilot mixture. The center of the pilot hole was
located 4 mm away from the axis of the burner exit and had an
inner diameter of dpilec = 3 mm. The pilot flame was only used
to sustain the main flame during the ignition process till a stable
main flame was obtained. A spark plug, which was utilized to
ignite the premixed pilot flame, was mounted at the exit of the
confinement. The confinement was held in place by pneumatic
pressure provided by four pneumatic actuators. The pneumatic
system allowed swift sealing and removal of the confinement
during the experiments. The inner diameters of the
confinements were d; = 39 mm for the smaller confinement and
d> = 63 mm for the bigger one. Hence the confinement ratios
(c) were c1 = 0.148 and c, = 0.0567 respectively. The
thickness of the confinement wall was 1.5mm for these two
confinements. The lengths of these two confinement were the
same at I = I, = 120 mm.

Swirl number

As mentioned above, swirl number at the burner exit was
varied by changing the momentum ratio of the tangential to
axial flows through the swirler. For a given momentum ratio of
the tangential to axial flows, S could be calculated as [23]:

M
§=— @
RM

where R = 1/2 + dmixing = 7.5 mm is the radius at the exit of the
mixing tube in the present setup, M is the axial flux of the
tangential momentum, and M, is the axial flux of the axial
momentum. M; and M, could be calculated based on Eq (2) and
(3) respectively:
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where p is the density of the incoming flow for the confinement
at the exit of the burner, u is the local axial velocity, w is the
local tangential velocity, r is the local radius and p is the local
static pressure at the burner exit. In some definitions of swirl
number, as the one used in this work, the pressure term in Eq
(3) is often neglected. Here in the current study, S was
calculated based the momentum ratios of the axial to tangential
flows and the empirical relation map reported in the literature
[24]. That empirical relation map was obtained by Laser
Doppler Anemometry (LDA) measurements 1mm above the
dump plane using the same test facility in [24]. A more detailed
description of the LDA measurements together with the
tangential and axial velocity profiles obtained at different
proportions of tangential and axial flows could be found in [24].

Operating procedure

To start the series of experiments, we firstly ignited the
pilot flame using the spark as shown in Fig.2 in the swirling
flow. Subsequently fed the fuel to the tangential flow until a
stable main flame was obtained and shut down the pilot flow.
After that, we increased the tangential fuel flow rate by steps of
0.1 standard liter per minute (SLPM) or in terms of A® < 0.01
until @ = 0.7 . Flame blowout limits for cases with a specific air
mass flow rate were determined by gradually decreasing @
from ® = 0.7 until flame blowout occurred. The decreasing of
equivalence ratio was achieved by reducing the fuel mass flow
rate by steps of 0.1 SLPM or in terms of A® < 0.01. During
the ignition and test procedures, the tangential air mass flow
rates were kept constant so the flow swirl number was stabilized
constant at S = 0.66all the time. Between each step of varying
the fuel flow rate, the fuel flow was kept constant for at least
2mins in order to achieve a stabilization of the equivalence ratio
around the target value and the thermal equilibrium of the
burner. In order to avoid systematic errors deriving from the
order in which the experiments were carried out, all
experiments were carried out in a randomized order among
different test conditions (confinement ratios and air mass flow
rates). The flame blowout limits data presented in this paper
corresponds to the average of the values obtained in the
repeated experiments. The flame structures and unstable
behaviors were obtained by slowly decreasing the fuel flow rate
from @®=0.7 till lean blowout, whereas different flame
behaviors could be observed during the opposite operating
procedure (increasing the fuel flow rates from near lean
blowout to ® =0.7) and they are not presented in this paper.
The air mass flows of the experiments in the current study were
altered between m =90, 110, 130 and 150 SLPM. All the
experiments were operated under atmosphere conditions with
both the inlet temperature of the air and fuel at room
temperature.

Image analysis methods

A Nikon D70 camera with a 430+10 nm band-pass filter was
adopted to capture CH* chemiluminescence from the flame.
The camera exposure time was set to Az =0.77 sand the

spatial resolution for the image was dp~81.97 um/pixel. Three
images under the same operating condition were recorded and
averaged before doing the further image analysis. This long
exposure time (compared to any turbulent fluctuations) and
averaging of the raw images has the effect of averaging out the
instantaneous winkles of the flame front thus yielding the
equivalent of mean-flame structures or named as the flame
macrostructures [9]. From the scale image without flame, the
center of the burner exit could be obtained. It was set as the
origin point (0, 0) to determine the flame structures in the image
analysis process. Since CH* chemiluminescence intensity peaks
at a light wavelength of 431 nm, only the blue layer in the raw
RGB format images was used in the image analysis process
while the red and green layers were deleted as noises (the same
as in the literature [1]). The raw image obtained in the line-of-
sight method was deconvolved using the inverse Abel image
reconstruction method developed based on in-house developed
Matlab code. Since the confinements were cylindrical, an
assumption of axisymmetric was adopted in the image
reconstruction analysis procedure. The axisymmetric feather
was fulfilled by averaging the left and the right parts of the
burner axis on the averaged raw images. The inverse Abel
reconstructed image better marked the location of the flame
brush in the plane crossing the confinement’s centerline and
perpendicular to the camera.

RESULTS AND DISCUSSION
Flame structures and dynamics

In the bigger confinement, with the decreasing of the flow
equivalence ratio, the averaged flame shape changed from a M
shape to a V shape. Moreover, two types of M shape flames,
with the vortex breakdown propagated inside or outside the
premixing tube, were observed in the bigger confinement. They
are shown in Fig.4 and schematically illustrated in Fig.5 . The
white line in Fig.4 schematically shows the optical confinement
wall. When the equivalence ratio was sufficiently high, i.e.
® =0.7, the flame speed was also high leading to flame
flashback upstream into the premixing zone. The combustion
induced vortex breakdown (CIVB) forced the flame
propagating into the premixing tube. When the equivalence
ratio decreased to i.e. ® <0.67 as shown in Fig.4 , the flame
root propagated downstream outside of the premixing tube
indicating the flow breakdown was pushed downstream outside
of the premixing zone as well. That was caused by the heat
released from the flame got reduced with lowering the
equivalence ratio. The flow volume increased and the density
decreased in a less ratio compared with cases having higher
equivalence ratio. Then the azimuthal vorticity got weaker and
the recirculation zone was pushed outside the premixing tube.
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Fig.4 The averaged (upper) and Abel reconstructed (lower) images of flame structures with m =130 SLPM in the bigger confinement
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As shown in Fig.5 those two types of M shape flames, no
matter with the vortex breakdown propagated inside or outside
the premixing tube, are different with the mechanisms presented
in Fig.1 from the literature [5]. In the current study, the outer
recirculation zone was filled with fresh fuel-air reactants
whereas in Fig.1 the outer recirculation zone was full of
combustion products. The flame front did not reach to or get
affected by the combustor wall in the literature [5]. However, in
the current paper, near the combustor wall the flame flashed
back into the outer recirculation zone forming the M shape
flame. The flashback mechanism near the combustor wall is
believed to be the boundary flashback as mentioned in the
literature [15]. In the boundary layer formed by the combustor
wall, the flow velocity is lower than the local flame speed then
the flame tends to flashback into the outer recirculation zone.
The lifted M shape flame, with the vortex breakdown taking
place outside the premixing tube, was not observed in the
literatures reviewed in the introduction part except in the
experiments in literature [1] using a burner without a central

rod/bluff-body in the center. The lifted M shape flame in the
current study was stabilized by the balance of the local turbulent
flame speed and the flow velocity. The reactants were mainly
combusted in the inner shear layer as shown in Fig.5 b. Whereas
in some other burner geometries with a central rod/bluff-body
(as those employed in [1],[4],[5],[11] and [12]), the flow
structures were altered with a vortex formed downstream of the
central rod/bluff-body to stabilize the flame. Hence the lifted M
shape flame is hard to be observed in the burner with a central
bluff-body. Moreover, the CIVB in the premixing tube is rarely
reported in that type of burner either.

Meanwhile, during the alternation of flame macrostructures
from the M shape flame with CIVB to the lifted M shape flame,
a low frequency oscillation was also observed. That flame
instability was possibly caused by the changing of the flame
macrostructures together with the flow structures. The vortex
propagated unstably inwards and outwards of the premixing
tube leaded to this oscillation, as schematically shown using the
blue double-arrows in Fig.5 b. Further decreasing the fuel flow
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rate, the oscillation got disappeared with the flame stabilized
with a lifted M shape. The height of flame root in the radial
center then fluctuated slightly which was generated by flow
turbulence. Decreasing the equivalence ratio further, the CH*
chemiluminescence from the flame got weaker and the V shape
flame appeared as shown in Fig.4 (when® =0.6) and Fig.5 c.
The flame trailing edge was then attached to the confinement
wall but pointed toward the confinement exit. During that
alteration of flame macrostructures, a high amplitude and lower
frequency oscillation showed up as well. This oscillation was
caused by the unsteady behavior of the flame trailing edge
flashing back into the outer recirculation zone or propagating
along the wall to the confinement exit as shown in Fig.5 a with
the blue double-arrows line. Meanwhile, the flame might even
blowout because of this strong oscillation whenm = 90 SLPM.
If the flame could be sustained with this oscillation, further
decreasing the fuel flow rate, the flame became stable again
with a V shape. The flame trailing edge then got detached from
the confinement wall as illustrated in Fig.5 d with the flame
became even weaker and was hardly visualized by human eyes.
This alternation of flame shapes from the wall-attached to the
wall-detached V shape flame was smooth and no strong
oscillation appeared. Meanwhile the flame got elongated and
sometimes even with the flame tip propagating into the exhaust
tube. The same weak flame structure was also observed in the
literature [9] with the flame stabilized in the inner recirculation
zone before blowing out. Then a further slightly decreasing of
fuel flow rate caused the flame blew out peacefully. These two
blowout behaviors, the blowouts due to strong oscillation and

Height [mm]

lean blowout, were also observed and described in the literature
[18].

Fig.6 shows the time averaged and inverse Abel
reconstructed flame structures within the smaller confinement
holding the air flow rate of m = 130 SLPM as well. The same
as in the bigger confinement, the flame with high equivalence
ratio, i.e. ® = 0.7, shows the M shape macrostructures with
CIVB. Similarly, with the reduction of the equivalence ratio, the
flame transformed to a V shape. But during that procedure, the
lifted M shape flame was not observed within the smaller
confinement. Instead, the V shape flame with CIVB showed up
as illustrated in Fig.6 During the flame shape transition process,
a higher frequency oscillation with a strong noise was observed.
A potential candidate for this flame instability is the alternation
of the flame trailing edge pointing directions: towards the dump
plane or the confinement exit (as schematically shown using the
blue double-arrows in Fig.5 a), or the local quenching and
reignition of the flame in the outer recirculation zone [12]. The
local quenching of the flame in the outer recirculation zone
changed the flame macrostructures from a M shape to a V shape
hence caused flame dynamics. The local high strain rate at the
outer shear layer, the heat released to the dump plane and the
combustor wall, the small size of the outer recirculation zone
might contribute to the local flame quenching. Another possible
reason which might cause this high frequency flame instability
is the swirling motion of the flame in the outer recirculation
zone around the burner exit as mentioned in [10] and [11].
More detailed LIF experiments or simulation work will be done
to get deeper insight into this phenomenon.

-30-20-10 0 10 20 30 -30-20-10 0 10 20 30 -30-20-10 O 10 20 30 -30 -20 -10 O 10 20 30

Radial Position [mm)]
Fig.6  The averaged (upper) and Abel reconstruted (lower) images of flame strcutures with m =130 SLPM in the smaller confinement
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Inver Abel reconstructed flame strucutrues in the bigger (upper) and smaller (blower) confinements holding ® = 0.7

Fig.7

When ® = 0.67, the appearance of the V shape flame with
CIVB in the smaller confinement rather than the lifted M shape
flame in the bigger one, indicates the stronger swirling effect in
the smaller confinement and the propagating of CIVB into the
premixing tube. As reported in the literature [15], the smaller
confinement produced a larger and stronger inner recirculation
zone together with a smaller and weaker outer recirculation
zone compared with that in the bigger confinement. Moreover,
the stronger strain rate in the outer shear layer, which was
caused by the higher bulk flow velocity in the confinement with
smaller cross section area, should be found in the smaller
confinement. The high strain rate caused the local flame
quenching in the outer recirculation zone (when ® = 0.67)
resulting at a V shape flame as shown in Fig.6 .

Different from the flame behavior in the bigger
confinement, the alteration of flame shapes from a M shape to a
V shape did not lead to blowout in the smaller confinement. It
was due to the fact that in the smaller confinement the flame
root was stabilized in the premixing tube when the flame was
changing its macrostructures. However, the flame root in the
bigger confinement was unstably lifted and easy to fluctuate
axially with the alteration of the flame trailing edge. Similar
with that in the bigger confinement, further reduction of the
equivalence ratio elongated and weakened the flame. Hence no
blowout phenomenon due to oscillation was observed in the
smaller confinement. This stable flame behavior was also
resulted from the stronger swirling effects and CIVB
propagating inside the premixing tube. Finally, the flame got
blowout smoothly from a long V shape flame in the inner
recirculation zone which was the same as the lean blowout
behavior in the bigger confinement.

m = 130SLPM

m =150SLPM

-30 -20-10 0 10 20 30 -30-20-10 0 10 20 30

Fig.7 reveals the inverse Abel reconstructed flame
macrostructures in the two confinements holding the
equivalence ratio ® = 0.7 and alternating the air flow rates from
m=90 SLPM till m=150 SLPM in steps of Am=20 SLPM.
When ® = 0.7, a stable flame could be obtained in both
confinements with flame root and CIVB propagating into the
premixing tube. But the flame macrostructures differed with
each other. A stronger chemiluminescence intensity which
radiated a higher heat release rate was captured in the smaller
confinement due to the local higher heat value per volume. The
peak heat release zone in the bigger confinement located in the
flame root near the dump plane whereas in the smaller
competitor it was found in the flame trailing edge near the
confinement wall. The main heat release zone propagated
further downstream in the smaller confinement than that in the
bigger one. That was resulted from the further downstream
propagation of the flame trailing edge near the wall indicating a
stronger flame-wall interaction. The axial location of the flame
impinging on and propagating along the wall in the bigger
confinement was within h, = 20 — 40 mm, while in the smaller
confinement it was within h; = 10 — 60 mm. Holding the flow
swirl number constant (here S = 0.66), the flame opening angle
and the impingement location to the wall did not change
significantly with the alternation of the air mass flow rates,
especially in the bigger confinement. Whenm = 90 SLPM and
@ = 0.7, flame within the bigger confinement showed much
more like a V shape flame whereas in the smaller confinement
the flame was stabilized with a M shape. The weaker wall-flame
tip interaction in the bigger confinement with low flow velocity
was believed to be the reason for this distinction. Fuel in the
bigger confinement was almost completely consumed before
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getting impinged on the confinement wall, which may also
contribute to this flame appearance.

Lean blowout limits

As mentioned above, two blowout phenomenon, including
the blowout due to oscillation and lean blowout, were observed
during the experiments. But the oscillation flame blowout was
only observed within the bigger confinement under the lowest
flow rate conditions (m= 90 SLPM). So here we only report
the blowout limits caused by lean blowout within the two
confinements under different operating conditions. Results are
shown in Fig.8 .
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Fig.8  Effects of air mass flow rate on lean blowout limits

It could be observed from Fig.8 that flame within the
bigger combustor has lower lean blowout limits indecating a
better performance in stabilizing the flame. In the current study,
before flame blowing out, both in the bigger and smaller
confinements, the flame showed a weak and long V shape
macrostrctures. The same as reported in the literature [9], this
type of flame was stabilized in the inner recirculation. Under
the same operating conditions, the bulk flow speed in the
smaller confinement was higher compared with that in the
bigger one. At the same time, the strain rate in the inner shear
layer within the smaller confinement was stronger which might
cause the flame blowout more easily. As reported in the
literature [15], a bigger confinement might have two inner
recirculation zones downstream outside the burner exit, whereas
the smaller combustor had only one recirculation zone closer to
or even propagated into the burner exit. In the bigger
confinement, the extra recirculation zone formed further
downstream of the burner exit may also contribute to the
stabilization of the lifted V shape flame before blowing out.

The effect of air flow rate on lean blowout limits shows the
same trend in these two confinements. When changing the air
mass flow rates from m =90 SLPM to m = 110 SLPM, the

lean blowout limits increase. Whereas further increasing the air
mass flow rate to m > 110 SLPM leads to a decrease of the
lean blowout limits. The same trend is also observed and
reported in our previous investigations with preheated air inlets
and flow swirl number S =0.60in the literature [25]. The
alternation of flow structures and the interaction of the flame
with the confinement wall may result at this trend. They will be
further investigated in our future experimental and numerical
studies.

CONCLUSIONS

Effects of confinement ratio on flame macrostructures and
instabilities are experimentally studied in the current paper. Two
types of M shape flames (the M shape flame with CIVB and the
lifted M shape flame) together with two types of V shape flames
(the wall-attached and -detached V shape flames) are presented
and the mechanisms behind are schematically illustrated. The
combustion induced vortex breakdown promotes the flame
stabilization while the boundary layer flame flashback near the
wall of the confinement forms the M shape flame. Meanwhile,
various flame instability patterns and their corresponding
mechanisms are also released. The unstable behavior of the
flame trailing edge along the wall and the flame root together
with the CIVB are believed to be the potential candidates for
the flame instability. The flame macrostructures and instability
characteristics are highly determined by the confinement ratio
and the other operating conditions. The bigger confinement has
a better performance in stabilizing the flame by having leaner
blowout limits.

ACKNOWLEDGMENTS

Authors Yiheng Tong and Mao Li are supported by
scholarship from China Scholarship Council (CSC) which is
gratefully acknowledged. The authors would like to thank P.
Sayad and A. Schénborn for the design of the experimental
setup, and Cheng Gong for helpful discussions.

REFERENCES

[1] Guiberti, Thibault F., et al. "Analysis of topology
transitions of swirl flames interacting with the combustor side
wall." Combustion and Flame 162.11 (2015): 4342-4357.

[2] Schmitt, Patrick, et al. "Large-eddy simulation and
experimental study of heat transfer, nitric oxide emissions and
combustion instability in a swirled turbulent high-pressure
burner." Journal of Fluid Mechanics 570 (2007): 17-46.

[3] Kim, Kyu Tae, et al. "Characterization of forced flame
response of swirl-stabilized turbulent lean-premixed flames in a
gas turbine combustor.” Journal of Engineering for Gas
Turbines and Power 132.4 (2010): 041502.

[4] Chterev, 1., et al. "Flame and flow topologies in an
annular ~ swirling  flow."  Combustion  Science and
Technology 186.8 (2014): 1041-1074.

8 Copyright © 2017 by ASME



[5] Guiberti, T. F, et al. “Impact of heat loss and hydrogen
enrichment on the shape of confined swirling
flames." Proceedings of the Combustion Institute35.2 (2015):
1385-1392.

[6] Wicksall, D. M., et al. "The interaction of flame and
flow field in a lean premixed swirl-stabilized combustor
operated on H 2/CH 4/air." Proceedings of the Combustion
Institute 30.2 (2005): 2875-2883.

[71 L. T.W.Chong, T. Komarek, M. Zellhuber, J. Lenz, C.
Hirsch, W. Polifke, Proceedings of the European Combustion
Meeting, Vienna, Austria, April 14-17, 2009, pp.1-6.

[8] Huang, Ying, and Vigor Yang. "Dynamics and stability
of lean-premixed swirl-stabilized combustion." Progress in
Energy and Combustion Science 35.4 (2009): 293-364.

[9] S. J. Shanbhogue et al., "Flame macrostructures,
combustion instability and extinction strain scaling in swirl-
stabilized premixed CH4/H2 combustion” Combustion and
Flame 163(2016) 494-507.

[10] Taamallah, Soufien, et al. "Thermo-acoustic
instabilities in lean premixed swirl-stabilized combustion and
their link to acoustically coupled and decoupled flame
macrostructures.” Proceedings of the Combustion Institute 35.3
(2015): 3273-3282.

[11] Taamallah, Soufien, et al. "Correspondence Between
“Stable” Flame Macrostructure and Thermo-acoustic Instability
in Premixed Swirl-Stabilized Turbulent Combustion." Journal
of Engineering for Gas Turbines and Power137.7 (2015):
071505.

[12] Taamallah, Soufien, Santosh J. Shanbhogue, and
Ahmed F. Ghoniem. "Turbulent flame stabilization modes in
premixed swirl combustion: Physical mechanism and Karlovitz
number-based criterion.” Combustion and Flame 166 (2016):
19-33.

[13] Alekseenko, Sergey V., et al. "Flow structure of
swirling turbulent propane flames." Flow, turbulence and
combustion 87.4 (2011): 569-595.

[14] Malanoski, Michael, et al. "Flame leading edge and
flow dynamics in a swirling, lifted flame." Combustion Science
and Technology 186.12 (2014): 1816-1843.

[15] Fu, Yonggiang, et al. "Confinement effects on the
swirling flow of a counter-rotating swirl cup.” ASME Turbo

Expo 2005: Power for Land, Sea, and Air. American Society of
Mechanical Engineers, 2005.

[16] De Rosa, Alexander J., et al. "The Effect of
Confinement on the Structure and Dynamic Response of Lean-
Premixed, Swirl-Stabilized Flames." Journal of Engineering for
Gas Turbines and Power 138.6 (2016): 061507.

[17] Guiberti, T. F., et al. "Experimental analysis of V-to M-
shape transition of premixed CH4/H2/air  swirling
flames." ASME  Turbo Expo 2013: Turbine Technical
Conference and Exposition. American Society of Mechanical
Engineers, 2013.

[18] Sayad, Parisa, et al. "Visualization of different
flashback mechanisms for H2/CH4 mixtures in a variable-swirl
burner." Journal of Engineering for Gas Turbines and
Power 137.3 (2015): 031507.

[19] Sommerer, Yannick, et al. "Large eddy simulation and
experimental study of flashback and blow-off in a lean partially
premixed swirled burner." Journal of Turbulence 5.37 (2004):
1-3.

[20] Syred, Nicholas, et al. "The effect of hydrogen
containing fuel blends upon flashback in swirl burners.” Applied
Energy 89.1 (2012): 106-110.

[21] Konle, Marco, and Thomas Sattelmayer. “Interaction
of heat release and vortex breakdown during flame flashback
driven by combustion induced vortex breakdown." Experiments
in fluids 47.4-5 (2009): 627-635.

[22] Sayad, Parisa, Alessandro Sch&nborn, and Jens
Klingmann. "Experimental investigation of the stability limits of
premixed syngas-air flames at two moderate swirl
numbers." Combustion and Flame 164 (2016): 270-282.

[23] Syred, N., & Beer, J. M. (1974). Combustion in
swirling flows: a review. Combustion and flame, 23(2), 143-
201.

[24] P. Sayad, A. Schéborn, M. Li, and J. Klingmann,
Visualization of different flashback mechanisms for h2/ch4
mixtures in a variable-swirl burner. Journal of Engineering for
Gas Turbines and Power, 2014. 137(3): p. 031507-031507.

[25] Tong, Yiheng, Mao Li, and Jens Klingmann.
"Influence of Combustor Geometry on Swirl Stabilized
Premixed Methane-Air Flame." ASME Turbo Expo 2016:
Turbomachinery Technical Conference and Exposition.
American Society of Mechanical Engineers, 2016.

