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Abstract

Lean burn in gas turbine technology has drawn a lot of interest recently as
a way to lower emissions from combustion systems. With lean combustion,
a larger amount of air is fed into the combustion chamber compared to
the amount of fuel, resulting in a leaner fuel-air mixture. This enables
to control of the combustion temperature and delimits the nitric oxides
(NOx). These advantages may result in less fuel use, lower operational costs,
and a lesser environmental footprint. However, lean combustion can also
pose challenges, such as unstable flame behavior or periodic variations in
pressure and temperature within the combustion chamber, which can cause
damage to the gas turbine. These challenges must be carefully considered and
addressed in the design and operation of gas turbines using lean combustion
technology to realize the full potential of this technology. A novel combustor
concept that integrates lean combustion, low swirl, lifted flame, and a helical
burner arrangement is presented in this research. The combination of these
techniques offers potential improvements in terms of mechanical and thermal

performance.
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The main objective of current study is to provide experimental results on the
baseline configuration of the innovative CHAIRLIFT combustor concept,
which can be used to identify/understand the relevant phenomena i.e. related
to the stability limits, emission performance and flame structure. Lean lifted
spray flames and their very low nitrogen oxides emissions are combined
with an inclination of burners in annular combustor leading to a more com-
pact combustor. CHAIRLIFT combustor concept is based on “low swirl”
lean lifted spray flames, which features a high degree of premixing and
consequently significantly reduced nitrogen oxides emissions and flashback
risk compared to conventional swirl stabilized flames. In the CHAIRLIFT
combustor concept, the lifted flames are combined with Short Helical Com-
bustors (SHC) arrangement to attain stable combustion by tilting the axis
of the flames relative to the axis of the turbine to enhance the interaction
of adjacent flames in a circumferential direction. A series of experimental
tests were conducted at a multi-burner array test rig consisting of up to five
modular burners at different burner inclination angles, equivalence ratios (¢),
different relative air pressure drop across the nozzle (%), and varied air inlet
temperature T4;, at ambient pressure. For all investigated configurations,
good stability limits for non-piloted burners was observed. The inline and
inclined have better stability range compared moderate swirl by previous
investigations. A slightly higher stability was observed for the inline ar-
rangement compared to the inclined arrangement due to local flow exchange
at higher temperature level. The unwanted flow deflection of highly swirled
flames in Short Helical Combustors arrangement could be avoided with the
investigated low swirl lifted flames. Moreover, the flame chemiluminescence
(OH*) measurements were used to provide a qualitative characterization of

the flame topology. Moreover, exhaust gas measurements at the inline and
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the inclined multi-burner configuration was performed, showing that the
nitric oxides emissions (NOx) are at the expected low range for such lifted
flames compared to previous investigations and the inclined arrangement
has a better emissions performance for most operating conditions due to
higher lift off height. The ion probe measurement system was installed at the
inclined multi-burner array to investigate if conditions near to LBO can be
detected by certain parameters. The increase of timescale of the ion current

fluctuations was identified as suitable indicator.

The results show that a remarkable high stability of the low swirl and lifted
flames was observed compared to moderate swirl flames with larger inner
recirculation zone. The study highlights the significant influence of fuel
droplet evaporation time on flame stability near the flame root under low
air inlet temperatures. Moreover, the complex flame stability mechanism
in inclined configurations is found to be controlled by various parameters,
such as outer recirculation zone size, air inlet temperature, and additional
vortices generated by pressure differences near the wall. A slightly higher
stability was observed for the inline arrangement compared to the inclined
arrangement and different stabilization mechanism and flame structure at
different air inlet temperature was explained in details. Exhaust gas analyses
were performed for the multi-burner arrangement emissions. It was observed
that, these lifted flames provide very low NOx emissions over a wide range
of operating conditions for all in- vestigated configurations. These findings
have important implications for the future development and optimization of

lean combustion technology for aircraft engines.
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Chapterl

Introduction

The historical evolution of energy resources used by mankind has been
characterized by dramatic shifts over the course of several centuries. In the
eighteenth and nineteenth centuries, wood stood as the predominant energy
source, providing the primary fuel for a wide range of applications. The
subsequent eras witnessed the ascendancy of coal and oil, propelling indus-
trialization and global energy consumption to remarkable levels. However,
the late twentieth century marked a pivotal moment with the rise of nuclear
power as a prominent contributor to the global energy matrix. This techno-
logical milestone was further complemented by the emergence of renewable
energy sources at the start of the twenty-first century, indicating a significant

shift toward sustainable energy supply.