9 Copyright © 2017 by ASME












INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX ( ) 1-16

Available online at www.sciencedirect.com ..6Ra6u\ of

ScienceDirect ENERGY p,

Ca

journal homepage: www.elsevier.com/locate/he R == ‘

Experimental study on dynamics of a confined low
swirl partially premixed methane-hydrogen-air
flame

Yiheng Tong ", Senbin Yu °, Xiao Liu °, Jens Klingmann ¢

& Department of Energy Sciences, Lund University, Lund, Sweden
® College of Power and Energy Engineering, Harbin Engineering University, Harbin, China

ARTICLE INFO ABSTRACT
Article history: The addition of hydrogen to swirl stabilized methane-air flame in gas turbine has gained
Received 21 July 2017 more and more attentions in recent years. In the current study, flame structures, flame
Received in revised form dynamics and lean blowout limits of partially premixed hydrogen-methane-air flames
5 September 2017 were investigated. The swirling flow, which was generated from the tangential flow in-
Accepted 8 September 2017 jection, was utilized to stabilize the flame. The flow swirl number was kept low varying
Available online xxx from S = 0.28 to S = 0.34 while the thermal power of the burner ranged from 10.8 kW to
13.8 kW. Two different fuel injection strategies were investigated and compared with each
Keywords: other. Long exposure CH* chemiluminescence from the flame was captured to visualize the
Hydrogen combustion time averaged flame shapes. In addition, an intensified high speed camera was adopted to
Swirling flow study the flame dynamics. A high speed PIV system was utilized to investigate the inter-
Combustion dynamics action of flame dynamics and flow fields oscillations. Based on the experimental results, it
Flow fields can be concluded that: in the current experimental cases, fuel injection strategy plays an
Flame structures important role in determining the flame macro-structures and thus strongly affects the
Flashback flame dynamics and lean blowout limits. Flame with fuel injected through the axial flow

has lower lean blowout limits. The flashback and vortex breakdown were observed when
fuel was injected in the tangential flow near lean blowout. High frequency flame oscilla-
tions (f = 170 Hz) were observed when the global equivalence ratio @, > 0.72 while lower
frequency oscillations (f = 50 Hz and f = 20 Hz) were found near lean blowout limits,
@, < 0.55. Combustion dynamic and its interaction with the pressure oscillation, flow fields
alternation and mass flow rate oscillation are proposed. The differences on fuel concen-
tration at the burner exit are proposed as the main reason for different flame instabilities
and flame structures.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

requirements [1]. It is a practical method to reduce thermal
NO, formation due to the lower flame temperature operated in
lean conditions [2]. In order to have a better flame stabilization
in lean conditions, hydrogen addition to the natural gas-air

Introduction

Modern premixed gas turbine combustors are usually oper-
ated near the lean blowout limits due to the emissions
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Nomenclature

dc optical confinement inner diameter [mm)]
i mixing tube inner diameter [mm]

dp pilot tube inner diameter [mm]

Aprobe emission probe inner diameter [mm)]

f oscillation frequency [Hz]

h axial position [mm]

Hcour  Position of flame's corner of heat release [mm)]
he tangential inlet height [mm)]

I optical confinement length [mm)]

Le characteristic flame length [mm)]

i mixing tube length [mm]

mg axial air mass flow rate [SLPM]

Mcha methane mass flow rate [SLPM]

My hydrogen mass flow rate [SLPM]

me tangential air mass flow rate [SLPM]
Meotal total air mass flow rate [SLPM]

Me.N2 tangential mass flow rate of N, [SLPM]
Re Reynolds number at the burner exit [—]
S Swirl number [-]

T oscillation cycle time [s]

Uy bulk velocity at the burner exit [m/s]

Wy tangential inlet width [mm)]

At time delay between two laser pulses [pus]
Drpo lean blowout equivalence ratio [-]

Dy global equivalence ratio [—]

Abbreviations

COHR  corner of heat release

FFT Fast Fourier Transform

fps frames per second

FWHM full width at half maximum

LBO lean blowout
LDA Laser Doppler Anemometry

PIV Particle Image Velocimetry
PVC processing vortex core
SLPM  standard litter per minute

premixed flame is a practical strategy. The use of hydrogen
addition to extend the lean blowout limits of premixed natural
gas-air flames in gas turbine combustors has been investi-
gated by various researchers. Hydrogen addition to the pre-
mixed methane-air flame increases the global reaction rate
leading to a higher turbulent burning velocity which in turn
have the possibility to promote the flame stabilization espe-
cially under lean conditions [3—6].

However, with the addition of hydrogen to premixed nat-
ural gas-air or premixed methane-air flames, several chal-
lenges will show up as well, i.e. flame flashback and even
auto-ignition upstream in the premixing tube due to the
high combustion chemistry of hydrogen [7] [8]. In addition, the
flame oscillation caused by hydrogen addition might cause
gas turbines to shut down or even lead to hardware damage.
Therefore, the composition of the fuel impacts the turbine life
and thus characterizations of the flame behaviors with
hydrogen addition are important issues [9]. Tuncer et al. [7]
pointed out that under atmospheric conditions the flame
speed of a stoichiometric hydrogen-air mixture was about five

times faster than that of a premixed methane-air flame. They
studied the dynamics of premixed flames with different
hydrogen contents and found the 40—47 Hz flame oscillation
accompanied with flame flashback when the hydrogen
composition was 40—-50%. Cheng et al. [8] concluded that the
flame shape changing with the enrichment of hydrogen was
strongly affected by the increase in turbulent flame speed and
the reactants burning in the outer recirculation zone. The
increasing of hydrogen concentration in the fuel forced the
flame getting closer or even attaching to the burner exit where
the local turbulence intensity was high. Strakey et al. [10]
found the flame anchoring in the outer recirculation zone
prior to lean blowout in the swirl stabilized premixed
hydrogen-methane-air flame. Sayad et al. [11] experimentally
studied the flashback and lean blowout limits of premixed
syngas flames. They found that with the increasing of
hydrogen content in the syngas reactants, both the lean
blowout limits and flashback equivalence ratio decreased
significantly. The change of the flame stabilization limits was
caused by the faster reactivity of mixtures with higher
hydrogen content, which increased the flame speeds and thus
the residence times that was required for the reactions to be
completed was shorter.

On the other hand, in order to better stabilize the flame,
swirling flows were commonly employed in gas turbine
combustors. The typical swirling flow fields with a vortex
breakdown inside a confinement is shown in Fig. 1 [12]. As
described in Ref. [13], with strong swirling effects, the central
vortex breakdown and thus an inner recirculation zone (or
central recirculation zone) are formed. While due to the ef-
fects from the confinement, an outer recirculation zone (or
corner recirculation zone) is generated as well. Between the
inner recirculation zone and the main flow is the inner shear
layer, while the outer shear layer locates between the main
flow and the outer recirculation zone. The flame behaviors
are strongly interacted with the swirling flow fields [14]. In
addition, there are two common ways to generate swirling
flows: the guiding vane and the tangential entry swirler.
Compared with a guiding vane swirler, the tangential entry

Inner shear layer

Inner recitculation zone
N
[N I
[
R T

N i:\ J

Outer recirculation zone E ‘

Inlet swirling flow

Outer shear layer

Fig. 1 — Schematic of swirling flow fields with vortex
breakdown inside a confinement.
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system has better performance in the vorticity contribution
to the core from the endwall boundary [15]. In the guiding
vane swirler, the fuel and air were commonly perfectly pre-
mixed (with a uniform mixture composition) before or after
passing through the guiding vanes [3,7,8,10,16—-18]. Re-
searchers have done numerous investigations about fully
premixed hydrogen-methane-air flames stabilized by swirl-
ing flow. However, in some cases fuels and air might not well
premixed before getting into the combustor in practical gas
turbine combustors.

Comparing with the research of swirl stabilized premixed
hydrogen-methane-air flames, there are less literature con-
cerning with swirl stabilized partially premixed flames. Stohr
et al. [19] studied the flame dynamics caused by fuel-air
mixing. They concluded that the precessing vortex core
(PVC) in the shear layer played an important role in the fuel-
air mixing and thus led to flame dynamics. Meier et al. [20]
studied the effects of mixing property on flame oscillations.
They observed a thermoacoustic instability at a frequency of
approximately 400 Hz and it was caused by the oscillation of
temperature and mixture fraction in the combustion cham-
ber. The change of flame shapes and the flame oscillations
together with the combustor surface temperature dynamics
were studied by Yin et al. [21]. They found that the M-Shape
flame dynamic had a good agreement with the bluff-body
surface temperature oscillation. K.R. Dinesh [22] mentioned
that turbulent syngas swirling flame was not only governed by
the inlet flow conditions but also by the fuel mixture which
played an important role particularly for high hydrogen con-
tent fuels, thereby inducing different diffusivity levels. T.G.
Reichel and C.O. Paschereit [23] studied the confined swirl
stabilized flame. The swirling strength was varied by the
alternation of the tangential and axial flow momentum. In
their experiments, the fuel was injected through the axial flow
while some additional air dilution was injected near the
burner exit wall. Its purpose was to lower the local equiva-
lence ratio near the burner exit wall and thus avoid the
boundary layer flashback. They reported that the flame front
was pushed downstream with an increase in the equivalence
ratio. The increase in the bulk velocity of the flow at the burner
exit was proposed as the reason for this phenomenon. W.
Meier et al. [24]experimentally studied the partially premixed
flames and concluded that the mixture fraction would affect
the spatial distribution of CH* in the flame. The width of the
CH* layers was predominantly determined by the local
mixture fraction and by fuel diffusion. W. Meier et al. [25] also
concluded that the effects of finite-rate chemistry and
unmixedness were more pronounced in the pulsating flame
than the ‘quiet flame’. Decreasing the equivalence ratio (from
@ = 0.85 to ® = 0.7) would make the ‘quiet flame’ to be a self-
exited pulsating flame. F. Biagioli et al. [26] reported that the
flame anchoring location (inside or outside of the burner) was
strongly sensitive to flow and equivalence ratio perturbation
in the swirl stabilized partially premixed flames. Y. Sommerer
etal. [27] studied the swirl stabilized partially premixed flames
with axial fuel injection. They separated the flame structures
into different regimes including the flashback flame, the
compact flame, the lifted flame till blowoff. They also
conclude that the flashback regime is dominated by diffusion
flames with lots of unburnt hydrocarbons while compact

regimes exhibit premixed flames. A. Sengissen et al. [28]
experimentally and numerically investigated the swirl stabi-
lized partially premixed flames with a tangential fuel injec-
tion. They summarized that two factors triggering the flame
oscillation: vortices oscillation and the fuel/oxidizer mass
flow rate oscillation. In summary, researchers have already
utilized different fuel injection strategies in their in-
vestigations; however, they have not evaluated the effects
caused by the alternation of different fuel injection methods.

The swirler in the current study utilized the tangential flow
entry to generate the swirling flow. There are two flow
streams upstream of the combustor: the axial flow and the
tangential flow. Thus, two fuel injection strategies could be
applied to practical combustors: adding premixed fuel of
hydrogen and methane into the tangential flow or the axial
flow. Under conditions with a short premixing tube, the flame
was rather a partially premixed flame. The objective in the
current study is to investigate the effects of different fuel in-
jection methods on the behavior of low swirl stabilized flames.
Partially premixed flame with two fuel injection strategies
were studied while holding the flow swirl number at S = 0.31.
Flame structures, flame dynamics and flow fields were
captured and analyzed to evaluate the effects of fuel injection
strategies.

Experimental setup and methods
The variable-swirl burner

The experimental setup and the approaches are shown in
Fig. 2. As shown in Fig. 2 that the filtered and intensified high
speed photography together with the high speed particle
image velocimetry (PIV) were adopted. They will be introduced
further in detail later. Details of the variable-swirl burner
which was utilized in the current study is shown in Fig. 3. The
partially premixed flame was observed being stabilized in the
quartz tube (inner diameter d. = 64 mm, and length
I = 120 mm), which acted as the confinement or the
combustor. Through the quartz tube, flame structures and
instabilities together with the flow fields could be captured.
Directly upstream of the confinement, there was a short pre-
mixing tube (inner diameter d,, = 15 mm and length
lm = 30 mm) to generate the partially mixed reactants of
hydrogen-methane-air. A stepped expansion between the
confinement and the premixing tube would hereafter be
referred to as the dump plane (h = 0 mm). On the dump plane,
there was a small torch injection hole for the premixed torch
mixture. The torch was located 4 mm away from the mixing
tube wall and had an inner diameter of d, = 3 mm. The vari-
able swirler was located directly upstream of the mixing tube
with four tangential flow inlets. The dimensions of the
tangential flow channel inlets (width w; = 3 mm and height
h; = 10 mm) are also shown in Fig. 3. The variable swirl burner
has the potential to create flows with different swirl numbers
by changing the momentum ratio of the axial to the tangential
flows.

A spark plug, which was utilized to ignite the premixed
torch flame, was mounted at the exit of the confinement. The
confinement was held in place by pneumatic pressure which
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Fig. 2 — Schematic of the experimental setup.
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Fig. 3 — Schematic (left) and cross section (right) of the variable swirl burner.

was provided by four pneumatic actuators. The pneumatic
system allowed swift sealing and removal of the confinement
during the experiments. Hence a closed environment was
created for the partially premixed flames.

Photography and image analysis methods
A high spatial resolution Nikon D70s camera together with a

430 + 10 nm band-pass filter were adopted to capture the CH*
chemiluminescence from the flame. The camera exposure

time was set to 0.77s and the resolution of the image was
3008 x 2000 pixel®. Three images under the same operating
condition were recorded and averaged before doing further
image analysis. This long exposure time (compared to any
turbulent fluctuations) and averaging of the raw images had
the effect of averaging out the instantaneous winkles of the
flame front thus yielding the equivalent of time averaged
flame structures. Since CH* chemiluminescence intensity
peaks at a light wavelength of 431 nm in the blue range, only
the blue layer in the raw RGB format images was used in the
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image analysis process (as in the literature [29]). The raw
image, which was obtained by the line-of-sight method, was
deconvolved using the inverse Abel image reconstruction
method based on the in-house developed Matlab code. Since
the confinement was cylindrical, an assumption of axisym-
metric was adopted in the image reconstruction analysis
procedure. As will be shown later, the inverse Abel recon-
structed image better marked the location of the time aver-
aged flame brush in the central plane of the confinement.

In addition, to obtain the representative flame length (Lg),
CH* chemiluminescence intensity within the time averaged
image was first summed up along the lateral direction. Since
the CH* intensity has the linearly relationship with the heat
release rate [30], the axial heat release rate profile illustrates
distribution of heat release along the axial direction inside the
confinement as demonstrated in Fig. 4. The position of flame's
center of heat release (Hconr), as shown in Fig. 4, is the axial
location with maximum CH* chemiluminescence intensity
[31]. It should be noted here that Hcour differed with the
location with peak CH* chemiluminescence from the flame.
As shown in Fig. 4 (b), Hconr represented the peak of the
radically integrated heat release. The characteristic flame
length, Ly, is the full width at half maximum (FWHM) of heat
release distribution profile, as also shown in Fig. 4 (b). This
value was calculated by finding the width in the axial profile at
an intensity value of half of the peak value [31,32]. The axial
position of the flame's center of heat release shown in Fig. 4 is
Hcour = 21.9 mm while the representative flame length is
Lp=47.1 mm.

In order to obtain the flame dynamics, as shown in Fig. 2, a
high speed CMOS camera (Vision Research Phantom V 7.1)
coupled with an image intensifier (Hamamatsu C4598), a
430 + 5 nm band-pass filter and a phosphate glass lens (UV-
Nikkor 105 mm, f/4.5) was used to photograph CH* chem-
iluminescence from the flame. The camera had the spatial
resolution of 600 x 800 pixels” and depth of 24bit. A time series

150

20 0 20
Radial position [mm]

of 1450 images were obtained at a recording rate of 4000
frames per second (fps). In order to resolve the time-varying
flame structures, the exposure time of the camera was set to
20pus. An example of the CH* chemiluminescence from the
flame is shown in Fig. 5(a) while the white line denotes the
quartz tube wall. The oscillation of the flame could be ob-
tained by doing Fast Fourier Transform (FFT) to the time series
of the total intensity of the transient images [13]. Digital image
process was fulfilled based on in-house developed Matlab
code. An example of the flame oscillation with the dominant
frequency f = 172 Hz was shown in Fig. 5(b).

High speed PIV system

The flow fields inside the confinement were measured using
a high-speed PIV system (Lavision Flowmaster). The sche-
matic of the PIV system is also shown in Fig. 2. A diode-
pumped, dual cavity Nd:YLF laser (Litron LDY) was utilized
to illuminate the central plane of the confinement with a
laser sheet. The thickness of the lase sheet was approxi-
mately 1 mm which was generated by an optical sheet lens.
The high speed laser had a wavelength of 527 nm and fre-
quency of 2 kHz in the current study. The time delay between
two laser pulses was 4t = 50 ps. The laser light scattered off
the TiO, seed particles in the reacting cases, to visualize the
flow fields. The recording rate of the high speed CMOS
camera (Vision Research Phantom V 611) was set to 2 kHz
with a resolution of 1280 x 800 pixels? and a depth of 12 bits.
As shown in Fig. 2, the TiO, particles were seeded into the
tangential air flow using a LaVision solid particle seeder
(LaVision Particle blaster 100). A multi-pass cross-correlation
algorithm, which was available in the DaVis (v.8.1.4) com-
puter software, was utilized to evaluate the velocity fields
inside the confinement. The cross-correlation was per-
formed on interrogation areas of 64 x 64 and subsequently
32 x 32 pixels with a window overlap of 75%.

Axial position [mm]

x10*

0o 1 2 3 4 s
Light intensity [-]

Fig. 4 — (a)Typical time averaged CH* flame structures and (b) height for flame's center of heat release (Hconr) together with
flame length (Lf) of full width at half maximum (FWHM) measurement overlaid.
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Fig. 5 — (a)Examples of CH* chemiluminescence of the flame from intensified high speed photography and (b) flame

oscillation obtained based on the image intensity.

Test conditions

Two different fuel injection strategies (injecting fuel through
the tangential direction or the axial direction) were studied in
the current paper and they are shown in Table 1. In the case
name, A and T stand for the axial and tangential fuel injection
strategies, respectively; while the number after S shows the
swirl number. For example, case A-S33 stands for case with
axial fuel injection strategy while holding the swirl number
S = 0.33. All the experiments were operated under atmo-
spheric conditions. The same as in the literature [33], the ex-
periments conducted at atmospheric pressure could be the
basis for the high-pressure experiments in gas turbines. Either
in the tangential fuel injection methods or in the axial fuel
injection methods, fuel (mixture of methane and hydrogen)
was injected and premixed with the air flow at least 200 mm
upstream of the swirler. Thus it could be reasonably assumed
that fuel and air were perfectly premixed at the tangential or
axial flow inlets upstream of the swirler. Then the perfectly
mixed fuel-air mixtures would further mix with pure air from
the other inlet, forming the partially premixed reactants at the
exit of the short premixing tube. Fuel and air mass flow rates
were adjusted separately (by Alicat MCR series) in order to
achieve the desired test conditions. The total mass flow rate of
air (Mot = My + M = 150SLPM) and the mass flow rate of
hydrogen (my, = 3SLPM) were kept constant. Hence the bulk

velocity at the burner exit was U, = 14.15 m/s while the
Reynolds number based on the bulk velocity was Re = 14000;
they were held constant as well. The alternation of global
equivalence ratio @, (as defined in Ref. [34]) was fulfilled by
changing the mass flow rate of methane, meps.

Details about the definition and calculation of swirl num-
ber could be found in our previous study [12]. The swirl
number was calculated based the momentum ratios of the
axial to the tangential flows together with the empirical
relation map reported in the literature [35]. The empirical
relation map was obtained by Laser Doppler Anemometry
(LDA) measurements at 1 mm above the dump plane in
Ref. [35] using the same test facility. In order to check the in-
fluences caused by the swirling strength, different swirl
strengths in cases with 0.284 < S < 0.337 were experimentally
studied.

Mixing property at the burner exit

To obtain the fuel-air mixing profile at the burner exit, the
injection strategy of pure nitrogen in the tangential (m.
~2 = 75SLPM) together with air in the axial flow (m, = 75SSLPM)
was adopted. Hence the oxygen concentration along the radial
direction at the burner exit could be used to denote the fuel-air
mixing profiles, as shown in Fig. 6. The data was obtained
using a small probe with inner diameter dyope = 1 mm at

Table 1 — Test co

ons.

Case name Axial flow rate (SLPM) Tangential flow rate (SLPM) Swirl Number
CH,4 Hy Air CH,4 H, Air
A-S28 12.6~LBO 3 75 0 0 75 0.284 + 0.002
T-S33 0 0 75 12.6~LBO 2 75 0.337 + 0.002
A-S33 10~LBO ] 70 0 0 80 0.332 + 0.002
T-S28 0 0 80 10~LBO 3 70 0.289 + 0.002
A-S31 10~LBO 3 725 0 0 77.5 0.310 + 0.002
T-S31 0 0 77.5 10~LBO 3 72.5 0.311 + 0.002
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Fig. 6 — Mole fraction of oxygen along the radial direction
near the burner exit.

h = 2 mm downstream of the premixing tube exit without
confinement. The oxygen concentration was measured using
a Rosemount Oxynos 100 paramagnetic O, gas analyzer. It
could be seen that the oxygen near the burner axis was higher
than that near the burner wall, which indicated a poor mixing
of nitrogen and air. When the gas analyzer probe moved near
to the mixing tube wall, the oxygen mole fraction became
higher due to the dilution of air from the environment.
Therefore, it could safely assume that the mixings of fuel and
air at the exit of the mixing tube in different fuel injection
strategies cases were also poor [19]. For instance, with the fuel
injection through the tangential flow, more fuel would be
found near the burner wall, or inside the confinement near the
confinement wall and the corner recirculation zone. The poor
mixing of fuel and air might cause different flame dynamics
and flame structures, as will be discussed later.

Axial Position [mm]

-30 -20 -10 0 10 20 30

Results and discussion

Flame structures and dynamics under conditions far from
lean blowout

Holding the global equivalence ratio ¢, = 0.85, the inverse Abel
reconstructed time averaged flame structures in cases A-S28
and T-S33 are shown in Fig. 7. In overall, all the flames were
observed lifted from the dump plane indicating they were all
beyond flame flashback in cases with such a low swirl num-
ber, S = 0.31. It could also be seen that the flame shape altered
with each other when changing the fuel injection strategies.
With the tangential fuel injection (case T-S33), the time
averaged flame structures shown a bell shape, whereas the
axial fuel injection (case A-S28) led to a more compact flame.
The lifted height from the flame root to the dump plane was
larger in case A-S28 than that in the other case. In addition, in
cases with the same fuel injection strategy, a slightly change
of swirl number did not change the time averaged flame
structures significantly. It indicates that the flame structures
were more dominated by fuel injection strategies and thus the
fuel air mixing at the burner exit. The flame dynamics when
holding #; = 0.85 in cases A-S28 and T-S33 are shown and
compared with each other in Figs. 8 and 9.

The black arrows in Fig. 8 schematically mark the motion
direction of the flame, while T is the cycle time of the oscil-
lation, T = 1/f. In the oscillation loop, the flame in case A-S28
started in the downstream region far from the dump plane.
Then it propagated upstream while the heat release rate
decreased simultaneously. When the flame got to the up-
stream position near the dump plane, the flame started to
propagate back downstream to its original position. Mean-
while, the heat release rate (CH*) became stronger as the flame
was pushed farther from the dump plane. It should be
mentioned that the flame did not propagate along the radial
direction. In addition, the flame was not found in the corner

0

-30 -20 -10 0

10 20 30

Radial Position [mm]

Fig. 7 — Inverse Abel reconstructed time averaged flame structures in (a) case A-S28 and (b) case T-S33 when holding

@y = 0.85.
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Fig. 8 — Phase locked flame dynamics when holding global ¢, = 0.85. Upper row: case A-S28; lower row: case T-S33.

recirculation zone. In the case with tangential fuel injection,
the flame started at the lifted position downstream of the
dump plane in the oscillation loop, which was the same as
that in case A-S28. After that, the flame behaved differently
with that in case A-S28. The flame started to propagate

Radial Position [mm]

upstream without becoming weaker. When the flame got
close to the dump plane, it propagated along the radial di-
rection towards the corner recirculation zone. After that,
because of the corner recirculation vortex, the flame was
pushed downstream along the central axis. In the end of the

187.5 250 3125

Fig. 9 — Flame segment paths in the center line for (a) case A-528 and (b) case A-S31 when holding ¢, = 0.85.
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oscillation loop, the flame located back to the original position
downstream of the dump plane. The difference of fuel con-
centration at the burner exit in these two cases is believed to
be the reason for different flame behaviors and thus result at
different time averaged flame structures. To be more specif-
ically, in case T-S33, more fuel would be found in the corner
recirculation zone; as a consequence, the flame could propa-
gate along the radial direction towards and thus inside the
corner recirculation zone. Therefore, the time averaged flame
shape in case T-S33 had the bell shape.

In order to better visualize the flame dynamics when
holding @, = 0.85, the same as utilized in literature [36—38],
paths of CH* from the flame in the central line of the raw time
consequence images are shown in Fig. 9. It stitches the central
line of each raw image in the time consequence order. To be
more specifically, for example, the first column pixels of the
image in Fig. 9(a) was from the central line of the first raw
image (t = 0) in case A-S28. Additionally, the white lines in
Fig. 9 schematically show the flame propagating direction in
one oscillation cycle. It could be easily seen that the flames in
these two cases were maintained with high frequency oscil-
lations. The flame oscillation frequencies in these two cases
were similar with each other at f = 170 Hz. The same as
observed in the time averaged flame structures shown in
Fig. 7, the flame lifted higher in case with axial fuel injection
strategy; while in the other case, more heat release was found
near the dump plane. In agree with that shown in Fig. 8, in
case A-S28, the flame got weaker when it is propagating up-
stream. In the other case, the strong heat releases were found
both in the upstream and the downstream flame propagation
process.

Flame structures and dynamics near lean blowout

The inverse Abel reconstructed time averaged flame struc-
tures near flame blowout (¢4 = 0.62) in case A-S31, case A-S28,
case T-S33 and case T-S31 are shown and compared with each
other in Fig. 10. As can be seen from Fig. 10, with fuel in the
tangential flow the flame had an heart shape; while in the

Axial Position [mm]
&
o

N
S

-30 -20 -10 0 10 20 30 -30 -20 -10 0

10 20 30
Radial Position [mm)]

other case the flame kept the same shape (but elongated) as
that in the comparatively higher equivalence ratio conditions
(as shown in Fig. 7). The heart shape flame was located near
the dump plane. It was unsteadily flashing into and outward
from the premixing tube. Strong flame oscillations were
observed simultaneously and will be shown later. With a
slight change in flow swirl number in cases with the same fuel
injection strategies (i.e. case T-531 and case T-S28), the flame
shape did not significantly change. It indicated that different
flame behaviors were caused by the local mixing of fuel-air at
the burner exit rather than the slight variation of swirl
strength.

The flame oscillations near lean blowout (¢, = 0.62) in
cases A-S28 and T-S33 are shown in Fig. 11. The flame dy-
namics near lean blowout in case A-S28 was similar to that
observed in the comparatively fuel rich condition as described
previously in Fig. 8. The strong heat release zone was found in
the downstream region while no combustion occurred in the
corner recirculation zone. However, in case T-S33 and
@4 = 0.62, the flame dynamics was different from that under
condition of @, = 0.85. The flame flashback into the premixing
tube was observed as shown in Fig. 11. When the flame was
flashing back towards upstream direction, the flame did not
propagate into the corner recirculation zone, as shown in
Fig. 8. It kept on propagating further upstream into the pre-
mixing tube due to the inner vortex breakdown in the flow
fields. After that, the flame got weak near the dump plane with
asuddenly sharp increase of the axial velocity from the burner
exit (which will be shown later in Fig. 14). Then the flame
became weak and distributed homogenously inside the
confinement. After that, the flame propagated back to its
original position in the oscillation loop.

Holding the global equivalence ratio constant at ¢, = 0.62,
flame segment paths in the central line for cases with
different fuel injection strategies and swirl numbers are
illustrated in Fig. 12. It could also be easily seen that all the
cases have significant oscillations near lean blowout. Flames
in cases with the same fuel injection strategy have the similar
dominant oscillation frequency. For specifically, flame

-30 -20 -10 0 10 20 30

-30 -20 -10 0

10 20 30

Fig. 10 — Inverse Abel reconstructed flame structures when holding ®¢, = 0.62 near lean blowout. (a) case A-S31; (b) case A-

$28; (c) case T-S33; (d)case T-S31.
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Fig. 11 — Phase locked flame dynamics when holding ®, = 0.62 near lean blowout. Upper row: case A-528; lower row: case

T-S33.

oscillation frequencies in cases with axial fuel injection
methods (f = 20) are lower than the other cases (f = 50).
Holding the fuel injection methods unchanged, the small
variations of swirl number did not significantly change the
flame oscillation frequency. Flames in cases with axial fuel
injection methods were lifted, whereas flames in the other
cases were found flashback into the upstream region. The
direction of the flame propagating in the center line differed
with each other when the fuel injection strategy changed.
With fuel injected through the tangential flow, the flame
started in the downstream region on the central line and then
propagated upstream along the central line towards the pre-
mixing tube. More heat was released near the dump plane. In
the other cases (case A-528 and case A-S31), the flame started
in the downstream region and then propagated upstream as
well. However, the flame could not flashback into the pre-
mixing tube. When the flame got close to the dump plane, it
then propagated downstream with more heat released in the
downstream region. The flame motion in these two cases near
lean blowout are found different from that in the compara-
tively rich conditions (¢, = 0.85) shown in Fig. 9.

In overall, comparing Fig. 12 (a) and (b) or Fig. 12 (c) and (d)
that a slight change in swirl numbers, while holding the fuel
injection strategy unchanged, did not change the flame
oscillation behaviors near blowout. Hence it could be
concluded that the fuel injection strategy, not the change of
swirl strength, determined the unstable flame oscillations as
well as the lean blowout behavior. The alternation of fuel in-
jection methods would result at different fuel distributions at
the burner exit and hence lead to the distinct flame behaviors.
They may also affect the flame lean blowout limits as will be
discussed later.

The axial velocity segment paths in the central axis for the
reacting case T-S33 near lean blowout is shown in Fig. 13. It
could be found that the axial velocity also had an obvious

oscillation. Additionally, the axial velocity oscillation fre-
quency was the same as the flame dynamics. It indicated the
strong interaction of the flame dynamics and the flow fields.
High axial velocity were found in the region near the burner
exit while strong reversing flow located further downstream.
It denoted the formation and location of the vortex break-
down. When the vortex breakdown was pushed upstream till
the region near or even inside the premixing tube, a sudden
increase of axial velocity was then followed. Meanwhile the
recirculation vortex was pushed downstream and finally dis-
appeared. More details about the flow field dynamics and its
correlation with flame oscillations are shown in Fig. 14.

Fig. 14 shows the phase locked flow fields in the reacting
case T-S31 near lean blowout when holding @, = 0.62. As
shown in Figs. 11 and 14, when the flame was homogenously
distributed inside the confinement, vortex breakdown could
notbe generated. Meanwhile, a large corner recirculation zone
was observed. After that, with the occurrence of the reaction
in the central region, an inner vortex breakdown was gener-
ated due to the local high pressure. Because of the reverse flow
momentum, the total flow rates and the axial velocity through
the burner exit got decreased. Whereas the turbulent flame
speed did not decrease significantly which resulted in the
imbalance of the local flow velocity with the turbulent flame
speed. Therefore, the flame propagated upstream into the
premixing zone. At the same time, the central recirculation
bubble was enlarged further. The swirling flow downstream of
the dump plane expanded more, which led to the formation of
a smaller corner recirculation vortex. Then the pressure inside
the confinement got to its peak in the oscillation loop. After
that, the mass flow rate suddenly increased at the burner exit
to maintain the time averaged mass flow rates constant at the
set value. Hence the local flow velocity became higher than
the turbulent burning velocity of premixed CH4-air. Therefore,
the flame suddenly became much weaker and more
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Fig. 12 — Paths of flame segment in the center line for (a) case A-S28, (b) case A-S31, (c) case T-S33 and (d) case T-S31 near

lean blowout at ¢, = 0.62.

homogeneously distributed in the confinement than the
‘flashback’ flame root. Meanwhile, lots of unburnt reactants
were pushed into the confinement which might be combusted
under a sufficient temperature and radical conditions.
Because of the weak combustion, the local pressure inside the
confinement decreased and then the air flow rate dropped as
well. Hence the flame oscillation loop was formed. The same
as summarized in Ref. [13], the flame oscillation loop and its
connections with pressure dynamics are schematically shown

in Fig. 15. The flame oscillation is caused by the interaction of
oscillations of pressure, mass flow rate together with the
change of flow fields.

For case A-S28 and case T-S33, the flame behaves differ-
ently under conditions far from or near lean blowout. The
differences in turbulent flame speed, fuel distribution and
thus the pressure oscillations and flow fields variations might
contribute to the differences in flame appearances. To be
more specifically, for case T-533 and @, = 0.85, compared with
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Fig. 14 — Phase locked flow fields in case T-S33 and &, = 0.62.
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Fig. 15 — Schematic of flame dynamics loop.

the lean conditions ¢, = 0.62, the flame could propagate into
the corner recirculation zone due to the locally fuel richer
condition there; while it did not flashback into the premixing
tube due to the locally higher flow velocity at the burner exit.
The flame oscillation and flow fields dynamics interact with
each other, especially under fuel lean conditions near
blowout. Pressure dynamics promoted the alternation of flow
fields, while the mass flow rate and thus the combustion os-
cillations were enhanced as a consequence. In the end, the
pressure dynamics got strengthened as well, forming the
combustion dynamics loop. The low flow swirl number
investigated in the paper, S = 0.31, was near the boundary
between the flow conditions with and without reversal flows
in the center axis [39]. An increase in the swirl number could
cause vortex breakdown in the flow. In the fuel lean condi-
tions, the strong flame dynamics and hence the pressure
oscillation caused the change of flow field and thus led to the
vortex breakdown. Therefore, with tangential fuel injection
strategy in the current paper, the flame flashback could occur
in the fuel lean conditions. However, the flame flashback was
more commonly observed in fuel rich conditions, such as in
literatures [39,40], due to the increase of the flame speed and
thus the imbalance with the local flow velocity. Here in the
current paper, as reported in Ref. [27], the flame flashback was
caused by the flame and flow instabilities near blowout.
Further decreasing the global equivalence ratio resulted in a
further increase in combustion oscillation and finally led to
flame blowout.

Comparing case A-528 with case T-S33, we found that the
oscillation frequency in case T-S33 was higher than the other
one. In addition, flame flashback and vortex breakdown were
not observed in case A-S28. Different flame behaviors were
caused by the differences in the fuel concentrations near the
burner exit in these two cases. In case T-S33, more fuel could
be found near the wall of the premixing tube. In addition,
because of the boundary layer near the premixing tube wall,
the local flow velocity might be lower than the turbulent
flame speed. It was thus the flame flashing back into the
premixing tube could take place in case T-S33. However, in
case A-S28, more fuel was distributed near the center of the
burner axis, hence the flame could not be expanded into the
corner recirculation zone. As a consequence, the flow vortex
breakdown could not be generated. Therefore, the flame
flashback caused by the combustion induced vortex break-
down (CIVB) could not happen. In addition, under the locally

lean condition near the premixing wall, the boundary layer
flashback could neither occur. Without the significant
change in flow structures in case A-S28 from ®; = 0.85 to
@4 = 0.62, the flame was more compact and more stable than
that in case T-S33.

Effects of equivalence ratio on flame behaviors

As described previously, a reduction of the global equivalence
ratio would change the flame structures and finally lead to
flame blowout. The flame's center of heat release (Hcour) and
flame length (Ly) were also determined by @4, as shown in
Fig. 16. The location of flame's center of heat release (Hconr)
was higher in case A-528 than that in the other case. For case
T-S33, with the alternation of methane flow rates, the flame's
center of heat release stayed constant at Hcour = 20 mm.
However, this did not indicate that the flames in case T-S33
were more stable than that in cases with the other fuel in-
jection strategy. In Fig. 16, it can be seen that the represen-
tative flame length changed significantly in case T-S33. When
@4 < 0.68, the flame length in case T-533 was shorter than that
in the comparatively rich conditions. A notable change in
flame shape and strong flame oscillation were captured
accompanied with the change of flame length. When &, > 0.68,
in case T-S33, the time average flame shape was bell shape;
however, when @, < 0.68, flame flashback occurred and the
time averaged flame had the heart shape. In all the two cases
shown in Fig. 16, the flame length increased more or less when
approaching blowout with the reduction of ®,. The injection of
fuel in the axial flow had the more stable flame length at
Lr = 50 mm which might contribute to the lower flame
blowout limits.

Based on the image analysis methods described previously
in the paper, effects of @, and fuel injection strategies on flame
dynamic frequencies could be seen from Fig. 17. It could be
observed that when the global equivalence ratio was high
(@4 > 0.72), all the flames had a high frequency oscillation at
f = 170 Hz. It might be the natural frequency of the combustor
system with the swirling flow. In addition, with the reduction
of @,, stronger flame oscillations showed up with a lower
dominant frequency. Near flame blowout, cases with the axial
fuel injection methods had the flame oscillation at f = 20 Hz,
whereas the other cases had the dominant flame oscillation
frequency higher at f = 50 Hz. The significant change of the
dominant frequency took place when the global equivalence
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ratio was between 0.55 < @, < 0.72. The fuel injection strategy
strongly determined the flame oscillation frequency and
flame structures near lean blowout. While a slight change of
the swirl strength (from S = 0.28 to S = 0.31) did not have
significant influences on flame dynamics in the current
investigation. The fuel distribution at the burner exit was
believed to be the reason behind for this phenomenon.

The fuel injection strategy could also affect the lean
blowout limits (®1z0), as shown in Fig. 18. The flame lean
blowout was obtained by slightly decreasing of the mass flow
rate of CH, (at steps of 0.2SLPM) while holding the mass flow
rate of H, constant till flame was visually absent from the
confinement. The tangential fuel injection method resulted at
a higher @50, which indicated a worse performance in sta-
bilizing the flame. It was caused by the strong flame oscilla-
tion together with the unstable behavior of flame shape
alternation near lean blowout. From the time averaged flame
shape shown in Fig. 10, it could be observed that the flame
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Fig. 18 — LBO limits versus swirl number with different fuel
injection methods.

with fuelin the tangential direction was less compact than the
other fuel injection cases. It would also result in a higher
blowout limits. The flame structures were strongly deter-
mined by the fuel distributions at the burner exit.

From Fig. 18 it could also be found that, the alteration of
swirl number slightly changed the blowout limits in cases
with the axial fuel injection method. A stronger influence of
swirl number on @50 in case with the tangential fuel injection
strategy was observed. More detailed investigations about the
flame blowout and its correlation with the change of flame
shapes and flame oscillations are needed here.

Conclusions

Flame structures and dynamics were studied with different
methane-hydrogen injection strategies. Different fuel injec-
tion methods within a low swirl number (S = 0.31) flow were
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investigated and compared with each other. High speed
intensified and filtered CH* CMOS camera was used to visu-
alize the flame structures, while high speed PIV system was
adopted to capture the dynamics of the flow fields. It is found
that the flame shape and flame dynamics were strongly
determined by the fuel injection methods. Under conditions
with a comparatively higher global equivalence ratio
(#4 = 0.85), the tangential fuel injection flames had a bell
shape, while in the other cases the flame was more compact.
Flame with fuel injected in the axial direction had a higher
location of flame's center of heat release (Hcomr). With
tangential fuel injection, the flame changed its shape to heart
shape when the global equivalence ratio got lower
approaching lean blowout. When the global equivalence was
low, the vortex breakdown was observed in cases with the
tangential fuel injection strategy. Higher frequency
(f = 170 Hz) oscillations were observed in flames with higher
global equivalence ratio, while lower frequency oscillations
(f = 50 Hz and f = 20 Hz) were found near lean blowout limits.
Combustion dynamic and its interaction with the pressure
oscillation, flow fields alternation and mass flow rate oscilla-
tion were proposed. Axial injection of fuel in the current study
was found to be able to better stabilize the flame with leaner
blowout limits. The distribution of fuel at the burner exit in
the partially premixed flame was proposed as the main reason
for different flame instabilities and flame structures. More
computational investigations about the flow structures and
scalar fields are needed.
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Abstract: Bluff-body flame holders are commonly employed in many industrial applications. A
bluff-body is usually adopted to enhance the downstream mixing of the combustion products and
the fresh fuel-air mixtures, thus to improve the flame stability and to control the combustion process.
In the present paper, a conical bluff-body flame holder with a central air or fuel jet was studied.
Effects of both a central fuel jet and a central air jet on the flame structures, on the blowout limits
and on the temperature at the upper surface of the bluff-body were investigated and presented. It
was revealed that a central air or fuel jet led to the temperature at the surface of the bluff-body
reduced considerably. Thus, it might be used to solving the problem of the bluff-body with high
heat loads to it in practical applications. The flame stability characteristics, for example the unstable
flame structures and the blowout limits, altered with the injection of a central air or fuel jet. Different
blowout behaviors, being with or without the occurrence of flame split and flashing, caused by a
central air jet were observed and presented in the paper. In addition, when a small amount of central
fuel jet (i.e. Ur/ U= 0.045) was injected into the flow fields, an unsteady circular motion of the flame
tip along the outer edge of the bluff-body was observed as well. Whereas, whit an increase in the
amount of the central fuel jet, the flame detached from the bluff-body and then became much more
unstable. It was found that with a central air or fuel jet injecting into the flow field, the bluff-body
stabilized premixed flame became more unstable and easier to blowout.

Keywords: bluff-body; premixed flame; flame structures, flame instabilities, lean blowout

1. Introduction

Premixed flame stabilization has been a subject of significant technological interest for various
industrial applications, such as in gas turbines, afterburners, heat recovery steam generators, and
industrial furnaces [1]. There are two main flame stabilization schemes employed in premixed
combustion systems, including the use of a swirling flow and the use of a bluff-body. A bluff-body is
adopted to stabilize the premixed flame due to its simple geometry, the enhanced mixing of reactants
and combustion products as well as the ease of combustion control. The recirculation of hot gas
downstream of a bluff-body can help to reignite the reactant mixtures and thus to stabilize the flame
[2]. The practical importance of a stable flame has given rise to a large number of theoretical and
experimental studies about the performance of a bluff-body in stabilizing the flame.

A number of seminal works of bluff-body stabilized premixed flame has been carried out by
Zukoski [3,4], Longwell [5,6], Wright [7] and Pan [8]. Researchers concerned mainly with the blowout
mechanisms and the lean stabilization limits of the flame for a bluff-body flame holder. Lefebvre et
al. [9] studied the effects of inlet air temperature, pressure, velocity, turbulence and bluff-body
geometry on the lean blowout performance of bluff-body flame holders. It was recommended by
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Lefebvre et al. [9] and Barrere and Mestre [10] that the characteristic dimension of a bluff-body flame
holder should not be its geometric width, but rather the maximum aerodynamic width of the wake
created downstream of it. Shanbhogue et al. [11] reviewed the dynamics of two-dimensional bluff-
body stabilized flames and described the phenomenon of the blowout process in the bluff-body flame
holder. They concluded that blowout occurs in multiple steps, associated with local extinction along
the flame sheet and large scale wake disruption, followed by blowout whose ultimate ‘trigger’ is
probably associated with wake cooling and shrinking. The first phase of blowout, when the
appearance of holes along the flame sheet (where the local strain rate exceeds the extinction strain
rate), can be correlated with the local Damkohler number. Chaparro and Baki [12] studied blowout
characteristics of bluff-body stabilized conical premixed flames under inlet velocity modulations
using three different bluff-body geometries. Flame blowout features in cases with different upstream
flow velocities (5, 10 and 15 m/s) and excitation frequencies (from 0 to 400 Hz) were studied. They
concluded that the disk-shaped bluff-body provided better flame stability than the rod-shaped flame
holder due to the much more significant flow separation and higher degree of wake recirculation for
the disk-shaped flame holder. Chaudhuri et al. [13] examined the blowout characteristics of bluff-
body stabilized conical premixed flames in a duct with upstream spatial mixture gradients and
velocity oscillations. They revealed that the blowout equivalence ratios were higher for the confined
flame configuration than the unconfined cases. It was also concluded that: the fuel enrichment near
the flame stabilization region reduced the base blowout equivalence ratios significantly. The bluff-
body stabilized flame had the features of a centrally piloted flame, with much of the outer flow
remaining unburnt at low equivalence ratios. Chaudhuri et al. [14] also summarized and illustrated
the hypothesis of blowout mechanism for bluff-body stabilized turbulent premixed flame. A change
of flame shape between conical and columnar shapes was observed with the changing of equivalence
ratio of the premixed fuel-air mixture. The unstable flame behavior (local extinction and reignition)
near blowout was recorded and presented as well. Combustion characteristics of premixed
hydrogen/air flame in a micro-combustor with a bluff body was studied experimentally and
numerically by Jianlong et al.[15]. Effects of bluff-body geometry on the lean stabilization limits of
premixed hydrogen/air flame in a micro-combustor were investigated numerically by Fan et al. [16]
and Bagheri et al.[17]. Fan et al. [16] claimed that the difference of flame blowout limits for different
bluff-body geometries was caused by the alternation of recirculation zone and flame stretching. The
heat lost to the confinement wall was considered to have a negligible effect on the flame blowout
limits. Moreover, Fan et al. [18] also concluded that solid materials of the bluff-body with relatively
low thermal conductivity and emissivity were beneficial to obtain a large blowout limit.