Nonetheless, since the inception of the industrial revolution, fossil fuels,

including coal, oil, and natural gas, have undeniably played a preeminent role
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as the cornerstone of global energy supply. Fossil fuels have been instrumental
in meeting the ever-expanding global energy demand, powering industries,
transportation, and the vital functions of modern society. Remarkably, despite
the growing interest in renewable energy alternatives and the imperatives of
sustainability, fossil fuels are expected to remain the dominant energy source
in the foreseeable future. This trajectory is highlighted by empirical data, as
elucidated in Fig.

Therefore, providing efficient and environmentally clean power generation
has become increasingly important due to the rising cost of fossil fuels,
more stringent emissions regulations, and increasing demand for energy. In
this context, enhancing combustion devices in terms of energy efficiency
and pollution reduction is critical for next-generation engines. The issue of
pollutant emissions, particularly from aeronautic engines, has emerged as a

subject of heightened societal concern. The environmental impacts of these

250 -

200 -

150

100

Renewables

Nuclear

0 r T T T T 1
1990 2000 2010 2020 2030 2040

Figure 1.1: World energy consumption by fuel type [3].
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emissions extend across multiple domains, encompassing both land-based

and atmospheric realms.

The spectrum of pollutants encompasses nitrogen oxides (NO,), unburned
hydrocarbons (UHC), carbon monoxide (CO), sulfur oxides (SO,), and
particulate matter [4]. The critical attributes of these emissions reside in
their harmful properties and potential for significant impacts on human
health, the environment, and biological ecosystems. The NO, emissions,
comprising nitric oxide (NO), nitrogen dioxide (NO,), nitrous oxide (N,O),
and their derivatives, exerts a diverse array of impacts on both health and
environmental systems. Nitric oxide (NO), due to its low solubility in water,
possesses the ability to permeate the respiratory system, while nitrogen oxides
can disrupt lung structures and functions by diffusing through alveolar cells.
Nitrous oxide (N,O), recognized as a potent greenhouse gas, persists in the
atmosphere for over a century, exerting a warming effect per molecule that is
300 times greater than that of carbon dioxide. Even at concentrations as low
as 300 parts per billion, nitrous oxide (N,O) contributes to Earth’s warming

by 0.1 W/m? [3].

Regulatory stipulations, as mandated by the International Civil Aviation
Organization (ICAO), constitute a paramount impetus for the ongoing de-
velopment and enhancement of combustor technologies, particularly in the
realm of emissions reduction. These guidelines, formulated to reduce en-
gine emissions, are established under the authority of the Committee on
Aviation Environmental Protection (CAEP). The specific allowable levels
of NO, emissions for jet engines are outlined in Annex 16 Volume II to
the Convention on International Civil Aviation. [6]. Notably, the prescribed

levels depend on the engine’s overall pressure ratio (OPR) and its thrust
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generation capacity. As the OPR increases, the permissible amount of NO,
also increases. A visual representation of the defined limits set by CAEP
for aero-engines, along with a comparative assessment of emissions from
selected exemplary engines, is elucidated in Fig.[I.2] Currently, a substantial
fraction of aero-engines effectively operates within the boundaries stipulated
by CAEP’s sixth set of emissions limits. These emission levels are deter-
mined through standardized testing conducted during the landing-takeoff
(LTO) cycle, as illustrated in Fig. [I.3] However, as future emissions limits
are projected to decrease, engines operating within current limits may no

longer meet certification standards [7].

According to the Advisory Council of Aeronautics Research in Europe’s
(ICAO) goal for 2020, emissions of CO; and NO, must be reduced by 50%
and 80%, respectively, compared to those permitted under CAEP 2. While

ICAO 86 was a production cut-off.
CAEP 2 new types 1996 production cut-off 2000.
CAEP 4 new types 2004.

CAEP 6 new types 2008 production cut-off 2013.
CAEP 8 new types 2014.

A
(S]

N~
S

100] CAEP 6

@
S
2]
b
m
o
©

NOx characteristic (mass/unit thrust)
D
S

10 15 20 25 30 35 40 45 50
Overall Pressure Ratio

Figure 1.2: Allowed mass in grams of NO, emissions per rated output depending
on the overall pressure ratio of the jet engine [4].
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' 3 3000ft
* taxi-in

——
landing 5
taxi-out !
. take-off

Figure 1.3: ICAO LTO Cycle with standard power settings during engine certification:
26 minutes taxi (7 % take-off thrust), 42 seconds take-off (100 % take-off thrust), 132
seconds climb (85 % take-off thrust) and 4 minutes approach (30 % take-off thrust).

approach

some of these savings will be attained by lowering fuel usage overall, about
50% will come from improving the combustor. Fig. also displays the

benchmark for these reductions.