A bluff-body with a central jet is commonly utilized to stabilize the diffusion flame. Roquemore
et al. [19] studied the behavior of reacting and non-reacting flows in an axisymmetric bluff-body
burner. They obtained the mixing features of fuel and air downstream of the bluff-body with a central
fuel jet. It was concluded that in the cold flow without combustion the flow field downstream of the
bluff-body was determined by the velocity ratio of the annular and central jet. Illustration of the time-
averaged flow field of a bluff-body with a central jet from [19] is shown in Fig.1. With the increasing
of the ratio of central jet and annular flow velocity, the flow field varied from annular jet dominating
to neither jet dominating and finally to central jet dominating. Caetano et al. [20] presented three
different flame types: (i) a fuel jet dominated flame, (ii) a lifted flame with an intermittent anchoring
region and (iii) a fully lifted partially premixed flame in their experimental work. They also observed
the similar flow structures as that shown in Figure 1 in both non-reacting and acting flow cases using
particle image velocimetry (PIV) measurement. In their examined situations, combustion presented
a weak effect on the averaged velocity field. Based on the change of the central jet to annular air
velocity ratio together with the corresponding flow structures, Esquiva-Dano et al. [21] summarized
six different regimes of non-premixed bluff-body stabilized flames. They also divided the wake
structures downstream of the bluff-body into three regimes based on the number of the stagnation
points in the flow field. Flow fields with tow stagnation points (the aft and forward stagnation points)
corresponded to annular flow dominating flow field, only one stagnation point indicated neither jet
dominated the flow structures while zero stagnation point was in the flow field with central jet
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dominating. By comparing with the disk shape flame holder, they claimed that the tulip shape flame
holder which caused weaker turbulence downstream of the bluff-body promoted flame stabilization.
Schefer et al. [22] investigated the effects of confinement on bluff-body stabilized burner recirculation
zone and flame stabilities. They found that the recirculation zone characteristics and flame stability
were highly depended on the confinement diameter or the blockage ratio. They claimed that the fuel
concentration in the recirculation zone played an important role in determining the flame behavior.
Tang et al. [23] presented an experimental investigation about bluff-body stabilized non-premixed
flame. The effect of both the annular air and central jet Reynolds numbers were studied and
conclusions were made as: the central fuel Reynolds number mostly determined whether the
extinction phenomenon appeared, while the annular air Reynolds number affected the configuration
of the flame under both stable and unstable conditions.

To the author’s best knowledge, there are limited number of research concerning with the heat
load to the bluff-body. Nishimura et al. [24] utilized a fine wire thermocouple to study the
temperature fluctuations of the diffusion flame in a bluff-body burner. The temperature distribution
along the axial line of the burner including the surface of the bluff-body temperature was presented.
But they focused more on the interaction of the unstable flame and thermal structures. Euler et al.
[25,26] measured the surface of the bluff-body temperature of the Cambridge/Sandia Stratified Swirl
Burner using laser induced phosphor thermometry. Different premixed and stratification cases
with/without swirl were tested. They concluded that the overall operation of the burner was adiabatic
since the radiative and convective heat transfer by the bluff-body amounted to less than 0.5% of the
thermal input from the combustion. They also mentioned that there were few measurements of the
flame holder’s temperature distribution, whereas that temperature strongly affected the flame
stabilization. In fact, in practical applications in Gas Turbine combustors, the challenge of the bluff-
body is the sever heat load and extremely high temperature on the surface of the bluff-body. The heat
load to the bluff-body could strongly affect the stability limits of the premixed flame [27]. Moreover,
temperature distributions at the surface of the bluff-body are important to the lifetime of a
combustion system [28]. Some practical methodologies to reduce the heat load to the surface of the
bluff-body are needed.

AFT stagnation point — Central jet flow, U;
— Annular co-flow, U,

Outer Jet shear layer
recirculation
zone
Annular flow
Inner 2 ~ shear layer
recirculation
zone

Forward Mixing
stagnation layer
point

U Pt ALY

Annular flow dominate Neither flow dominate  Central jet dominate

Figure 1. A schematic of the time-averaged flow fields downstream of a bluff-body with a central jet
(reproduced from [19])
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As summarized above, little effort has been made to investigate the effect of a central jet on the
temperature on the surface of the bluff-body and on the premixed flame stabilization. Thus, in the
paper, the effects of a central air/fuel jet on the bluff-body stabilized premixed methane-air flame are
investigated. Emphasis is made on the temperature on the surface of the bluff-body, on the flame
structures, on the flame blowout features and on their interactions.

2. Apparatus and methods

2.1. Experimental setup

As shown schematically in Figure 2, the burner having an annular channel with a 45° conical
bluff-body in the center was employed. The inner diameter of the annular channel for the main
premixed methane-air flow was da = 30mm. The removable stainless steel bluff-body had a top
diameter of dv = 14mm, while the inner diameter for the central jet flow being dj = 4mm. Premixed
methane-air was fed into the annular channel, while pure air flow or pure fuel flow being injected
through the central pipe. A ceramic honeycomb was mounted in the annular channel in order to
generate a uniform annular flow and to avoid flame flashing back into a further upstream region.

Thermographic camera

Flame

=

30
High speed camera LU
14mm
45°
\ 4mm
Honey comb

Central jet flow: Air
pure fuel or air

I —— Fuel

Annular flow: premixed fuel-air
Figure 2. A schematic of the experimental setup and the burner

Three Bronkhorst mass flow controllers were utilized to control the mass flow rates of the central
air/fuel jet together with the fuel flow in the annular flow. An Alicat (MCR 150) mass flow controller
was employed to control the mass flow rate of the air flow in the annular channel. The mass flow rate
that was controlled by Bronkhorst mass flow controllers were calibrated at 300K with an uncertainty
of 1%. The bulk velocity of the premixed annular flow (which was calculated on the basis of the exit
geometry of the burner) was in the range of 1.85 to 2.77m/s, while the equivalence ratio being set to
between ® = 0.64 to lean blowout limits. When @ = 0.64, a stable flame could be obtained. The velocity
of the central air jet varied between Ua = 0 and 29m/s, while the central fuel velocity ranging from Us
= 0 to 1.33m/s. All experiments were carried out without confinement under the atmospheric
conditions.
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2.2. High-speed photography

A high-speed photography technique and a thermographic camera were adopted for studying
the flame structures and the temperature distribution on the surface of the bluff-body, respectively.
A high-speed CMOS camera (Vision Research Phantom V611) having resolution of 800x1280 pixels
and depth of 12 bit was utilized to record the broad-band chemiluminescence from the flame. Since
the chemiluminescence intensity varied with the equivalence ratio of the annular flow and with the
heat release rate from the flame, the frame recording rate altered according to the signal intensity.
During the experiments, the recording rate was set between 200fps to 800fps to study the dynamics
of the flame. A lower recording rate ensured a longer exposure time for obtaining more
chemiluminescence signal from for each frame of the flame. Digital image process was fulfilled based
on the DaVis (v.8.1.4) software and the in-house developed Matlab code. Time-averaged and RMS of
the flame chemiluminescence were used to evaluate the flame structures and its instabilities.

2.3. Thermography

An infrared thermographic camera (Testo 881-3) was utilized to record the temperature
distribution on the surface of the bluff-body. The burner was un-confined ensuring the recording of
the temperature on the surface of the bluff-body practical and reliable. The thermographic camera
was placed above the burner, as shown in Figure 2. The angle between the burner axis and the
thermographic camera’s focus plane was approximately 45°. The thermographic camera could record
both infrared image (with a spatial resolution of 320x240 pixels) and the real image simultaneously.

Figure 3 shows the typical infrared image of the surface of the bluff-body and its temperature
distribution at the symmetric plane along the radial direction. The same as presented in the literature
[25], the temperature distribution peaked in the center of the bluff-body. In the present study,
however, the high temperature distribution at -2mm < r <2mm was probably caused by the reflection
of infrared light from the curved inner wall of the injection hole. So here in the study, temperature
data in the center injection hole was treated as noise and thus deleted in the analysis process. The
temperature at the inner edge of the central injection hole is selected and analyzed as the
representative temperature Tedge. Based on data from [29], the emissivity () of stainless steel type 301
is within the range of 0.54 to 0.63. In the base case without any central jet, setting the emissivity & =
0.58, the annular flow equivalence ratio ® = 0.64, Uc = 2.77m/s and Uj = Om/s, the temperature Teage
was approximately 480K, which was referred to as To as the base case in the paper. In order to
minimize the error caused by the selecting of the emissivity of the material, the ratio of local
temperature to To in different experimental cases was used to evaluate the temperature variances
caused by the injection of central jet. The error of the ratio caused by selecting the emissivity from
0.54 to 0.63 was within 2%. Figure 3 also shows the distribution of the ratio of local temperature to
the base case temperature (T/To) along the radius direction on the surface of the bluff-body.

4

4 2 0 2
Radial position [mm]

Figure 3. Typical infrared image (left) and temperature distribution along the radius direction (right)
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Figure 4. Typical temperature changes of Tedge during shutting down the fuel supply

In order to obtain a thermodynamic equilibrium of the bluff body, the flame was maintained
stable for at least 5mins, the maximum temperature being showed in the thermographic camera
stayed constant for at least 2mins. Then the fuel supply was shut down and the variance of Tedge was
recorded, as shown in Figure 4. The flame could radiate infrared light which would strongly affect
the thermographic results. So the temperature on the surface of the bluff-body was recorded
continually since the flame was ongoing until the flame quenched completely, with a recording rate
for the thermographic camera at f = 2Hz. A typical temperature variance of Tese during that
procedure was shown in Figure 4. When the flame was ongoing, Tedze remained stable, indicating a
stable flame and a thermodynamic equilibrium condition on the surface of the bluff-body. At the
same time, when the flame was ongoing, it could be found that Tedge was higher due to the infrared
light from the flame. Afterwards, with the shutdown of the fuel supply, the temperature on the
surface of the bluff-body dropped considerably. The temperature gradient was sharp initially since a
weak flame was remained attaching to the bluff-body. This weak flame was maintained by the fuel
that was left in the fuel supply pipe. When the flame vanished completely, the temperature on the
surface of the bluff-body decreased slowly, due to the heat convection from the bluff-body to the
environment. As shown in Figure 4, the time when the flame quenched completely was set as the
time t = 0s. After that, the temperature decreased at a rate of less than 4K/s, which was much lower
than that during the fuel shut down procedure. So the representative temperature of the bluff-body
Tedge was selected at t < 1s after the flame quenched completely. The corresponding error for the
temperature selection was within 2%.

3. Results and discussions

3.1. Flame structures

With the injection of a central air/fuel jet, the flame structures change significantly. The time-
averaged and the RMS of flame structures under different test conditions are shown in Figure 5 and
in Figure 7, when holding the frame recording rates at 500 fps. Effects of a central air jet on the annular
premixed methane-air flame structures are shown in Figure 5, when holding Uc = 1.85m/s and ® =
0.64.

It can be observed from Figure 5 that without the injection of the central air jet, the heat release
zone peaks along the axial downstream of the bluff-body. However, with the injection of a central air
jet, the main heat release zone got apart from the burner axis. With a small amount of the central air
flow (Ua/Uc = 0.79), the flame width (w, as shown in Figure 5) became broader. As that shown in
Figure 1, when the annular flow dominated the recirculation zones downstream of the bluff-body,
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the small amount of central air jet formed an inner vortex (with an extremely fuel-lean condition) to
avoid the flame being attached to the bluff-body. The fresh air inner vortex zone is shown
schematically by the white triangle in Figure 5. When the annular flow dominated the flow structures,
the flame front was found to be attached to the outer edge of the bluff-body, meanwhile the central
air penetrating short downstream of the flame holder. That inner vortex layer formed by the fresh
and cold central air jet could also reduce the heat convection from the combusted products to the
surface of the bluff-body. As what will be discussed later, it might be the reason for the decrease in
the temperature on the surface of the bluff-body.

An increase in the mass flow rate of the central air jet shortened the flame, meanwhile the flame
width becoming narrower. The flame was weakened and the size of the heat release zone shrank,
with the increase in the velocity of the central air jet. It was caused by the overall reduction in the
equivalence ratio in the main flame, with a central air injection. At the same time, with the increase
in the mass flow rate of the central air jet, the area of the flame front attached to the surface of the
bluff-body became enlarged. The air jet penetrated higher into the main flame zone. The same as
shown in Figure 1 and in the literature [19], the flow fields might turn into neither jet dominating, then
finally to central jet dominating. Further research about the flow structures and its effects on the bluff-
body stabilized flame behaviors will be presented in our future study.

15
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20 0 20
Radial position [mm]

Figure 5. Time-averaged (upper row) and RMS (lower row) images of the flame structures with a
central air jet (from left to right: Us/Uc =0, 0.79, 3.94, 7.87 and 13.22)
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Figure 6. Flame instability near blowout due to a central air jet injection
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As shown in Figure 6, the flame neck (where the flame width was narrower than the diameter
of the bluff-body) showed up with a large mass flow rate of central air jet (Ua/Uc = 13.22). It was
caused by the high strain rate at the jet shear layer. When the mass flow rate of the central air jet
increased to a critical value, the flame was then interrupted by the high strain rate at the flame neck.
With a further increase in the velocity of the central air jet, the flame in the far downstream region
extinct, whereas only the flame root that was attached to the bluff-body being maintained. The
unstable flame behavior for case in which Ua/Uc=13.22 is shown in Figure 6, with the frame recording
rate of 200fps. The lower frame recording rate was due to the weak chemiluminescence from the
flame. The interval time between two adjacent images shown in Figure 6 is 25ms. As shown in Figure
6, the flame downstream of the flame neck region extinct and later re-ignited by the stable flame root.
Thus, the flame was found to be flashing downstream of the flame neck together with a strong noise
sound. The high strain rate, strong shear stress and the locally lean condition were believed to be
reasons for the flame quenching downstream of the flame neck region. The flame root, which was
attached to the bluff-body, supplied the heat and radical sources to re-ignite the fresh fuel-air mixture
downstream as originated from the annular flow. The flame root was probably stabilized by the
recirculation zone of the bluff-body. The behavior of the flame root was not strongly affected by the
downstream flame conditions. To be more specific, the flame root could always be stabilized no
matter the flashing flame downstream was ongoing or being quenched. In addition, in the RMS
images in Figure 6, it is noted that the heat fluctuation peaked in the annular flow shear layer under
conditions with/without a central air injection. In the region near the bluff-body (h < 20mm), the
flames in all cases are stable. In the region h = 60mm, the split-flashing flame had the stronger heat
fluctuation than any these in other cases.

The injection of a central fuel jet also has strong effects on the flame behavior and on its macro-
structures. As shown in Figure 7, with the injection of a central fuel jet, the flame gets detached from
the bluff-body. The local fuel-rich condition in the inner vortex caused the flame lifting off from the
surface of the bluff-body. The liftoff height increased with the increase in the velocity of the central
fuel jet. Since more heat was released with the injection of the central jet fuel, the color scale of the
time-averaged flame images in Figure 7 alters with one another. In addition, it was observed that
with the increase in the mass flow rate of the central fuel jet, more soot could be formed, which thus
changing the color of the lean premixed methane-air flame from bluish to yellowish. The yellowish
flame behaved more like a diffusion jet flame, with the annular flow acting as the oxidant. Differed
from the effects of a central air jet, the central fuel injection remained the peak heat release zone
location in the central axis downstream of the bluff-body. The heat release fluctuation peaked in the
flame root region (h <20mm) under the conditions with a small amount of central fuel injection (Us/Ue
< 0.089). With the increase in the mass flow rate of the central fuel jet, the heat release fluctuation
peaked into the jet shear layer.
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Figure 7. The time-averaged (upper row) and RMS (lower row) images of different flame structures
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With the injection of a central fuel jet, another interesting behavior of the unstable flame was
observed, as shown in Figure 8. When small amount of the central fuel jet (Us/Uc=0.045) was injected
into the flow field, the flame turned to be unstable, with the flame tip attaching to the bluff-body
outer edge. The attach point of the flame tip moved circularly along the bluff-body outer edge. This
unstable flame behavior was dominated by the central fuel jet, because a change in the equivalence
ratio of the annular flow did not significantly alter the flame instability features. The radial position
of the unsteady flame tip was shown in Figure 9. A fast Fourier transform (FFT) code in Matlab was
used to analysis the oscillations of the flame tip. In Figure 9, one can note that the flame tip alters its
position around the axis of the bluff-body at -7mm < r < 7mm, indicating the flame tip was stabilized
at the outer edge of the bluff-body. The unstable behavior of the flame tip might be caused by the
unstable variance of the local equivalence ratio together with the unstable heat transfer from the flame
to the bluff-body. When the flame tip was attached to one point in the outer edge of the bluff-body,
more heat was then convected to the bluff-body through that point, thus the local temperature being
lowered which might lead to local extinction of the flame. At the same time, the unstable wakes
shedding from the bluff-body might also contribute to the instability behavior of the flame tip. The
interaction of the wakes with the flame changed the local flow velocity and the local equivalence
ratio, which could also result in the flame tip moving along the outer edge of the bluff-body.

Height [mm]

20 -20
Radial position [mm]

Figure 8. Typical flame instability behavior caused by a central fuel jet injection (the flame tip is
moving circularly along the outer edge of the bluff-body)



Energies 2017, 10, x FOR PEER REVIEW 10 of 14

10

§

Magtitude

Location [mm]

10

50 100 150 200 250 300 350 400 450 50 100 150 200 250

Frame Number Frequency [Hz]

Figure 9. Radial position of flame tip (left) and its FFT results (right)

As shown in Figure 10, the dominate frequency of the oscillation for the flame tip is
approximately 20Hz for case with annular mixture equivalence ratio of @ = 0.64, the bulk velocity of
Ue=2.77m/s and Us/Uc=0.045. An increase in the mass flow rate of the central fuel jet led to a decrease
in that dominate frequency. As shown in Figure 7, the increase in the mass flow rate of the central
fuel jet also resulted in an increase of the flame liftoff height, which probably being one of the reasons
for the variance of the dominate frequency of the oscillation of the flame tip. When the central fuel
flow rate exceeded a critical value, the flame overall acted much more like a diffusion jet flame rather
than a bluff-body stabilized premixed flame. A deeper insight using PIV, PLIF and numerical
simulations concerning the local equivalence ratio, the heat transfer and the corresponding flow
structures is needed here.
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Figure 10. Effects of a central fuel jet on flame tip instability

3.2. Blowout limits

Flame blowout limit is another important feature to evaluate the performance of a flame holder.
The blowout limit is the equivalence ratio of the annular flow at which the flame became visualized
absence. The flame blowout limit was obtained by reducing the annular fuel flow rate from a stable
flame condition (i.e. ® = 0.64) until the flame being vanished. During the reduction of fuel flow rate
(at a step of 0.04 SLPM) the mass flow rates of the annular air and of the central air jet were kept
constant. After each step of reducing the annular fuel flow rate, all the flow conditions were kept
constant for at least 2mins to achieve a thermal equilibrium before the next fuel-reduction step. The
blowout of the annular premixed flame could not be observed with a central fuel injection. This was
due to the fact that when the equivalence ratio of the annular flow was reduced to the minimum level,
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® =0, (pure air in the annular flow), with a central fuel jet, the flame could also be maintained in
terms of a bluff-body stabilized diffusion flame. Hence, in the paper only the effects of the central air
injection on the flame blowout limits were studied, as shown in Figure 11.

It could be found in Figure 11 that with a central air jet, the flame blowout limits increase as a
whole. The increase in flame blowout limits was caused by the changing of flow structures
downstream of the bluff-body. As shown in Figure 1, with a small amount of the central jet, the
annular flow dominated the flow structures. Then a fresh air layer was formed, as shown in Figure
5. At the same time, a small area of the flame front was attached to the bluff-body. Thus, the flame
was extremely unstable and easy to blowout. Increasing the mass flow rate of the central air jet, the
flame blowout limit decreased. It could be explained by the alternation of the flow structures, from
annular flow dominating to neither jet dominating condition, as shown in Figure 1 and Figure 5. The
central air jet penetrated more and effects from the central air jet on the near field of the surface of
the bluff-body gets weaker. Larger area of the flame front got attached to the surface of the bluff-
body, while the flame becoming somewhat more stable. With a further increase in the velocity of the
central air jet, the flame blowout limits increased. It is worth noting here that two different blowout
phenomenon were observed during the experiments. When Ua/Uc < 5.5, the flame blowout occured
without the appearance of the split-flashing flame mode. The entire flame vanished suddenly with a
small reduction in the mass flow rate of the annular fuel flow. The flame front that was attached to
the bluff-body could not be sustained anymore. When U./Uc > 5.5, however, with a reduction in the
equivalence ratio of the annular flow, the split-flashing flame (shown in Figure 6) took place before
the occurrence of the flame blowout. A further decrease in the mass flow rate of the annular fuel flow
quenched the flashing flame downstream of the blue-body firstly, with only the flame root being
stabilized. A little further reduction in the mass flow rate of the annular fuel flow finally quenched
the flame root. As discussed above, the occurrence of the flame neck was caused by the penetration
of the central air jet. The local flame quenching and re-ignition were supposed to be reasoned by the
local high strain rate and the locally fuel-lean condition at the neck region. As shown in Figure 11, a
big amount of mass flow of the central air jet (Ua/Uc > 10) resulted in higher blowout limits, which
might be caused by the enhanced heat convection from the bluff-body to the central jet.
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Figure 11. Effects of a central air jet on the flame blowout limits

3.3. Bluff-body upper surface temperature

In this section, results of the temperature on the upper surface of the bluff-body are presented
and discussed. Experiments reported here were performed holding the velocity of the premixed
annular flow at Uc = 2.77m/s and the equivalence ratio at ® = 0.64. Effects of the central air and fuel
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injections were studied on the basis of experiments with Ua/Uc=0~7.8 and U/U=0~0.36, respectively.
The temperature Tedge varied with the injection of a central air/fuel jet, as shown in Figure 12.
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Figure 12. Effects of central air (left) and fuel (right) jet on the temperature of bluff-body surface

With a small amount of a central air injection (Ua/Uc = 1), the temperature on the surface of the
bluff-body dropped to less than 80% of To, as shown in Figure 12. For case in which Ua/U. = 1, the
temperature of the bluff-body was lower than any other cases with a central air jet. That lower
temperature was probably produced by the local flow structures near the bluff-body. When U./U~
1, the flow fields downstream of the bluff-body were believed to be dominated by the annular flow,
as shown in Figure 1. A fresh air layer was then formed above the surface of the bluff-body,
preventing the heat convection from the flame to the bluff-body. Afterwards, an increase in the
velocity of the central air jet increased the temperature ratio up to approximately 87%. With an
increase in the velocity of the central jet flow, the air jet penetrated higher with a weakened heat
convection from the bluff-body to the central jet. Thus, as shown in Figure 12 (left), when the flow
field was central jet dominating, an increase in the mass flow rate of the central air jet did not
significantly change the heat load to the surface of the bluff-body, even when the flame was
increasingly weakened by the central air injection.

With the injection of a central fuel jet, the temperature on the surface of the bluff-body decreased
significantly, to even less than 75% of To. The main reason for that lower temperature was the
occurrence of flame lifting off from the bluff-body, with the injection of a central fuel jet. As described
previously, with a central fuel jet, the time-averaged flame structure appeared a detached pattern
from the bluff-body. At the same time, the transient flame structures showed an increasingly flame
instability. The flame liftoff height increased with the increase in the mass flow rate of the central fuel
jet, until flame blowout occurred. Thus, the heat load to the surface of the bluff-body was reduced
correspondingly at the same time.

Taking the temperature on the surface of the bluff-body into consideration, a central air jet and
a central fuel jet are practical methods to reduce the heat load to the bluff-body in bluff-body
stabilized premixed flames. However, the disadvantage with a central air injection is that the flame
then becomes more unstable and easier to blowout. A central fuel injection, which acts like a pilot,
could be used to stabilize the premixed annular flame, with a reduction of the heat load to the surface
of the bluff-body.

4. Conclusions

The effects of a central air/fuel jet on the bluff-body stabilized premixed methane-air flames were
studied in the paper. The temperature on the surface of the bluff-body and the flame structures were
captured on the basis of use of a thermographic camera and a high-speed CMOS camera, respectively.
The injection of a central air/fuel jet makes the flame more unstable. A central air jet causes the flame
easier to blowout, while two different blowout phenomena (with/without the occurrence of split-
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flashing flame mode) being observed. The reduction in the temperature on the surface of the bluff-
body with a central fuel injection is found to be caused by the flame lifting off from the bluff-body.
The liftoff height increases with the increase in the mass flow rate of the central fuel flow, while the
temperature of the bluff-body being decreased correspondingly. The attached point on the outer edge
of the bluff-body is unstable under conditions with a central fuel jet. A circular motion of the flame
tip along the outer edge of the bluff-body is observed and presented. The dominant frequency of the
oscillation of the flame tip decreases with an increase in the velocity of the central fuel jet. Further
detailed investigations of the flow structures as well as the interactions of a central jet with the
annular flame are required.
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HIGHLIGHTS

1. Effects of bluff-body position on flame patterns and instabilities are studied.
2. A vortex besides the bluff-body outer wall enhances flame stabilization.
3. Combustion enhances central jet penetration, enlarges air driven vortex.

ABSTRACT

Effects of bluff-body position on diffusion flame structures and instability
characteristics were investigated experimentally and numerically. The flame regime
diagram and stability limits of the methane-air diffusion flame are proposed to evaluate
the influences caused by the alternation of the bluff-body position. The disk shape bluft-
body was placed 10mm above or at the same height with the annular channel exit. The
bulk velocity of the annular air flow varied from U, = 0 to 8m/s; while the jet fuel velocity
ranged from U; = 0 to 30m/s. Various flame patterns including the recirculation zone
flame, the stable diffusion flame, the split flame and the lifted flame till flame blowoff
were observed and recorded by the high speed camera. High speed Particle Image
Velocimetry (PIV) were also adopted to give deeper insight into the characteristics of the
flow fields and flame patterns. The hybrid RANS/LES model was utilized to simulate the
reactants mixing characters, scalar dissipation rates, flow fields and their relation with the
flame structures. The size and strength of the recirculation zone downstream of the bluff-
body were altered with the changing of bluff-body position. It is found that the flame
behaves similarly in the burners with different bluff-body’s positions, except for cases
with high annular air velocities (U, > 6.8m/s). Placing the disk shape bluff-body 10mm
above the annular channel exit could better stabilize the flame. The recirculation vortex
formed besides the bluff-body’s outer wall played an important role in the flame
stabilization. Combustion affected the flow fields significantly by accelerating the central
jet and enlarging the outer recirculation zone.
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blockage ratio [-]

reaction progress variable [-]
annular channel diameter [mm]
Damkdhler number [-]
bluft-body diameter [mm]
central jet diameter [mm]
mixture fraction [-]

axial position [mm]
recirculation zone length [mm]
radial position [mm]
temperature [K]

annular flow velocity [m s™']

central jet velocity [m s!]

distance from the annular channel exit to bluff-body’s upper surface

[mm]

Time delay between two laser pulses [pis]

equivalence ratio [-]

Detached Eddy Simulation

Improved Delayed Detached Eddy Simulation
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LES Large Eddy Simulation
PIV Particle Image Velocimetry
RANS Reynolds-Averaged Navier—Stokes

SRS scale-resolving simulation



INTRODUCTION

Bluff-body stabilized turbulent jet diffusion flame has received renewed attention in
recent years due to its practical applications. It is found in a variety of applications, such
as gas turbine combustor, afterburner, heat recovery steam generator, and industrial
furnace[1]. Bluff-body flame holder is a commonly employed practical methodology to
stabilize the flame due to the enhanced mixing characteristics as well as the ease of
combustion control. The recirculation of hot gas behind the bluff-body can help to reignite
gas mixtures, and thus stabilize the flame[2]. In addition, the longer residence time
downstream of the flame holder in some way also enhances the flame stabilization. The
bluff-body has also been utilized to increase heat conduction and shorten the flame length
in steam boiler and gas turbine[3]. Due to the advantages mentioned above, bluff-body is
preferred to stabilize both the premixed and diffusion flames. Moreover, in order to
stabilize the diffusion flame, the bluff-body is commonly designed in the axis of the
annular channel with a central fuel jet passing through the bluff-body’s center.

Herein the introduction part, the iso-thermal and reacting flow structures
downstream of the bluff-body with a central jet are first presented. Effects of the
combustion on the flow fields are emphasized. After that, studies about flame structures
anchored by a bluff-body are reviewed. The burner geometries with different bluff-body’s
dimensions and positions are summarized as well.

Flow structures

The typical flow fields downstream of the bluff-body with a central jet is shown in
Fig.1[4]. Two recirculation zones, namely the inner and outer recirculation zones, could
be observed. The outer recirculation zone is driven by the annular flow while the inner
recirculation zone is driven by the central jet. These two recirculation zones interact with
each other and play an important role in the diffusion flame structures and after all
determine the flame stabilization. Dally et al. [5] identified three mixing layers in the
recirculation zone: a. an external mixing layer located between the annular air flow and
the outer vortex (shown as the annular flow shear layer in Fig.1); b. an intermediate one
between the inner and outer vortexes (shown as the mixing shear layer in Fig.1); c. an
internal layer between the inter vortex and the central fuel jet (shown as the jet shear layer
in Fig.1).
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Fig.1  Illustration of the time-averaged flow fields of a bluff-body with a central jet (reproduced from
[4D)

The flow structures downstream of the bluff-body are strongly dependent on the
velocity ratio[4] or the momentum ratio[5] of the central jet to the annular flow. In an
axisymmetric bluff-body burner, Roquemore et al.[4] divided the flow topologies into
three modes (as shown in Fig.1) based on the fuel to air velocity ratio in the iso-thermal
flow. With the increasing of the velocity ratio of the central jet to the annular air flow, the
flow structures changed from the annular jet dominating to a transition pattern and finally
to the central jet dominating. Esquiva-Dano et al.[6] distinguished three flow patterns
base on the number of the stagnation points in the central axis of the flow. When the
annular air dominated the flow structures downstream of the bluff-body, two stagnation
points could be observed along the centerline. These two stagnation points were related
to the central jet penetration and the recirculation zone length respectively. When the
central fuel jet dominated the flow structures, there was no more stagnation point located
along the centerline. The transition situation was where neither the central fuel jet nor the
annular air jet dominated the flow fields. The transition mode was an intermediate state
where only one stagnation point could be observed. Schefer et al.[7] also reported that the
velocity ratio of the central jet to the annular flow determined the number of stagnation
points and the size/strength of the recirculation zones. They were applicable to both
reactive and non-reactive cases within different confinements. Whereas, Yang et al.[8]
studied the reacting flow structures and distinguished them into four modes. It was also
concluded that the flow patterns were highly determined by the interaction between the
flow and combustion. Schefer et al.[9] compared the velocity fields downstream of the



bluff-body in the iso-thermal and combusting cases when holding central to annular flow
velocity ratio at U; / U, = 0.84. It was concluded that the velocity in the centerline region
was altered between different cases; whereas the velocity distributions in the remainder
flows were quantitatively similar with each other. They also reported that combustion
would result in an increase of the central jet penetration. However, Huang and Lin[10]
reported that the lifted flames did not significantly affect the flow structures near the bluft-
body. In the detached flames, combustion in the recirculation bubble leaded to local low
pressure and thus enhanced the reinforcement of the development of central jet. The flow
patterns and turbulent intensity could affect the combustion via the fuel entrainment,
diffusion and mixing capabilities. They classified the flow structures into pre-penetration,
penetration and large shear flows according to the central to annular jet velocity ratios.
Ma and Harn [11] numerically studied the effects of blockage ratio, cone angle and fuel-
air velocity ratio on the flow fields downstream of the bluff-body. It was found that when
the blockage ratio was high, a larger recirculation zone would be formed. However, less
velocity gradient variation in the major mixing zone would also be observed in case with
high blockage ratio. It was predicted that flow in the higher blockage cases had a worse
mixing of the central fuel jet with the annular air flows.

Flame patterns

The bluff-body stabilized diffusion flame patterns were of high interest to
researchers since they were highly related to the flame stabilization characteristics. Chen
et al. [1] proposed a regime diagram of bluff-body stabilized flame patterns which
included (a) recirculation zone flame; (b) central jet dominated flame; (c) jet-like flame;
(d) partially quenched flame and (e) lifted flame. Tang et al. [2] named the flame
structures by stable flame, transitional-state flame, unstable flame and flame blowout.
They also observed the split-flashing, split and lift-off flames under different operating
conditions. San et al. [3] studied the rifled bluff-body frustums and divided the flame
patterns into jet flame, flickering flame, bubble flame, lifted flame and turbulent flame
patterns. Yang et al.[12] classified the diffusion flames behind the disc stabilizer into five
modes: (1)recirculation zone flame, (2)central jet dominated flame, (3)jet like flame,
(4)partially quenched flame and (5)lift-off flame. Masri and Bilger [13] also reported
three types of bluff-body stabilized turbulent natural gas and liquefied petrol gas flames:
(A) short, recirculation controlled flame; (B) transitional flame; and (C) long, fuel jet
dominated flame. Subsequently, Huang and Lin[14] divided the commercial propane
diffusion flames into the following seven types: (I) recirculated region, (II) transition,
(IIT) unsteady detached, (IV) laminar ring, (V) developing ring, (VI) split flashing and
(VII) lifted flames. Esquiva-Dano et al.[6] investigated the effects of bluff-body shape on
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the behavior of non-premixed flames. With the decreasing of the ratio of jet to annular air
flow velocity, they classified flames into five different regimes: (1) laminar, (2) transition
I, (3) laminar ring, (4) transition II and (5) recirculating flames followed by flame
extinction. In the transition I flame regime, bulge, detached and reattached flames were
observed. They also reported that the tulip of the bluff-body significantly promotes the
flame stabilization. Whereas the disk shape bluff-body, which created a bigger
recirculation zone, performed worse in stabilizing the flame. The fuel penetration and
fuel-air mixing process were concluded as the dominant parameters determining the
flame patterns and stabilization. However, Longwell et al.[15] reported that a larger
recirculation zone downstream of the bluff-body could better stabilize the premixed
flame. They emphasized that in the larger recirculation zones, reactants could have more
residence time and hence promote the flame stabilization. The flow residence time in the
recirculation zone was defined as the ratio of the mass entrance rate to the volume of the
recirculation zone. It was reviewed by Shanbhogue et al.[16] that the flame patterns were
highly associated with the flame dynamics. They reported that flame blowoff occurred as
a sequence of events: extinction along the flame sheet, large scale wake disruption and a
final blow-off. These flame behaviors were depended on wake cooling and shrinking. In
addition, significant differences between the iso-thermal and the reacting flow structures
were evidenced. Chen et al.[17] compared the diffusion flame structures stabilized by a
bluff-body or a swirling flow. They found the flames had the similar structures and
properties when they were operated with the same non-dimensional vortex strength and
fuel jet momentum. They observed two types of flame (Type 1: fuel-jet dominated flame
and Type 2: recirculating flame) both in the bluft-body and swirl stabilized flames. They
also concluded that flame behavior was strongly determined by the flow fields
downstream of the bluff-body or the swirler. Herein the current study, according to the
literatures [2] and [12], we named the flame patterns as follows: (1) recirculation zone
flame, (2) stable diffusion flame, (3) split-flashing flame and (4) lifted flame till flame
blowoff.

Burner geometries

The burner geometries could be altered with changing of the bluff-body’s shape,
position and the blockage ratio (the cross sectional area ratio of the bluff-body to the
annular channel) or the confinement ratio (the cross sectional area ratio of the burner to
the combustor). Different burner geometries with a bluff-body flame holder are
summarized and listed in Table 1. Researchers preferred to place the bluff-body at the
same height with the exit of the annular channel, like in literatures [1] [2] [6] [8] [11]
[14]. The commonly employed bluff-body shapes are disk or conical shapes. However,
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some other designs of bluff-body geometries also obtained investigators’ attention, i.e.
placing the bluff-body above the annular channel exit in literatures [3] [18] [19] [20] or
even below the annular channel exit in the literature [21], or bluff-body with swirling
flow in the literature [3]. Schefer et al. [7] investigated the effects of confinement ratio
on the recirculation vortexes and the corresponding flame stabilizations. It was concluded
that when the confinement ratio was low, the recirculation zones and flame stability were
not significantly affected by the confinement. In addition, Yang et al.[12] studied the
effects of blockage ratio on flame stabilization and flame patterns. They concluded that
when the blockage ratio got increased, the main reaction zone moved to regularly
upstream to the inner side of the recirculation zone. It was similar to the phenomenon
when increasing the fuel-to-air velocity ratio. Moreover, Esquiva at al.[6] investigated the
influence of bluff-body’s shape on flame regimes. The tulip shape bluff-body was found
to have better performance in stabilizing the flame than the disk shape flame holder.
Kumar and Mishra [22, 23] studied the effects of the size of the disk shape bluff-body on
liquefied petroleum gas (LPG)-H, jet diffusion flame. It was found that with the
increasing of the bluff-body’s diameter, the flame length got shortened. The recirculation
zone downstream of the bluff body performed better mixing of reactants and as a result,
reaction zone was likely to propagate toward the bluff body. As a consequence, it leaded
to a reduction of the flame length.

However, to the author’s best knowledge, rare research is focusing on the effects of
the bluff-body position (i.e. at the same height with or above the annular air channel exit)
on the recirculation zones and flame structures. Meanwhile, as mentioned above,
researchers have already utilized the burners with different bluff-body positions in their
research. Whether the bluff-body position could affect the flame patterns is still a topic
need to be studied. In the burner design process, more information about the influences
of the bluff-body’s position on flame behaviors is required. Hence, herein the current
paper, we examined the performances of burners with a simple disk shape bluff-body
placed at different positions. Two bluff-body positions were investigated: at the same
height or 10mm above the annular channel exit. The flow fields downstream of the bluft-
body and flame stability limits were investigated as well. Cases with different bluft-
body’s positions were studied to span the range of interest for practical burners.

APPAARATUS AND METHODS
Experimental setup

The experimental setup and the non-confined bluff-body burner are schematically
shown in Fig.2. The burner was an annular channel with a disk shape bluff-body located
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in the center. The inner diameter of the annular air flow channel was d, = 30mm. The
removable stainless steel bluff-body had an outer diameter of d, = 14mm and an inner
diameter of d; = 4mm. The central pipe as well as the bluff-body were removable and
adjustable. Commercial air was fed into the annular channel while fuel was injected
through the central pipe. Methane was selected as the central fuel jet since it was the main
component in natural gas. In addition, the established and detailed chemical reaction
mechanisms of methane were available for the numerical simulations. The distance from
the bluff-body’s upper surface to the exit of the annular air flow channel, 4H, is also
shown in Fig.2. Flow structures and flame patterns of the burner with two bluff-body’s
positions, including AH = Omm (the bluff-body’s upper surface was at the same height
with the annular channel exit) and 4H = 10mm (the bluff-body’s upper surface was 10mm
outside above the annular channel exit) were investigated. As reviewed in the introduction
part, these two bluff-body’s positions were commonly used in other researchers’
investigations. The blockage ratio for the case with AH = Omm was ay = 0.218 and for
AH = 10mm it was a;9 = 0.04. A ceramic honeycomb was mounted in the annular channel
to form a uniform annular flow upstream of the channel exit.

|Da:30mm_?_h |
[
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1
| [ |
- vb\ ! N |
| Smm! |
AH| | % |
\ _V_| N
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-

High speed controller / synchronizer

s
s

[T A
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]|
@] Annular flow (U,): air“—T ﬁTb -

Fuel jet flow (U;): methane

Control PC
Fig.2  Schematic of the experimental setup (left) and the burner (right)

Particle Image Velocimetry

The flow fields downstream of the bluff-body were measured using a high-speed
PIV system (Lavision Flowmaster). The schematic of the PIV system is also shown in
Fig.2. A diode-pumped, dual cavity Nd: YLF laser (Litron LDY) was utilized to illuminate
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the central plane of the bluff-body with a laser sheet. The thickness of the lase sheet was
approximately 1mm which was generated by an optical lens. The high speed laser had a
wavelength of 527nm and frequency was set to f'= 2kHz in the current study. The time
delay between two laser pulses was Az = 50us. The laser light scattered off the TiO, seed
particles which were originated from both the annular and central flows. The recording
rate of the high speed CMOS camera (Vision Research Phantom V 611) was set to 2kHz
with a resolution of 1280%800 pixels and a depth of 12 bits. As shown in Fig.2, the TiO,
particles were seeded into both the air flow and the fuel flow using a rotating drum particle
seeder (Scitek PS-10) and a LaVision solid particle seeder (LaVision Particle blaster 100)
respectively. The seeding particles with the primary diameter of 20nm formed particle
clusters of 150-250nm in size. A multi-pass cross-correlation algorithm, which was
available in the DaVis (v.8.1.4) computer software, was utilized to evaluate the velocity
fields downstream of the bluff-body. The cross-correlation was performed on
interrogation areas of 64 x 64 and subsequently 32 x 32 pixels with a window overlap of
50%. The focus area contains the inner and outer recirculation zones and the three main
shear layers near the bluff-body.

Test conditions and procedures

The Bronkhorst mass flowmeter was utilized to measure the mass flow rate of the
air passing through the annular channel. Meanwhile, the Alicat (MCR 100) mass flow
controller was employed to control the mass flow rate of the central fuel jet. The bulk
velocity of the annular air flow, U,, was calculated based on the cross sectional area of
the annular channel upstream of the bluff body as shown in Fig.2. It was ranged from U,
= 0 to 8m/s; while the central jet bulk velocity ranged between U; = 0 to 30m/s. All
experiments were carried out without confinement in the atmosphere condition. It thus
made the utilization of laser based experiments possible and reliable due to the lack of
noises from light/laser reflection from the confinements.

In order to start the series of experiments, a small amount of central fuel jet (i.e. U;
= 3m/s) was fed through the central pipe without the annular air flow. The central fuel jet
was then ignited by an ignitor to obtain a stable jet diffusion flame. After that, the fuel
flow velocity was accelerated to U; = 13m/s, meanwhile the annular air flow rate was
increased to the target value. As what will be shown in the results and discussions part,
when holding U; = 13m/s, the flame could be stabilized in a wide range of U,. Afterwards,
the central fuel velocity was altered by steps of approximately 0.3m/s to its target value.
During each alternation of the central fuel flow velocity, the central fuel and the annular
air flow rates were kept constant for at least 1 min. It was thus the mass flow rates of fuel
and air were stabilized at a constant value and the bluff-body was under a thermal
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equilibrium condition. Holding the mass flow rates of air and fuel at the target values, the
transient flame structures were captured utilizing the high speed CMOS camera (Vision
Research Phantom V611) at a recording frequency of 1kHz. The broad band emissions
radiated from the flame were captured to visualize the flame patterns.

Numerical methods

Large Eddy Simulation (LES) has proven to be a powerful tool for the prediction of
transient turbulent reacting flows and flame structures with high resolutions. In addition,
the unsteady three dimensional effects and transient detailed flow fields were reported to
be predicted better by LES than unsteady RANS (URANS) [24]. However, LES models
are only recommended for flows where wall boundary layers (usually with high local
Reynolds number) are not relevant and need not be resolved. Hence, the detached eddy
simulation (DES) model, which was a hybrid LES-RANS model combining URANS in
the wall boundary layer and LES in the separation zones, was adopted in the current study.
In addition, the improved delayed detached eddy simulation (IDDES) model, which is
based on the shear stress transport (SST) k- model, has a better performance than DES.
It could provide a more flexible and convenient scale-resolving simulation (SRS) model
for flows with high Reynolds number [25]. The transport equation for the turbulent kinetic
energy (k) and the specific dissipation rate () in the SST-IDDES model are given as
follows:

dpk .
P v-(5TK) =V- [(,u + ﬁ) Vk] + Py — pBkwFyppgs
ot Oy
dpw . Ur Vk-Vw . W 5
\/F/
_ lrans _ (B*w)
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It is shown above that Fippesis related to the RANS turbulent length scale and the
LES length scales. For more information about the formulations of IDDES model and
different length scales, the readers could refer to ANSYS theory guide [25] and paper
[26]. In the current study, the IDDES model was utilized to simulate different flame
behaviors in the burners with different bluff-body positions.

The transport PDF model [27], EDC model with detailed mechanisms [28] and
flamelet based model [29] are commonly used in the simulation of non-premixed
combustion. The results based on the models listed above show that different models give
fairly good results when comparing with experimental data. In our paper, taking the



computational accuracy and computational CPU time into account, the partially premixed
non-adiabatic flamelet combustion model was adopted in the study to get deeper insight
into the transient flame patterns. It was suggested by Qureshi et al. [30] that the
equilibrium model was only valid when the ratio of diffusion time scale to the chemical
time scale is larger than 200. However, the partially premixed steady diffusion flamelet
model is suited to predict chemical equilibrium and non-equilibrium due to aerodynamic
straining of the flame by the turbulence. The chemistry, however, is assumed to respond
rapidly to this strain. So as the strain relaxes to zero, the chemistry tends to equilibrium
[25]. The partially premixed combustion model solves a transport equation for the
reaction progress variable (c, to determine the position of the flame front) as well as the
mean mixture fraction (f), and the mixture fraction variance (f'). Hence it can simulate
non-premixed flame (based on f), premixed flame (based on ¢) and partially premixed
flame (based on both f and ¢). The mixture fraction (f) quantifies the extent of mixing
between fuel and oxidizer streams in non-premixed combustion. It can be expressed by
the atomic mass fraction as:

where z; is the elemental mass fraction for species i. The subscript o stands for the value
at the oxidizer flow side and f'is the value at the fuel side. In the diffusion flamelet model,
f is assumed to follow the p-function probability density function (PDF) and scalar
dissipation fluctuations are ignored. The chemistry of the combustion is then reduced and
completely described by the transport equations of ¢ and f which allows the flamelet
calculations to be preprocessed and stored in the look-up tables. Thus the computational
costs could be reduced considerably. The transport equations of funder the assumption of
equal diffusivities is then:
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where p; is the laminar viscosity and u, is the turbulent viscosity. S,, is the source
term which is determined by the mass transfer from liquid or solid phase into gas phase
during the chemical reaction. For diffusion flamelet model adopted in LES region of
IDDES model, the mixture fraction variance is modeled as
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where C,,,- is a constant with C,,- = 0.5 and L; is the subgrid length scale. In
addition, the progress variable c is a parameter that characterizes the evolution of global
chemical status from purely mixing unburnt (¢ = 0) to fully burnt (¢ =1). The flame front
propagation is modeled by solving a transport equation for the density-weighted mean
reaction progress variable, denoted by ¢:
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Where Sc; is the turbulent Schmidt number and S, is the reaction progress source
term. Density weighted mean scalars (such as species fractions and temperature) are
calculated from the probability density function (PDF) of f and c¢. More detailed
descriptions for the turbulent models and partially premixed steady flamelet model are
available in ANSYS FLUENT Theory Guide [25]. The reduced version of GRI-MECH
1.2 [31] with 19 species and 84 reactions of methane and air was selected with reasonable
computation cost. The Peters turbulent flame speed model [32] was selected in the
simulation.

The second order upwind scheme was used for the spatial discretization while the
bounded second order implicit scheme was selected for the transient formulation. The
coupled pressure-velocity coupling algorithm was used to solve the discretized equations.
The CFL number employed in the current work was set to 0.7. The incompressible
governing equations for mass, momentum and mixture fractions were solved based on a
structured 3-D grid and the resolution effects investigated using up to 2.19 million nodes
as shown in Fig.3. As can be observed from Fig.3, the computational domain covered
290mm in the streamwise direction with # = 200mm downstream of the bluff-body. The
outlet downstream was 160mm in the radial direction. The hybrid grids were refined in
the cylindrical domain at 0 <7 < 15mm and -10mm < 4 < 50mm, while the boundary
refinement was adopted in the bluff-body upper and side walls. Strong shear stresses, the
boundary layer flow, fuel-air mixing and most chemical reactions are found in this
cylindrical region. Three levels of grid refinement (as shown in Table 2) in case with AH
= Omm were adopted and compared with each other in the current study. As shown in
Fig.4, the finest grid with 2.19 million nodes could better capture the flow fields near the
bluff-body’s outer wall region (as shown in Fig.4(a)) as well as the size of the recirculation
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zone (as shown in Fig.4(c)). It could be seen from Fig.4(a) that with the further refinement
of the grid, the radial velocity near outer wall of the bluff-body matches better and better
with the experimental data. However, the radial velocity near the upper surface of the
bluff-body (-7mm < r < 7mm) has the best prediction within Grid-2 indicating a further
mesh refinement near the upper wall might cause more numerical error. Moreover, as will
be shown in the results and discussions part in the current paper, the recirculation bubble
besides the outer wall of the bluff-body has strong effect on flame stabilization. Strong
fuel-air mixing and scalar dissipation are observed in bluff-body’s outer wall region as
well. In addition, the simulation results at 20mm downstream of the bluff-body in Grid-3
match fairly well with the experimental data. Hence the finest Grid-3 was chosen in the
current paper to carry out the simulation work. The annular channel and the bluff-body
were set to adiabatic walls as suggested by Euler et al. [33] based on their experimental
investigations. When simulating the iso-thermal flow structures without central jet, the
central jet boundary was switched from velocity inlet to adiabatic wall condition.
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Fig.3  Computational domain and boundary conditions
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RESULTS AND DISCUSSIONS
Isothermal flow structures without central jet

When only the annular air flow was considered, the influence of the bluff-body’s
position is emphasized since the initial flow fields downstream of the bluff-body are
undisturbed by the central jet [6]. In the current study, we utilized the definition in the
literature [7] to evaluate the length of the recirculation zone. The length (/) of the
recirculation zone was defined as the axial distance from the bluff-body’s upper surface
to the stagnation point which marked the end of the recirculation bubble.

The typical time averaged flow structures (without the central jet) downstream of
the bluff-body are shown in Fig.5. The velocity fields in Fig.5 were obtained by averaging
2000 instantaneous vector fields which yielded a time interval of 1s. The color of the
vector reveals the value of the axial velocity while the length of the vector shows the
value of the velocity magnitude. The axial position in Fig.5 in these two cases shows the
local axial distance to the bluff-body upper surface. The left half of Fig.5 shows the
velocity fields in case with AH = Omm and the other half illustrates case with 4H = 10mm.
By comparing the two cases, it can be seen that placing the bluff-body 10mm above the
annular channel exit enlarges the recirculation vortex.

AEl
velocity -2 -1 0 1 2 3 4 5 6 7

Axial Position [mm]

-10 -5 0 5 10
Radial Position [mm]

Fig.5  Typical time averaged iso-thermal flow structures downstream of the bluff-body without central
jet when holding U, = 5.84m/s



Simulations were also carried out to simulate the flow fields downstream of the
bluff-body with U, = 5.84m/s in these two burner geometries. All the time averaged
numerical results were obtained by averaging 1s time period after the initial transients
were convected out of the flow domain over the first 1.5s. Fig.6 reveals the experimental
and numerical results of radial velocity distributions at different radial locations. These
data were obtained along # = 2mm downstream of the bluff-body in these two cases. It
could be observed from Fig.5 that downstream near the bluff-body (-7mm < » < 7mm),
due to the formation of the recirculation vortex, the local flow has the monument away
from the burner’s axis. Whereas near the outer wall of the bluff-body, the axial velocities
differ a lot with each other in these two cases. In case with 4H = O0mm, the annular flow
at > 7.5mm or » < -7.5mm has the momentum towards the burner axis. However, at the
same region in case with 4H = 10mm, the annular flow has the momentum towards the
ambient air. Schefer et al. [ 7] reported that the recirculation zone length and the stagnation
point locations were related to the pressure gradients downstream of the bluff-body. In
addition, the annular flow curvature constrained by the confinement could also affect the
flow fields. In the current study, when the bluff-body was mounted with AH = Omm, the
annular channel acted as the confinement. The annular channel’s inner wall constrained
the air flow to be parallel to the burner axis which would lead to the flow at the region of
r > 7.5mm or r < -7.5mm propagating towards the burner axis. However, placing the
bluff-body with 4H = 10mm resulted at a free annular flow expansion to the ambient air,
resulting at a flow velocity away from the burner axis. A weaker constrain effect from the
annular channel was expected in case with AH = 10mm. It is thus the annular air flow was
easier to diffuse into the ambient air. Hence the recirculation vortex, which was strongly
correlated with the annular air flow streamline curvature near the bluff-body, was larger
in the burner with 4H = 10mm than that in the other case. As will be discussed later, the
difference of the recirculation zone size would strongly affect the flame structures and its
instabilities. In addition, the recirculation zone length was strongly dependent on the
annular flow velocity, U,, as well. Holding the same annular air flow velocity in these two
burner geometries at 2m/s < U, < 8m/s, larger recirculation zones could always be found
in the burner with 4H = 10mm than that in the other case.
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Flame structures

In this section, flame patterns under different operating conditions are shown firstly.
Then the reasons for the different flame structures in the two burner geometries are
emphasized. Flame regime maps of the two burners are determined to characterize the
influence of bluff-body’s position on flame instability. Fig.7 and Fig.8 show the flame
regimes and typical transient flame structures in these two burners under different
operating conditions.

As shown in Fig.7, when the annular flow velocity was low (i.e. U, < 2m/s), two
flame patterns could be observed in these two burner geometries. While with a moderate
U,, there were three flame patterns under different operating conditions. The flame
transition points in these two burner geometries were similar with each other when U, <
6.8m/s. However, when U, > 6.8m/s, flame instabilities in these two cases were different.
Flame could not be stabilized in the up-left region in Fig.7(a); while in Fig.7(b) it could
be stabilized with a recirculation zone flame pattern in the burner with AH = 10mm. Two
flame extinction phenomenon was observed in the experiments. Flame extinction due to
the increasing of central fuel jet velocity when U;> 10m/s was named as flame blowoff
in the current paper. Another flame extinction was caused by the decreasing of fuel flow
rate and it was called flame blowout, as shown in the up-left region in Fig.7(a). In overall,
the stable diffusion flame region in these two burner geometries shrank with the
increasing of annular flow velocity. When U, =~ 4m/s, flame was easiest to get blowoff
in these two cases.
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Fig.8  Typical transient flame patterns: (a)recirculation zone flame, (b)stable jet diffusion flame,
(c,d,e): split flame, (f) transition from split flame to lifted flame, (g) lifted flame and (h) split-flashing
flame

The transient flame structures were shown in Fig.8. More detailed descriptions of
different flame structures under different operating conditions will be given later. The
different flame behaviors in these two burners are described below according to different
annular flow velocity regions: low velocity region (U, < 2m/s), moderate velocity region
(2m/s< U, < 6.8m/s) and high velocity region (U, > 6.8m/s). The reasons forming
different flame patterns in these two burners are emphasized.

Low annular flow velocity: When U, < 2m/s, two patterns could be observed in these
two burner geometries: the lifted flame (when Uj is sufficiently high, i.e. U; > 20m/s) and
the stable jet diffusion flame.

As shown in Fig.8(f), when U, < 2m/s, with the increasing Uj, the continuous stable
diffusion flame got split suddenly while the flame root was kept attached to the bluff-
body. A small addition of the central fuel jet enlarged the distance from the flame root to
the root of the lifted flame. Moreover, the attached flame under this condition was quite
unstable and extinct easily with a small fluctuation of the central jet velocity. Whereas the
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lifted part of the flame, as shown in Fig.8(g), was stable and hard to get blowoff. As soon
as the flame was lifted from the bluff-body, it was hard to make it reattached to the bluff-
body even with a large reduction of U;. More details about height of the lifted flame root
and the hysteresis phenomenon with bluff-body stabilized flame could be found in the
literature [34]. In addition, the lifted flame was also hard to blowout with the increasing
of central fuel velocity even till U, = 30m/s. The reactants were partially premixed
upstream of the lifted flame by diffusion and convection in the shear layers between the
recirculation zones. The lifted flame was stabilized with the balance of the local flow
velocity and the flame speed; together with the mixing of the central fuel and the annular
air. Hence the lifted flame was a partially premixed flame with a bluish color (which was
commonly observed in the premixed CH4-air flame) especially when the fuel flow
velocity was low. The flame behaviors in these two burner geometries do not have
significant differences with each other.

Moderate annular flow velocity: When 2m/s < U, < 6.8m/s, the flame showed three
different patterns with the increasing of the central fuel jet velocity: the recirculation zone
flame, stable diffusion flame and split-flashing flame then finally till flame blowoff-

When the central fuel velocity was low (U, < 3m/s), the flame was stabilized with the
recirculation zone flame pattern as shown in Fig.8(a). The recirculation zone flame had a
blueish color like that in the premixed CHy-air flame. It was due to the good mixing of
the central fuel jet and the annular air flow prior to combustion. The small amount of
central fuel jet did not have sufficient momentum to penetrate the outer recirculation zone.
The flow fields under that operating condition were dominated by the annular air flow.
Whereas, when the fuel jet penetrated out the outer recirculation zone, the flame structures
altered with each other in these two different burner geometries.

In the burner with 4H = 10mm, when holding U; at a moderate value, i.e. U; = 10

m/s, and 2m/s < U, <6.8m/s, the stable diffusion flame structures altered with the
changing of U,. For specifically, when U, < 3m/s, the reaction zone near the bluff-body
was mainly observed at -4mm < r <4mm, as can be seen in Fig.8(b), Fig.8(c) and Fig.9(a).
The simulation results in Fig.9(a) show that the flow fields downstream of the bluff-body
were dominated by the central jet. The central fuel jet could penetrate through the air
driven outer recirculation zone. The outer recirculation vortex was small and located close
to the bluff-body upper surface. Hence it blocked the convection of the central fuel jet
from the central region towards the ambient air. The fuel driven inner recirculation zone
core was observed located farther downstream than the outer recirculation zone core.
Therefore, the flame near the bluff-body could only be observed along the stoichiometric
mixture line (shown by the white line in Fig.9(a)) in the region at -4mm < r < 4mm.
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However, increasing the annular flow velocity to i.e. U, = 5m/s, the reaction zone then
was observed in the outer region at -10mm < » < 10mm as shown in Fig.8(d) and Fig.9(b).
The outer recirculation bubble then was larger and located further downstream than that
in the case with U, < 3m/s. The inner recirculation bubble core was located at
approximately the same height with the outer recirculation bubble. The central fuel
propagated in the mixing layer between the inner and outer recirculation zones. The fuel-
air mixing layer extended into the pathway between the outer recirculation zone and the
bluff-body’s upper surface finally into the region at » > 4mm or » < -4mm. Hence, the
flame near the bluff-body was found along the stoichiometric mixture line (shown by the
white line in Fig.9(b)) downstream of the bluff-body’s outer wall. It could also be
observed that the flame shown in Fig.8(d) and Fig.9(b) started to propagate upstream into
region at 4 < 0mm where a recirculation bubble was formed besides the bluff-body’s outer
wall. This recirculation bubble played an important role in flame stabilization and it will
be discussed further.

Progress Variable: 0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

Axial Position [mm)]

0

Radial Position [mm]
Fig.9  Flame patterns and flow fields near the bluff-body (a) low annular flow velocity (b) moderate
annular flow velocity

In the case with 4H = Omm, when U, < 3m/s and U, was kept at a moderate value,
i.e. U; = 10m/s, the flame was maintained with the same structure as that shown in
Fig.8(b). The flow fields were dominated by the central fuel jet. While the inner
recirculation bubble core was observed higher than the air driven outer recirculation core,
as well. However, when U, was increased to a higher value (i.e. U, > 3m/s), the unstable
triple flame (as shown in Fig.8(e)) could be observed, instead of the flame shown in
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Fig.8(d) in the case with AH = 10mm. Moreover, the formation mechanism of the triple
flame and flame propagating into the region at # < Omm in these two burners are
compared and shown in Fig.10 respectively. The red lines in Fig.10 denote the position
of the flame front while the dashed lines schematically show streamlines of the central
fuel and the annular air. The triple flame, or named as the tribsrachial flame [35], consists
of three flames: a fuel rich flame on the fuel rich side, a fuel lean flame on the air rich
side while in between there is a diffusion flame. The triple flame is usually observed when
the diffusion flame is lifted from the burner rim or the bluff-body’s upper surface. The
annular air diffuses into the inner recirculation zone and mixes with fuel. Then the
chemical reaction could take place when the local fuel-air mixture is within the
flammability limits. In addition, due to the flammability limits, the premixed flames are
not very large or sometimes could not be clearly observed. They consume only a small
portion of the fuel. Fuel that is leftover across the rich premixed flame mixes further with
the oxygen that survives the lean premixed flame front and they react to form a diffusion
flame. Most of the fuel will bypass the fuel rich side of the premixed flame and diffuse
directly to the reaction zone of the diffusion flame and reacts with the oxidizer there.
Therefore, the length of the diffusion flame branch is much larger than the premixed flame
branch [35].

Diffusion flame

Diffusion flame

Rich premixed flame Lean premixed flame

Ve Unstable movement H
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fuel jet | fuel jet
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| |

i (@) (b)
Fig.10  Schematic of (a) unstable triple flame and (b) flame propagating into the region at # < 0mm near
the bluff-body

The triple flame was unstable in the experiments due to the unsteady movement of
the flame tip near the bluff-body. As schematically shown in Fig.10(a), when the flame
tip was lifted far from the bluff-body, a sufficient amount of fuel was convected into the
air side through the pathway between the flame tip and bluff-body’s upper surface. It
would result to the formation of the fuel lean premixed flame branch. Meanwhile it led
to an increase of the local temperature and as a consequence the acceleration of flame
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speed. With a higher flame speed, the triple flame tip would prone to propagate upstream
which probably resulted at the flame tip reattaching to the bluff-body upper surface. It is
thus the fuel pathway between the flame tip and the bluff-body’s upper wall was
narrower. Meanwhile, more heat and radicals were lost to the bluff-body’s upper surface
since the flame tip was propagating closer to the bluff-body upper surface. So the lean
premixed flame branch got quenched with insufficient fuel, heat or/and radicals. At the
same time, the local flame speed got decreased consequently. It would lead to the flame
tip detaching from the bluff-body’s surface until its initial lifted position. By this unstable
movement of the flame tip up and down, the unstable loop was formed. However, in the
burner with AH = 10mm, as shown in Fig.9(b) and Fig.10(b), the triple flame was not
observed. Instead, the diffusion flame front propagating into the recirculation bubble
besides the bluff-body’s outer wall was found. That recirculation bubble created a larger
air driven outer recirculation zone downstream of the bluff-body. The local axial flow
direction near the bluff-body outer wall differed with each other in these two cases. In
case with 4H = Omm, the axial flow velocity at # = Omm and » = 7mm was positive
towards downstream region. However, in the other case it was reversely towards the
upstream region. In the burner with AH = 10mm, the central fuel flow convected into the
outer wall recirculation bubble, then mixed and reacted with the annular air there. This
outer wall recirculation zone flame then propagated downstream forming the main
diffusion flame zone. It is thus the triple flame could not be observed in the case with
AH = 10mm. The flow fields in these two burners highly determined the fuel-air mixing
features and the flame structures. The flame stabilized by the outer wall recirculation
zone was observed to be more stable than the triple flame.

Moreover, holding the annular flow velocity at a moderate value 2m/s < U, <
6.8m/s), an increasing of central fuel flow velocity could make the stable diffusion flame
to be split in these two burner geometries. Shanbhogue et al. [16] described two phases
of bluff-body stabilized premixed flame dynamics near blowoff. The first phase was
observed with localized extinction events occurring on the flame front (or names as ‘flame
hole’). While the second phase was titled with wake/recirculation zone disruption and
alteration before blowoff. Here in the current study with a bluff-body anchored non-
premixed flame, the flame holes (as shown in Fig.11) were also observed before flame
got totally split. The same as reported in literature [16], once a flame hole was initiated,
its size might stay constant, grow, or shrink (by ‘flame healing’). It was associated with
whether the edge flame stays stationary, retreats (a ‘failure wave’), or advances (an
‘ignition front’) into the hole, respectively. The flame hole might propagate with the mean
flow with/without a circular movement around the burner axis. In addition, when the
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flame hole was formed, the mixing of the fuel and air in the shear layer might be enhanced
through the flame holes. Meanwhile, the flame hole also leaded to high efficiency of heat
and radical convection from the combustion products to the reactants. With the increasing
ofthe central fuel jet velocity, the diffusion flame was observed to have higher probability
of local extinction till it got totally split as shown in Fig.8(c) and (f). The locally high
strain rate, high intensity turbulent fluctuations or Da number were explained as the
reason for the appearance of flame holes by Shanbhogue et al. [16]. In the diffusion flame
stabilization, the locally high scalar dissipation rate together with the local mixing
characteristics (with @ beyond the flammability limits) might also contribute to the local
flame extinction. Fig.12(a) reveals the snapshot of local flame extinction in the simulation
by showing the temperature distribution and the iso-contours of mixture equivalence ratio
@ = 1. Near the bluft-body, the local flame extinction was observed with local equivalence
ratio of @ = 1, as shown in Fig.12(b). This local flame extinction was caused by the
sufficiently high scalar dissipation rate as shown in Fig.12(c). Region with high scalar
dissipation rate was found locating in the inner shear layer near the bluff-body. The high
scalar dissipation rate at the flame neck region led to the local flame extinction. The same
as reported [16], there was a large scale alteration of the wake dynamics after the flame
got split. The flame downstream of the split point continued reacting and propagating
further downstream with the mean flow until the fuel was consumed completely. The
large flame segment, at 100mm < /4 < 150mm downstream of the bluff-body shown in
Fig.12, was developed from the upstream flame blocks with local extinction at flame neck
region at 2 = 20mm. The flame upstream of the split position continued propagating
downstream till another split point showed up. It is thus the flame dynamic and flame
segment were formed. It is worth noting that the locally fuel lean condition might also
cause the local flame extinction downstream of the bluff-body. The high product
formation rate within the white line shown in Fig.12(c) indicates that the flame starts
propagating upstream into the region of 42 < Omm. The flame was rooted and stabilized
there with locally low scalar dissipation rate and fuel-air mixture was within its
flammability limits.
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Fig.11 Holes on the flame front before flame got totally split
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Fig.12 Spatial distribution of temperature and iso-contours of @ =1 (a) in a global view and (b) near
bluff-body; (c) spatial distribution of scalar dissipation rate and flow fields near the bluff-body; the white
line marks the region inside which the product forming rate is higher than 150s

Different from the unstable flame behavior in cases with U, < 2m/s, the split flame
root with U, > 2m/s was harder to get quenched. In addition, the flashing unstable flame
downstream of the flame neck region was observed as shown in Fig.8(h). As mentioned
in the partially extinct split flame, the flame downstream of the neck region was originated
from the flame root. If some radicals could survive through the flame neck region (where
high scalar dissipation rate could be found), they could ignite the fuel-air mixtures
downstream of the neck region. However, most of the radicals were not able to pass

26



through the neck region. Therefore, the flame downstream of the neck region seems to be
flashing. However, the probability density of the flashing flame downstream of the neck
region decreased with the increasing of the annular flow velocity. It is since the scalar
dissipation rate at the flame neck region increases with the annular flow rate. With the
flame approaching totally blowoff, the probability of finding the flashing flame
downstream of the flame neck region decreased till none. Then in the end, even the flame
root could not be stabilized due to the higher scalar dissipation rate and the annular flow
turbulence. The increasing of the air driven outer recirculation zone pushed the inner
recirculation zone further closer to the bluff-body’s upper wall. It led to more heat and
radial loss to the bluff-body upper wall. As a consequence, it may also promote the flame
blowoff. Holding the annular flow velocity constant at 2m/s < U, < 6.8m/s, the flame
blowoff could be fulfilled by increasing the fuel flow velocity further till U; > 20m/s.
High annular flow velocity: When U, > 6.8m/s, three flame patterns were observed in
the burner with AH = 10mm: the recirculation zone flame, stable diffusion flame and split
flame till flame blowoff. However, in the other case with AH = Omm, the recirculation
zone flame could not be stabilized anymore.

Placing the bluff-body 10mm above the annular channel exit enhanced the flame
stabilization. Fig.13 shows the spatial distribution of the temperature of the flame
stabilized with U, = 7.7m/s, U; = 7.3m/s and 4H = 10mm.
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200 Fuems—————S s |
40

150
100

50

Axial Position [mm]

Axial Position [mm]

-50

-10 0 10

-50 0 50
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Fig.13 Spatial distribution of temperature and iso-contour of equivalence ratio @ =1 with U, =7.7m/s,
U;=17.3m/s and 4H = 10mm; (a) in the global view and (b) near the bluff-body

The flame shown in Fig.13(a) was shortened compared with the case shown in Fig.12
with lower annular velocity. The flame length was approximately # = 80mm due to the
higher turbulence and better fuel-air mixing caused by the annular flow. In addition, the
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flame structures obtained from the experiments together with the simulation results under
the same operating conditions are shown and compared in Fig.14. It could be seen that
the flame tip was propagating further upstream even into the region at # = -5Smm. The left
part of Fig.15 reveals the experimental data of vectors and streamlines of the reacting
flow fields near the bluff-body; while the right part shows the simulation results of flow
fields as well as the spatial distribution of the mixture fraction. It is shown that the flow
fields near the bluff-body are dominated by the central fuel. A small inner recirculation
zone is formed near the bluff-body; while a large outer recirculation zone is observed
further downstream. Some other small recirculation bubbles are also observed in the shear
layer between the central jet and the annular flow. It is worth noting that a recirculation
bubble is found besides the bluff-body’s outer wall. The pathway for the central fuel
convecting into that recirculation zone is schematically shown by the red dashed lines.
The mixing of central fuel het and annular flow could be expressed as: (a) the fuel first
mixes with air in the shear layer between the fuel driven inner recirculation zone and the
air driven outer recirculation zone; (b) then the fuel rich mixture gets further convected
to the recirculation bubble besides the bluff-body; (c) the fuel further mixes with air due
to the recirculation of the annular air. The local mixture of reactants might be within the
flammability limits or preferably the local equivalence ratio of @ = 1. Hence flame can
be stabilized and originated in that recirculation zone with sufficiently low scalar
dissipation rate. As a consequence, flame stabilization was enhanced in the burner with
AH = 10mm.

Progress Variable: 0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95
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Fig.14 Flame stabilized near the bluff-body with U, = 7.7m/s, U; = 7.3m/s and AH = 10mm. left:
experimental raw image with flame front schematically shown using the dashed red line; right: simulation
results with spatial distribution of progress variable and the black line marks the region where the product
formation rate is higher than 150s™!

28



0.25 0.35 0.45 0.55

12

Axial Position [mm]
o
|

8 -4 0 4 8
Radial Position [mm]

Fig.15 Comparison of simulation results and experimental data of flow structures near the bluff-body
(the red dashed line reveals the pathway for the fuel convection)

Comparing the overall flame regimes in the Fig.7 (a) and (b), it could be observed
that the burner with 4H = 10mm has a wider range of the stable flame regime. Hence it
could be concluded that mounting the bluff-body 10mm downstream of the annular
channel exit could better stabilize the flame.

Effects of combustion on flow fields

Fig.16 compares the time averaged flow fields in both the reacting and isothermal
flows in both experiment and simulation. It was reported by Caetano et al. [16] that the
combustion presents a weak influence on the averaged flow field. However, other
researchers [9] [10] reported that the central jet penetration could be enhanced by the
combustion. In the current study, as shown in Fig.16, the combustion significantly
changed the flow fields downstream of the bluff-body. The location of the outer
recirculation zone core moved farther downstream in the reacting case. In addition, the
central jet velocity also got accelerated by combustion. The reason lies in the fact that in
the reacting case, fuel density decreases according to the temperature increasing in the
recirculation zones. As a consequence, the velocity of the central fuel jet becomes higher.
Moreover, the increase of local temperature causes an expansion of local flow volume
and thus enlarged the recirculation bubble. In addition, the recirculation bubble besides
the bluff-body’s outer wall could only be observed in the reacting cases. It is also caused
by the flow expansion in the inner and outer recirculation bubbles. Flame thus can
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propagate into and be stabilized at the recirculation zone formed besides the bluff-body’s
outer wall. In the other hand the flow expansion enhances and enlarges this recirculation
vortex. The interaction of flow fields and combustion determines different flame
structures and flame stability characteristics.
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Fig.16  Effects of combustion on flow fields (a) experimental results (b)simulation results

CONCLUSIONS

Experimental and numerical investigations about the effects of bluff-body’s position
on flame structures and instabilities were carried out in the current study. Different burner
geometries, with bluff-body placed 10mm above the annular channel exit or at the same
height with the annular channel exit, were studied. It is found that, in the isothermal cases
without central jet, the burner geometry with 4H = 10mm could create at a larger
recirculation bubble than that in the other case. Results also bring out that three
controlling parameters have to be considered in order to characterize the stabilization
regimes: the central fuel and the annular air velocities jointed to the position of the bluft-
body. Different flame structures including the recirculation zone flame, stable diffusion
flame, split flame and lifted flame were captured and studied. The unstable triple flame
and its forming mechanism in the burner with AH = Omm are described as well. The
influence of the bluff-body’s position is clearly demonstrated, particularly on the
recirculation zone flames. Placing the bluff-body downstream of the burner exit promotes
recirculation zone flame stabilization. When U, > 6.8m/s, three flame patterns were
observed in the burner with AH = 10mm: the recirculation zone flame, stable diffusion
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flame and split-flashing flame till flame blowoff. However, in the other case with 4H =
Omm, the recirculation zone flame could not be stabilized anymore. In overall, the burner
with A4H = 10mm has a larger range of the stable flame regime than the other case
indicating the burner with A4H = 10mm could better stabilize the flame. The small
recirculation, which is formed near the bluff-body’s side wall, enhances the recirculation
zone flame stabilization in cases with 4H = 10mm. In addition, the effects of combustion
on the flow fields near the bluff-body was revealed as: the combustion accelerates the
central jet and enlarges the outer recirculation zone. The chemical reaction enhances the
formation of the recirculation bubble besides the bluff-body’s outer wall in cases with AH
= 10mm.
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Table 1 Bluff-body burners investigated in the literatures and current study

References d(mm) dy (mm) Ui(n/s) | di(mm) U, (m/s) AH (mm) Shape Cone angle
Guo et al. [18, 20, 36] 4 40 2.5-50 60 3.72-12.5 20 Disk / Conical 180/ 60
Yang et al.[1, 8, 12, 37] 3.5 30-45 0-50 55.1 0-20 0 Disk 180
Esquiva-Dano et al.[6] 5 40 0-14 200 3.65 0 Disk / Tulip 180
Huang and Lin[10, 14] 34 20 1.25-103 30 3.56-4.52 0 Disk 180
Tang et al.[2] 2.2 27.3 42 0 Conical 45
San et al.[3] 5 30 0-10 30 0-2.5 30 Conical 36.87
Caetano and Silva [21] 7.1 60 4.2-17.9 200 4/8 - - 180
Ma and Harn [11] 8.05 25.2/38.8/43.2 | 10/14/25 50.25 14/17.9/25 0 Disk / Conical | 15/30/45/180
Kumar and Mishra 5 6.5/12.8/18.1 0.816 57 0.016/0.033 0 Disk 180
[22, 23]
Chaudhuri and Cetegen - 10 - 20/40 5-16 90 Disk 180
[19, 38, 39]
Roy and Sreedhara [40] 3.6 50 80/134 - 40 0 Disk 180
Current study 4 15 0-30 30 0-8 0/10 Disk 180
Table 2 Grid information
Grid name | Mesh size near the bluff-body [pm] | Total grid number
Upper wall Outer wall

Grid-1 250 714.3 1.74 million

Grid-2 62.5 178.6 1.94 million

Grid-3 31.25 89.3 2.18 million
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Highlights:

1. Combined bluft-body and swirl stabilized diffusion flames are studied.
2. Diffusion flame ‘flashback’ phenomenon is investigated.

3. Flame stabilized by the larger bluff-body is more compact.

4. A larger bluft-body produces more CO emission.

Abstract:

Bluff-body and swirling flow are commonly utilized to stabilize the diffusion flame in
industrial applications, such as gas turbines, ramjets and furnaces. The flame
stabilization mechanisms of these two kinds of burners are similar with each other: the
interaction between the recirculation zone and the fuel jet. In the current paper, the flow
fields of the combinations of swirl and bluff-body stabilized flames were captured using
the high speed PIV; while the flame structures were visualized by high speed CH>O
PLIF, the CH* chemiluminescence and broadband chemiluminescence. The global CO
emissions from the flames were captured and compared with each other as well. In
addition, based on the CFD software OpenFOAM, simulations were adopted to better
understand the flame and flow structures. Flames stabilized by different bluff-body
sizes (dp = 14mm and 20mm) or only swirling flow without bluff-body were studied.
All reacting experiments were carried out with constant central fuel flow rate (thermal
power 2.01kW) and total air flow rates (m = m; + m, = 200In/min). The swirl strength
was controlled by the mass flow rate ratio of tangential and axial air. The geometrical
swirl number was altered between Sy = 0 to S = 4.08. Simulation results matched well
with experimental data. The position of the outer recirculation zone would be affected
by the size of the bluff-body and the swirling strength, especially in cases without bluft-
body or with a small bluff-body, d» = 14mm. In addition, the recirculation zone
determined the flame structures and the global CO emission levels. With a larger bluff-
body, the air driven recirculation zone located more upstream near the burner exit.
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Flame prone to be more stable with a larger bluff-body and/or a stronger swirling flow.
Flame was observed propagating into the upstream region with higher swirl strength
without bluff-body or with the small bluft-body, d, = 14mm. The mechanism for the
diffusion flame ‘flashback’ was proposed. Flame with a larger swirl number was shorter
while its CO emission levels were higher.

Key words: diffusion flame, flow fields, flame structures, PIV, CH,O PLIF, CO
emissions



Nomenclature

c confinement ratio [-]

da annular channel diameter [mm]

dp bluff-body diameter [mm)]

d. confinement diameter [mm]

d; central jet diameter [mm]

dp emission probe diameter [mm]

f focal length [mm]

h axial position [mm)]

hp bluft-body height [mm]

Hconr Position of flame’s corner of heat release [mm]
hy quartz tube length [mm)]

hy tangential inlet height [mm]

Lr representative flame length [mm]

m total air mass flow rate [In/min]

Ma axial air mass flow rate [In/min]

my fuel mass flow rate [In/min]

my tangential air mass flow rate [In/min]
r radial position [mm]

S Swirl number [-]

Se geometrical Swirl number [-]

Ua annular flow velocity [m/s]

U; central jet velocity [m/s]

w tangential inlet width [mm]

o flame open angle [°]

At time delay between two laser pulses [us]
¢) equivalence ratio [-]

Dy global equivalence ratio [-]
Abbreviations

CFD computational fluid dynamics
COHR corner of heat release

FWHM full width at half maximum

LES Large Eddy Simulation

PDF probability density function

PISO pressure implicit with splitting of operator
PIV Particle Image Velocimetry

PLIF Planar Laser Induced Fluorescence

RANS Reynolds-Averaged Navier—Stokes



Introduction

Bluff-body and swirling flow are commonly utilized to stabilize the diffusion flame in
industrial applications, such as gas turbines, ramjets and furnaces. The recirculation
zones, which were created by the swirling flow or the bluff-body, not only enhance the
mixing of fuel and air but also bring back the hot products to ignite the reactants.
Therefore, the flame is stabilized and in most cases shortened by the recirculation
vortex. In addition, the emission levels of CO and NOx get altered by the adoption of
bluff-body or swirling flow. Easy control of the flame could be achieved by the bluft-
body or swirling flow as well.

Researchers usually utilized bluff-body to stabilized the diffusion flame. However, the
combination of bluff-body with swirling flow in flame stabilization methods are not
commonly seen. Masri et al. [1-7] utilized several modern laser based techniques to test
the swirl-stabilized diffusion flame in detail. They obtained complete data set which
included flow, mixing, temperature, and composition fields. It was found that, with
increasing of swirl number, the stability limits of the flames were broadened but the
scatter plots show locally unburnt fluid samples occurring in flames further from global
blow-off than non-swirling bluff-body-stabilized flames of similar fuel mixtures. Their
experimental data was widely used for the modelers to evaluate their simulations. Chen
et al. [8] compared the bluff-body and swirl flow stabilized diffusion flames. They
mentioned that there are commonly two types of flames: the strongly recirculating
flame and the fuel jet dominated flame, in the bluff-body and swirl flow flame holders.
The dimensionless vortex strength and fuel jet momentum were concluded as the
fundamental parameters that govern the flame behaviors. A good agreement between
the bluff-body flow and the swirl flow with swirl number § = 0.5 for both isothermal
and reacting cases was reported. Coghe et al. [9] studied the flow fields of the confined
diffusion swirl flame using Laser Doppler Velocimetry (LDV). They used the
momentum ratio of the fuel jet to the swirl air as one of the main parameters dominating
their interaction. The rapid mixing and burning induced by the hot reverse combustion
products were concluded as the reason for flame stabilization. Using PIV system,
Olivani et al. [10] further investigated the flow fields of the same burner as that studied
by Coghe et al. [9]. The fuel concentration was captured by the 2-D laser Mie scattering
of seedings in the PIV measurement. In addition, they also investigated the effects of
the radial fuel injection on flow and flame structures. It was found that the radial
injection of the fuel would result at a near premixed flame whereas the axial fuel
injection leaded to a diffusive flame. They emphasized that the swirling motion of the
flow governed the flame structures. Santhosh and Basu [11] experimentally studied the
blowout and flame structures transitions of unconfined swirling diffusion flame. They
observed two flame topology transition modes till blowout based on the alternation of
flow swirl number. The primary transition was reported as a transformation from yellow
straight jet flame to lifted flame with blue base and finally to swirling seated (burner
attached) yellow flame. The secondary transition was from a swirling seated flame to a
swirling flame with a conical tail piece and finally to a highly-swirled oxidizer-rich
flame near blowout. Loretero and Huang et al. [12] investigated the effects of acoustic



excitation on swirling diffusion flames. They named the flame modes without excitation
as: swirling flame, lifted flame and transitional reattached flame. The fuel-air mixing
mechanisms and thus the flame modes were found to be altered with the excitation level
when holding the flow swirl number constant. They also mentioned that the time
averaged flame length decreased with the increasing of flow swirl number. Ge and Zang
[13] investigated the interactions of bluff-body and swirl flow in stabilizing the
diffusion flame process. Comparisons of bluft-body stabilized flames with and without
swirling flow; and swirl stabilized flames with and without bluff-body were made based
on the PIV measurement. The same as mentioned in the literature [8], two flame modes:
the recirculation zone flame and fuel jet dominated flame were observed in all the cases
they tested. Kawahara and Nishimura [ 14] studied the flame instabilities with swirling
adding into a typical bluff-body stabilized diffusion flame. They divided the flame
shape into four groups: the inner flame, outer flame, recirculation zone flame and lift
flame. The adding of swirl flow was concluded to have strong positive effect in
stabilizing the flame. Schmittel et al. [15] studied the swirling diffusion flame with a
quarl at the burner exit and observed two types of flame configurations. Focus was on
the formation mechanism of NOy in the flame. Elbaz and Roberts [16] investigated the
effects of the quarl geometry on swirling diffusion flame stability, flame structures and
emissions. It was found that the straight quarl performed better in stabilizing the flame
with a broader range of stable flame. Different recirculation zones near the quarl and
the corresponding mixing characteristics were proposed as the reasons for the
alternation of flame behaviors. Dinesh [17] et al. numerically studied the mixing
feathers of three different basic fluid dynamical problems: a simple turbulent round jet
flow, bluff-body stabilized jet and a combination of bluff-body and swirling annular
flow stabilized round jet in a co-flow environment. It was found that the scalar mixing
in the radial direction was highly enhanced by the bluff-body and swirling motion.
However, the results they obtained were only in isothermal cases without reaction. Al-
Abdeli et al. [1] studied the unsteady behavior of turbulent diffusion flame stabilized
by swirling flow. They mentioned that for a classical swirl burner configuration with a
central fuel pipe and a swirling co-flow of air, flame instabilities may be caused by (1)
acoustic resonance in the central fuel pipe or the annular air flow, (i1) vortex shedding
in the fuel or air supplies, and (iii) the presence of a three dimensional, time-dependent
Precessing Vortex Core (PVC). In addition, the pressure field, heater release or
confinement wall might also contribute to flame instabilities.

In addition to the experimental investigations of diffusion flame stabilized by swirling
flow or bluft-body, there are lots of numerical research as well. Yilmaz [18] employed
the commercial CFD Fluent to study the effect of swirl strength on combustion
characteristics of natural gas diffusion flame. The 2-D axisymmetric RANS model and
eddy dissipation model joint with P-I radiation model were adopted. It was concluded
that the flow swirl strength strongly affected the flame characteristics (including the
temperature distribution and gas concentrations) and the size and strength of the
recirculation zones. Kashir et al. [19] studied the combustion characteristics of blended
methane-hydrogen diffusion flame stabilized by the combination of bluff-body and
swirling flow. They tested their numerical model with experimental data from Masri et



al. [20] and revealed the typical flow fields downstream of the bluff-body with and
without a swirling flow as shown in Fig.1. The inner recirculation zone was driven by
the central fuel jet whilst the outer recirculation zone was caused by the bluff-body and
driven by the annular air flow. With the increasing of the swirl number of the annular
flow, an additional swirling flow driven ‘secondary vortex’ was formed further
downstream of the bluff-body. The flow fields appeared an hourglass shape. However,
Malanoski et al. [21] descried the flow fields with different bluff-body sizes in the
premixed flames. They claimed that with larger bluff-body or high swirl flows, the
secondary recirculation bubble and the wake downstream of the bluff-body merged into
a single vortex structure. As shown in Fig.1, Dally et al. [22] identified three shear
layers in the recirculation zone downstream of the bluff-body: an outer shear layer
between the outer vortex and the air coflow, an intermediate layer (or named as mixing
layer) between the outer vortex and the inner vortex, and an inner layer between the
inner recirculation zone and the fuel jet. The relative contribution of each layer to the
overall mixing varies with the fuel and jet velocity. Moreover, LES approach has a great
potential in predicting the details on the flow dynamics in both swirling flow [23-27]
and bluff-body [28-32] stabilized flames.
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Fig.1 Typical time averaged flow and flame structures downstream of the bluff-body with non-
swirling (left) and swirling (right) annular flow (reproduced from [19]).

Here in the current study, we studied the effects of swirling and bluff-body on
stabilizing the methane-air diffusion flame. Focuses are on the flame structures and CO
emission levels within the bluff-body and swirl stabilized flames. Both experimental
study and numerical investigations were carried out to obtain deep insight into the flow
fields and scalar structures and their correlations with flame behaviors.

Experimental Setup and Numerical Methods

Experimental Setup: The experimental setup is schematically shown in Fig.2 while the
variable swirl burner is shown in Fig.3. The annular flow channel of the burner had a



diameter of d, = 32mm while the confinement for the setup had a diameter of
approximately d. = 10d,. Hence the confinement ratio was ¢ = (d. / d.)* = 0.01. Optical
windows on the confinement allowed visualization of the flame and the adoption of
PIV measurements. As shown in Fig.3, fuel was supplied through the central jet pipe
(d;=4mm) while the swirling air flow was generated by the swirler and then fed through
the annular channel. Methane was selected as the central fuel jet since it is the main
component in natural gas. In addition, the established and detailed chemical reaction
mechanisms of methane are available for the numerical simulations. The removable
bluff-body was mounted at the exit of the fuel pipe. Two sizes of disk shape bluff-bodies
(dp = 14mm and 20mm) were adopted in the experiments. The height of the two bluff-
bodies were the same at 4, = Smm. An optical quartz tube (4, = 50mm) was placed
upstream of the burner exit through which the flame propagating upstream of the bluff-
body could be observed. As shown in Fig.3, the swirling flow was generated by eight
tangential flow inlets with height of 4, = 10mm and width w; = 3mm.
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Fig.2 Schematic of experimental setup and the high speed PIV system.
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Fig.3 Schematic of the variable swirl burner and the swirler.



Swirl Number and Test Cases: As mentioned above, swirl number at the burner exit
was varied by changing the momentum ratio of the tangential to axial flows through the
swirler. The same as in the literatures [16] and [33], flow swirl number here is defined
using the geometrical swirl number (Sg) which is based on the mass flow rate ratios of
the axial air (m,) and tangential air (m,). It is defined as

S nrchdb< m; )2
9 24, \m;+m,

where A4, is the total area of the eight tangential air inlets; dj is the diameter of the bluff-
body (dp= 4mm, 14mm, 20mm); 7. is the radius of the annular air tube ., = da - ds; as
mentioned above, d, is the diameter of the annular channel (d, = 32mm). In this work,
the geometrical swirl number varied from O to 4.08 based on different tangential and
axial flow rate ratios and bluff-body sizes. It is worth noting that the total mass flow
rate of air, m = m; + m, = 200In/min, and the fuel flow rate, my= 3In/min, were hold
constant in all the test cases. Hence the global equivalence ratio was kept constant at
@, = 0.14 and the thermal power was hold at 2.01kW. The tests cases investigated in
the current study are listed in Table 1.

Table 1. Test Cases.

Case Name dp [mm] | m,[In/min] | m,[lo/min] | me[ln/min] | m/m [-] | Sg[-]
T200-A0-d0 - 200 0 3 1 4.08
T150-A50-d0 - 150 50 3 0.75 2.30
T200-A0-d14 14 200 0 3 1 2.83
T150-A50-d14 14 150 50 3 0.75 1.59
T100-A100-d14 14 100 100 3 0.5 0.71
T50-A150-d14 14 50 150 3 0.25 0.18
T0-A200-d14 14 0 200 3 0 0
T200-A0-d20 20 200 0 3 1 1.88
T150-A50-d20 20 150 50 3 0.75 1.06
T100-A100-d20 20 100 100 3 0.5 0.47
T50-A150-d20 20 50 150 3 0.25 0.11
T0-A200-d20 20 0 200 3 0 0

Photography and image analysis methods: A Nikon D70s camera with a high special
resolution (2000x3008 pixels, 24bits, focal length /= 50mm) was used to capture the
broadband chemiluminescence of the flame structures with an exposure time of 0.05s.
The flame structures were obtained in dark environment to lower the background noises.
The same camera together with a band-pass filter (430 + 10nm) was adopted to capture
the CH* chemiluminescence from the sooty diffusion flame. The exposure time was
elongated to 1s due to the weak light intensity from the CH* chemiluminescence. In
addition, three CH* chemiluminescence images, which were obtained under the same
operating condition, were used to get a time averaged flame structures. All the flame
photography was obtained without the confinement shown in Fig.2 to have a better
visualization of the flame. It was revealed that, when the confinement ratio was lower
than 0.25, the confinement had no effect on the flow fields or the flame structures [34].



Therefore, in the current paper with confinement ratio of ¢ = 0.01, the flame structures
obtained without confinement was believed to be the same as that within the
confinement.

The typical time averaged CH* chemiluminescence from the flame is shown in Fig.4(a).
The characteristic flame length (Lr) and the position of flame’s center of heat release
(Hcour) could be obtained from the CH* chemiluminescence images [35-37]. For
specifically, in order to obtain the flame length, CH* chemiluminescence intensity
within the image was first summed up along the axial direction. The axial heat release
rate profile illustrates distribution of heat release along the axial direction of the
confinement as demonstrated in Fig.4(b). The position of flame’s center of heat release
(Hconr), as shown in Fig.4(b), is the axial location with maximum CH*
chemiluminescence intensity. The full width at half maximum (FWHM) of heat release
distribution profile as shown in Fig.4 was calculated by finding the width in the axial
profile at an intensity value of half of the peak value [35]. The FWHM is representative
of the axial distribution of the flame’s heat release; it is thus a characteristic flame length,
Lr[37]. The position of flame’s center of heat release in Fig.4 is Hconr = 24.6mm while
the representative flame length is LF=41.5mm. In addition, to better visualize the flame
structures in the central plane of the burner, an inverse Abel image reconstructed
method was adopted to the blue layer of the raw images of the CH* chemiluminescence
from the flame [36]. The comparison of time averaged CH* chemiluminescence image
and its inverse Abel reconstructed flame structures will be shown later.
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Fig.4 (a)Typical time averaged CH* flame structures and (b) height for flame’s center of heat
release (Hconr) together with flame length (Lr) of full width at half maximum (FWHM)

measurement overlaid.

Particle image velocimetry (PIV): As shown in Fig.2, The flow fields downstream of
the bluff-body were measured using a high-speed PIV system (Lavision Flowmaster).
A diode-pumped, dual cavity Nd:YLF laser (Litron LDY') was utilized to illuminate the
central plane of the bluff-body with a laser sheet thickness of approximately 1mm, using
a diverging light sheet generated by an sheet optics. The high speed laser has a
wavelength of 527nm and frequency of 2kHz. The time delay between two laser pulses



was set to At = 50us. The laser light scattered off the TiO> seed particles and was
recorded at a repetition rate of 2kHz with a high speed CMOS camera (Vision Research
Phantom V 611). The TiO> particles were seeded into the annular air flow using a
LaVision solid particle seeder (LaVision Particle blaster 100). It should be noted that
no seeding particles were in the central fuel jet flow. Hence the velocity in the central
region near the bluff-body was missed. A multi-pass cross-correlation algorithm, which
was available in the DaVis (v.8.1.4) computer software, was utilized to evaluate the
velocity fields downstream of the bluff-body. The cross-correlation was performed on
interrogation areas of 64x64 and subsequently 3232 pixels with a window overlap of
50%. The focus area contains the inner and outer recirculation zones and the three main
shear layers mentioned in the introduction part.

Planar Laser Induced Fluorescence (PLIF): The CH>O planar laser induced
fluorescence (PLIF) was adopted in the experimental investigation. A burst-mode laser
(QuasiModo by Spectral Energies, LLC) was used to excite CH>0O molecules at 355nm.
More detailed information about the CH>O PLIF can be found in the literature [38]. A
cylindrical lens (f = -40mm) and a spherical lens (f'= +500mm) were used to form the
laser sheet with 70mm in height and less than 0.5mm in thickness passing through the
center of the burner. A high speed COMS camera (Photron Fastcam SA-Z) was placed
perpendicular to the laser sheet plane. The exposure time was set as 250 ns in order to
reduce the influence of chemiluminescence and Planck radiation from the diffusion
flame. A long pass filter (GG385) was used to prevent the scattering light of the laser
entering into the camera. A camera lens (f = 50mm, F# =1.2) together with a 12mm
extension ring were mounted in front of the camera to create a rectangular field of view
by 74 x 65 mm?.

The pulse width of the laser was set to 10ns. Therefore, the motion of the diffusion
flame was ‘““frozen” in each image. The camera and laser were synchronized by a digital
delay and pulse generator (DG535) at 22.5kHz. The resolution of the camera was 1024
x 896 pixels. The camera started before the start of the burst-mode laser. Hence, the
high speed camera recorded the natural luminosity image of the diffusion flame without
the laser as a background image. By subtracting the background image, the noise of
chemiluminescence and Planck radiation from the diffusion flame was suppressed.
Fig.5(c) shows the results of CH>O PLIF after the background subtraction. As can be
seen from Fig.5, the distribution of CH>O could be distinguished well from the sooty
flame by the background subtraction.
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Fig.5 CH,O PLIF in sooty flame and background subtraction result.



Emission measurement: The emission system consisted of a Rosemount Oxynos 100
paramagnetic O; gas analyzer, a Rosemount Binos 100 NDIR (non-dispersive infrared
photometer) CO/CO; gas analyzer. The measurement ranges for O2, CO and CO2 were
0-25%, 0—-1000ppm and 0—16% respectively. A water-cooled combustion exhaust gas
sampling probe was mounted near the combustor exit. The emission probe (with inner
diameter d, = 1mm) was placed at the center of the confinement exit as shown in Fig.2.
The global emissions were captured since the distance from the burner exit plane to the
emission probe was approximately 20d, which was far longer than the flame length.
The confinement ended with a convergent section of d = 5d, in order to have the
averaged global emission level. To avoid condensing in the gas analyzer, the sample
gas flowed directly into a cooler. With the simple condensation process, the water vapor
was removed from the sample gas. The dry emission sample was then analyzed to get
the final emission results. In order to minimize measurement errors, the emission gas
analyzers were calibrated using standard calibration gases prior to each experiment.
The same as in the literatures [39] and [40], all emissions measured were corrected to
15% O> by volume for eliminating the dilution effects from the leakage of the
confinement. The adjusted emission level (Cug) is calculated as:

209 —-15
Cad] = Cmeas 20.9 _ 02%

where Creas 1s the measured value of the emission and 02% is the measured O, value.

LES based Eulerian stochastic fields model: As mentioned in the introduction part,
LES has proven to be a powerful tool in predicting the transient diffusion flame and
flow structures in both bluff-body and swirling flows. By employing the Favre filter,
the governing equations for the compressible LES model can be expressed as:
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The sub-grid stress is closed using the Smagorinsky model.

The composition probability density function (PDF) method [41] was adopted to
simulate the turbulent flame structures. As in the literature [41], for the one-point,
one-time joint PDF I5Sgs (w;X,t) of the composition vector i =[Y,,Y,,---,Y,n], the
modeled transport equation was:

OX; oy, oy OX;

1 a 1

ﬁapa(tw) w50, W L 0 56 (w)Pw) - —£[<u;’|w> ﬁﬁ(w)}iK@Jf’ |,/,> ﬁ(w)}

where <|1,y> denotes the conditional averaged. Additionally, the sub-grid eddy-viscosity



and interaction-by-exchange-with-mean (IEM) are used to model the sub-grid
transport and the micro-mixing terms, respectively.

The Eulerian Stochastic Fields (ESF) method [41-43] is employed to solve the
composition PDF equations. The governing equation for the nth stochastic field can
be expressed as
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where, dW" represents a vector Wiener process that is spatially uniform but
different for each field.

The chemical kinetic mechanism of Smooke and Giovangigli [44] is utilized in the
present LES. This mechanism is made up of 16 species and 35 reactions. It is known to
give similar laminar flame speed as the more comprehensive mechanisms for
methane/air combustion, such as GRI3.0 [45], under atmospheric pressure and room
temperature conditions. Under the condition of 1atm and 294K and for methane/air one-
dimensional counter flow diffusion flame, the critical quenching scalar dissipation rate
is about 35s! with the mechanism of Smooke and Giovangigli, while it is 33s™* with the
GRI3.0 mechanism. The computational cost required with the mechanism of Smooke
and Giovangigli [44] is relatively low; thus, it is preferred here since the PDF
calculation is time demanding.

Mesh and numerical setup: Fig.6 shows the computational domain and the boundary
conditions in the simulation. Fuel (methane) was supplied at a constant jet bulk velocity
of Uj = 4.224m/s through the central tube as indicated in Fig.6; while air flow inlet
velocity altered according to the bulk velocity of the tangential and axial inlets obtained
from the experiments. Downstream the swirler a conical domain was considered in the
simulation. A conical domain extending 75 fuel jet diameters (d; = 4mm) in the
downstream direction was adopted in the simulation, with » = 154} in radial direction
at the swirler exit plane, and » = 45d; at the outlet plane. The minimum grid scale is
0.2mm inside the quartz tube and the reaction zone. The total grid number was
approximate 3 million.
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Fig.6 Illustration of computational mesh and boundary conditions.



The open source CFD library, OpenFOAM [48], is adopted for the numerical
integration of the governing equations. The second-order filtered linear implicit
scheme was used for the spatial discretization and the second-order backward Euler
scheme was used for the temporal integration. The pressure implicit with splitting of
operator (PISO) algorithm was employed for the pressure-velocity coupling. At the
wall boundaries the non-slip boundary condition was applied. A velocity mapping
method with a prescribed mass flow rate of the fuel was employed at the fuel inlet.
Moreover, at the open boundaries, the pressure condition was applied. It allowed the
ambient air to entrain into the domain; meanwhile it also allowed the fluid to flow
outside the domain. The experiments were done at 1atm while both the air and the fuel
inlet temperature were 294K. They were adopted as the initial boundary conditions in
the LES simulation.

Results and Discussions

Effects of bluff-body on flames: Fig.7 shows different flame structures with different
cases when holding the fuel flow rates and the ratio of the tangential to the axial air
flow rate constant. The dot line in the second row of Fig.7 schematically shows the
position of the central fuel pipe, different bluff-bodies and the annular quartz tube. It
should be noted that the inverse Abel image reconstruction was only valid downstream
of the burner exit where the CH* chemiluminescence was not blocked by the central
pipe or the bluff-body. All the time averaged CH* image and the inverse Abel
reconstructed images were scaled to better visualize the flame structures.

Flame structures in case T150-A50-d0: From the inverse Abel reconstructed image in
Fig.7, the flame expansion was observed downstream near the burner exit. The flame
expansion had an open angle a, which was marked by the dash dot line in the third row
in Fig.7. At h = 30mm, the flame became compact forming a flame tail till # = 80mm.
Between the compact flame tail and the expansion flame region, the flame became less
yellowish indicating a region with better fuel-air mixing and thus less soot. The flame
tail in the burner without bluff-body was longer than the other cases. Without bluff-
body, the flame tip was ‘flashback’ upstream of the fuel pipe exit into the quartz tube.
The reason for the flame ‘flashback’ would discussed later with the transient and time
averaged flow fields results.

Flame structures in case T150-A50-d14. Downstream of the burner exit, the flame
structures in the burner with d» = 14mm was similar to that in the burner without bluft-
body. The same flame expansion near the burner exit and the flame tail downstream
could also be observed. However, the flame open angle was smaller than that in case
T150-A50-d0. Different with the flame structures in case T150-A50-d0, the flame in
case T150-A50-d14 did not propagated further upstream into the quartz tube.

Flame structures in case T150-A50-d20: The flame structures in the case with a larger
bluff-body was entirely different from that in the other cases. Although the flame tail
still showed up, the flame expansion near the burner exit was not observed. Moreover,
the flame was shorter and more compact than other cases. The bluish flame zone was
found near the bluff-body other than in the region at # = 50mm in the other two cases.



More details about the reasons for the different flame structures will be discussed later
with the flow fields obtained in different cases.
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Fig.7 Flame structures within different cases. Left column: T150-A50-d0, center column: T150-
AS50-d14; right column: T150-A50-d20. Upper row: broadband chemiluminescence; middle
row: time averaged CH* chemiluminescence; lower row: inverse Abel reconstructed CH*

chemiluminescence.

The typical CH>O PLIF results for different cases (T150-A50-d0, T150-A50-d14 and
T150-A50-d20) are shown and compared with each other in Fig.8. The same as
described in Fig.7, flames in cases T150-A50-d14 and T150-A50-d0 were similar with
each other by having a wider expansion of CH>O brush than that in the other case. The
spatial distribution of CH2O in the case T150-A50-d20 was more compact than the
other cases. The simulation results show fairly good agreement with the experimental
data, especially in capturing the expended CH>O brush. The flow fields with the iso-
contour marking the position with local equivalence ratio at @ = 1 are also illustrated
in the second row in Fig.8. It shows that, in case T150-A50-d0, because of the swirling
flow, a recirculation bubble is formed at # = 35mm downstream of the jet exit. The
reverse flow motion in the air driven recirculation vortex forced the central fuel jet to
propagate upstream and hence pushed the fuel jet expansion to the annular flow. In
addition, a small recirculation bubbler was generated besides the central pipe near the
jet exit. The recirculation vortex enhanced the fuel-air mixing and brought the fuel into
the upstream region 4 < 0 by convection through the mixing layer between the fuel and
air driven vortexes. Thus the flame in case T150-A50-d0 could be observed propagating
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numerical data with temperature distribution; the blue lines denote the region with high heat

release rate.

upstream into the region of 4 <0 as shown in Fig.7. In addition, some part of the central
fuel jet penetrated out the annular air driven recirculation zone. As a consequence, the
flame tail could be generated in all the three cases shown in Fig.7. The figures in the
third row in Fig.8 illustrate the temperature distribution together with blue lines
marking the region with high heat release rates. It could be found that the snapshot of
flame shape in the symmetric plane matches fairly well with the time averaged flame
structures shown in Fig.7. Moreover, the high heat release rate region was found
downstream of the region with high density of CH>O and stoichiometric mixture. It was
due to the fact that CH,O were always found in the preheat zone while the high heat
release and CH* were located in the reaction zone. Comparing the flow fields in the
three different cases shown in Fig.8, it could be observed that with the increasing of the



size of bluff-body, the air driven recirculation vortex located more and more close to
the jet exit. In the case T150-A50-d20, a large recirculation bubble was found attached
to the bluff-body upper surface. The air driven recirculation vortex was believed to be
generated due to the bluff-body other than the swirling flow. It was because that even
when the flow swirl number was S, = 0, the recirculation bubble could also be generated.
It could also be observed that, in all the three cases shown in Fig.8, the strong heat
release or the flame front was found in the mixing shear layer which located between
the air driven outer recirculation zone and the fuel driven inner recirculation zone. Here
the mixture got to stoichiometric condition which promoted the reaction. The flame
structures were strongly determined by the flow fields, especially the sizes and locations
of the inner and outer recirculation bubbles. With the change of the swirl strength, the
flow fields and thus the flame structures would change significantly and they will be
discussed later.
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Fig.9 Time averaged flow fields in different cases (a) T150-A50-d0; (b) T150-A50-d0; (¢) T150-
AS50-d0. (a) (b) and (c) Left: experimental data; right: simulation results. (d) axial velocity
along radial direction in different axial positions.

In order to get deeper insight into the flame structures in Fig.7, the time averaged flow
fields in the reacting cases: T150-A50-d0, T150-A50-d14 and T150-A50-d20 are
shown and compared with each other in Fig.9. Since there were no seeding particles in
the central fuel jet, the velocity fields in the central region was missed as shown by the



white rectangular region in Fig.9. The color map in Fig.9 stands for the scales of the
axial velocity. In agree with the flame structures shown in Fig.7, it could be observed
that cases without bluff-body and with the smaller bluff-body (d» = 14mm) had the
similar flow fields with each other under operating conditions of m; =150In/min and m,
= 50In/min. Whereas they were far different from case with a larger bluff-body (d» =
20mm). In case with the largest bluff-body, the air driven outer recirculation zone was
smaller while its core was located more upstream than other cases, which was the same
as observed in the snapshot of the flow fields shown in Fig.8. Because of the strongest
constrain effects from the annular channel, in the case with the largest bluff-body (d) =
20mm), the local flow velocity at the annular channel exit was parallel to the burner
axis. It thus leaded to the formation of a smaller recirculation zone downstream of the
bluft-body. In order to have a more details about the flow fields in these three cases,
Fig.9(d) shows the axial velocity distributions along the radial direction at different
axial positions.

In could be observed from Fig.9(d) that the time averaged simulation results match
fairly well with the experimental data. When /4 < 5d,, three peaks could be observed
along the symmetrical axial velocity distributions. One peak was in the centerline due
to the central jet penetration while the other two were on the sides of the centerline
symmetrically which were mainly caused by the annular air flow. The location of the
axial velocity side peak got farer from the burner axis with the increasing of the axial
position (till # = 10d;) which indicated the flow expansion downstream of the burner
exit. Both the experimental and numerical results show that, in the case with a larger
bluft-body, the value of the side peak in the axial velocity profile was higher than that
in the other cases. It was caused by the fact that the axial flow velocity altered with the
changing of the cross sectional area of annular channel at the burner exit. With a
constant total air flow rate (m = 200In/min) through the annular channel, the burner
with a larger bluff-body could then have a higher bulk axial velocity. In addition,
comparing three cases with different bluff-body sizes, it could be found that the location
of the side peak axial velocity in case with d» = 20mm was nearer to the burner axis
than that in the other cases. It was consistent with the compactness of the flow structures.
When /4 < 10d, in the air driven recirculation zone (2mm < 7 < 10mm or -10mm < r <
2mm), the case with d», = 20mm had the highest reversing velocity and then the burner
with dp = 14mm. However, when 4 = 10d;, the case with d, = 20mm had the higher
positive axial velocity in that region than the other cases. It also indicated that case with
dp=20mm had the smallest air driven recirculation vortex. Comparing these three cases,
the central jet velocity was higher in case with d» = 20mm indicating a stronger shear
stress could be found in the inner shear layer between the central jet and the inner
recirculation zone. The stronger fuel-air mixing could be found in case with d» = 20mm
which could then lead to a bluish root flame near the bluff-body. However, the size of
the air driven recirculation zone in that case was smaller than the other cases which
would thus result at a shorter residence time for the fuel-air mixing and thus a higher
CO emission levels as will be discussed later.

Effects of swirl on flames: Fig.10 shows the effects of swirl number on flame structures



in case with d» = 14mm. It could be easily seen that the flame was elongated with the
decreasing of swirl number. While the flame open angle became smaller due to the
decreasing of the centrifugal effects in the lower swirl strength flows. When the
geometrical swirl number was high (S; = 2.83) for case T200-A0-d14, a flame
‘flashback’ was observed. The flame was propagating into the region with 42 < 0
upstream of the bluff-body. The flame flashback phenomenon is more commonly
observed in the premixed flame studies. Premixing flame flashback occurs when the
flame propagates upstream into the premixing section from the combustion chamber.
This can be a result of the turbulent flame speed exceeding the flow velocity along some
streamlines in the combustor causing the reaction zone to travel upstream [46].
However, the diffusion flame ‘flashback’ into the quartz tube upstream of the bluft-
body in the current study is rarely reported while the mechanism behind needs to be
investigated. The more detailed description of the diffusion ‘flashback’ and the
mechanism behind will be discussed later with the simulation results.
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Fig.10 Flame structures with different swirl number. From left to right: T200-A0-d14, T150-A50-
d14, T100-A100-d14, T50-A150-d14 and T0-A200-d14; upper row: direct photo, middle
row: time averaged CH* chemiluminescence, lower row: inverse Abel reconstructed CH*
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The interesting phenomenon of the diffusion flame ‘flashback’ into further upstream
region was observed and recorded in the experiments as shown in Fig.11. When holding
m; = 200In/min and m, = Oln/min, the broadband chemiluminescence from the flame
(upper row in Fig.11) together with the line-of-sight and time-averaged flame CH*
chemiluminescence obtained from the experiments and simulations are shown and
compared with each other in Fig.11. The blue line in simulation results in the lower row
of Fig.11 denotes the stoichiometric mixture region which can be used to mark the
spatial distribution of the fuel. From the broadband flame structures it could be seen
that flame in the case T200-A0-d0 had more soot than the other two cases; while flame
in the case with d» = 20mm had a bluish color indicating the best mixing of fuel and air.
However, the same as discussed previously, the recirculation zone in the case with the
larger bluff-body was smaller than the other two cases. Therefore, it would lead to the
higher CO emission levels due to the shorter residence time in the recirculation zone,
which will be discussed later. Comparing the flame structures in cases T150-A50-d0
and T150-A50-d14 in Fig.7, it could be seen that the flame with m; = 200Iln/min was
propagating further upstream into the quartz tube even till # < -20mm. In cases T200-
A0-dO and T200-A0-d14, the strong reverse flow in the air driven vortex pushed some
part of the central fuel jet in the air-fuel mixing layer upstream into the quartz tube.
However, in case with d, = 20mm, the flame could not be pushed upstream into the
quartz tube due to the blockage of the large bluff-body. It could also be found that the
inner fuel driven vortex was smaller in the case with d» = 20mm than that in the other
cases due to the stronger reverse flow momentum. The central fuel jet could penetrate
higher in the case without bluff-body. Comparing the flame structures shown in Fig.7
and Fig.11, for case with d» = 20mm, a decrease of flame length and the widening of
the flame open angle could be observed with the increasing of swirl number. They were
caused by the further downstream movement of the air driven recirculation bubbles.
The increasing of the swirl number enhanced the outer recirculation zone and thus the
reversing flow momentum. It resisted the central jet penetration forming a shorter flame
with higher CO emission levels.

Fig.12 shows the effects of bluff-body and swirl strength on flame length (Lr) and
Hconr positions. It could be found that flame in case with d» = 14mm had the largest
Lr and the highest Hconr. Flame in case with the larger bluff-body (d» = 20mm) was
more compact than that in other cases by having a shorter Lr and a lower position of
Hconr. The same as observed in Fig.10, in case with dp = 14, with the increasing of the
swirl number (or the tangential air mass flow rate), the flame became shorter and more
compact. However, in the case with d, = 20mm, the flame length and its position did
not change significantly with the alternation of swirl strength. The reason behind might
be the recirculation zone downstream of the larger bluff-body was more dominated by
the bluff-body nor the swirling flow. Therefore, the increasing of tangential flow rate
did not significantly change the flame structures. It is worth noting that the flame could
not be sustained in case without the bluff-body when m; <120In/min. The bluff-body
enhanced the diffusion flame stabilization especially in case with low swirl number.
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Fig.12 Flame length versus mass flow rate of the tangential air flow.



Emissions: The global CO emission levels are strongly consistent with the combustion
efficiency and combustion completion, which generally suggest the mixing between the
fuels and air flow and the residence time for the reaction to be completed. Fig.13 shows
the global emission of CO for different cases when holding the global equivalence ratio
constant. It could be observed that the burner with d, = 20mm produced the highest
levels of CO emissions, while the case without bluff-body had the lowest level of CO
emissions. The CO emission is strongly related to the fuel-air mixing and mixture
residence time in the recirculation zone. In addition, the CO emission level was found
to have strong correlation with the flame length and flame compaction [47]. The longer
flame length and a larger recirculation zone implies a longer combustion residence time,
allowing a more complete combustion and thus a lower amount of CO emissions. The
stronger reverse flow velocity in the recirculation zone downstream of the bluff-body
leaded to a better mixing of the fuel and the annular air which then also resulted at a
lower CO emission level. Since the central jet velocity and momentum were kept
constant, the size of the recirculation zone then determined the penetration of central
jet and thus the mixing of fuel and air. Holding the tangential air flow constant, the
recirculation zone in case with d» = 20mm was smaller than any other cases which thus
resulted at a highest CO emission levels as shown in Fig.13. The change of CO emission
shown in Fig.13 was found to be strongly correlated to the alternation of flame length
demonstrated in Fig.12. To be more specifically, for the case with d, = 20mm, the lowest
CO emission at case with m;, = 100ln/min was ascribed to the longest flame length as
shown in Fig.12. Additionally, another proof showing that the CO emission was
strongly affected by the recirculation zone size was that: for case T200-A0-d14, the
recirculation zone in the ‘flashback’ flame was larger than that in case T150-A50-d14.
As a consequence, the CO emission dropped significantly in case T200-A0-d14.
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Fig.13 Effects of bluff-body and tangential flow rate on global CO emissions.



Conclusions

Combined swirl and bluft-body stabilized diffusion CHy-air flames were investigated
in the current study. Both experimental and numerical methods were adopted to get
deep insight into the flame structures and its emissions. The total air flow rate and fuel
flow rate were hold constant at m = 200ln/min and my = 3 In/min respectively. The
diffusion flame ‘flashback’ phenomenon together with its mechanism behind were
described in detail. The mixing characteristics of the fuel and air downstream of the
bluff-body were released and compared with each other to evaluated the effects of bluft-
body size and swirl strength on flame structures and CO emission levels. It is found that
when holding the ratio of the tangential and axial flow rates constant, the recirculation
zone downstream of the larger bluff-body (d» = 20mm) was smaller than the other cases,
which would lead to a higher CO emission. With a lager bluff-body, the flame was
found to be more compact while the flame ‘flashback’ could not be observed. The air
driven recirculation bubble within the case with d, =20mm was more dominated by the
bluft-body nor the swirling strength. Hence in case with d» = 20mm, the CO emissions
and flame length did not change significantly with the changing of swirling strength.
The position of the outer recirculation zone would be affected by the size of the bluft-
body. In the cases without bluff-body or d» = 14mm, the outer recirculation bubble was
determined by the swirling strength as well. In the burner without the bluft-body, a
larger and stronger air driven recirculation zone was the reason for the diffusion flame
‘flashback’ upstream into the quartz tube. With the increasing of the swirl strength, in
the case with d» = 14mm, the flame was elongated. In addition, in the case with d =
20mm, the CO emission level showed strong relation with the flame length. The
utilization of bluff-body significantly enhanced flame stabilization by maintaining
flames in cases with m; < 150 In/min.
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