The harmful impact of NO, emissions on the environment and human health
makes it crucial to reduce them in combustion processes. To develop effective
strategies for NO, reduction, it is essential to understand the formation
mechanisms of NO,. Three primary mechanisms have been identified for
NO, formation: Thermal NO,, Prompt NO,, and Fuel NO, [8]. Thermal NO,
is produced by the Zeldovich mechanism [9], which grows exponentially
with temperature. As a result, low temperature, low O, concentration, and
short residence time are key criteria for lowering thermal NO,.. Prompt NO,,
also known as Fenimore NO,, forms during the initial stages of combustion
when the fuel molecules break down into smaller, reactive species such as
hydrocarbonradicals. These species react with nitrogen and oxygen or oxygen
containing species to form NO,. Fuel NO, generates during combustion when

nitrogen-containing compounds in the fuel react with oxygen to form NO,.
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This reaction occurs when the fuel contains chemically bonded nitrogen in the

form of amines, nitro compounds, or other nitrogen-containing compounds.

The lean premixed combustion technique is employed to mitigate the for-
mation of thermal and prompt NO, during the combustion process. Well
premixed lean air-fuel mixtures result in reduced combustion peak tempera-

tures, which in turn reduces the production of thermal NO,.

The purpose of this research is to introduce a novel combustor concept aimed
at reducing NO, emissions while maintaining a wide range of flame stability.
Lean combustion can be employed in this perspective [10], but accurate
control of local temperature is required in order to contain emission levels of
other pollutant species and to ensure the required stability range [11]. Lean
premixed combustion has also been considered an essential technology for
achieving ultra-low emissions in aero-engines. This technology involves the
mixing of fuel and air prior to combustion, resulting in a more uniform and
complete combustion process with fewer pollutants emitted. Lean premixed
combustion has been shown to achieve significant NO, reductions, making ita
vital technology in meeting emission regulations. Therefore, the development
of low-emission combustor concepts for aero-engines has placed significant
importance on the advancement of lean premixed combustion technology in

recent years.

To maximize the potential of this technology, careful consideration of auto-
ignition delay times is essential, especially when using liquid fuels like
JET-A1 in aero-engines. Auto-ignition delay time is a critical factor limiting

the available residence time for pre-mixing and pre-evaporation.



1.1 Objectives

1.1 Objectives

Gas turbines are widely employed as the primary machinery in various sec-
tors, including power generation, aviation (aero-engines), maritime propul-
sion, and industrial mechanical systems. Currently, there is a compelling
need to enhance gas turbine technology, driven by the aim of achieving better

performance and reducing environmental footprint.

The main objective of this Ph.D. thesis is to conduct a comprehensive
experimental investigation of an innovative low-emission burner concept
designed for aero-engine applications. Developed within the CHAIRLIFT
(Compact Helical Arranged combustoRs with lean LIFTed flames) European
research project, this burner concept combines two novel features: low swirl
lean lifted spray flames to achieve high premixing and significantly reduce
NO, emissions; and the Short Helical Combustor (SHC) arrangement. The
SHC involves tilting the flame axes relative to the turbine axis to enhance
circumferential flame interaction and aiming to improve combustion stability.
Additional benefits are the reduced length of the combustor. This thesis
explores the impact of varying the combustor tilt angle on the combustion
characteristics. This study explores the impact of varying the combustor tilt
angle on the interaction between adjacent flames, using adjustments in the
offset between these flames to mimic different tilt angles in the annular

combustor setup.

Although lifted flames have been extensively studied, there remains a distinct
lack of comprehensive understanding regarding their stabilization mecha-

nisms, particularly in multi-burner configurations. This research project



1 Introduction

represents a distinct contribution to the existing literature, focusing specifi-
cally on the study of low-swirl lifted flames using liquid fuel in multi-burner
domain. To the best of the author’s knowledge, this work marks the first
experimental investigation into applying this innovative combustion concept

with the use of liquid fuel.

To achieve these goals, a series of comprehensive experimental tests em-
ploying advanced optical measurement techniques, including Particle Image
Velocimetry (PIV), Mie scattering, and OH* chemiluminescence, were con-
ducted. These measurements provided insights into velocity fields, fuel spray
properties, and flame structure. Within the experimental setup, local probe
invasive measurements were also carried out employing S-type thermocou-
ples and a gas sampling probe, which were affixed to a traverse system.
This instrumentation facilitated the quantification of temperature distribu-
tions and the concentrations of emission gases at various points within the

combustion chamber.

The experimental campaign closely replicated similar real-world aeronautic
combustion conditions at ambient pressure with varied tilt angle of burners
(0), and equivalence ratios (®), different air mass flow rate defined by relative
air pressure drop across the nozzle (%). These conditions were characterized
by low swirl levels and the replication of varied air inlet temperatures
T air, reaching up to 673 K at ambient pressure. The research also assessed
the potential of the CHAIRLIFT burner concept to reduce NO, emissions
while maintaining flame operation under extremely lean equivalence ratios.
Ultimately, the feasibility of integrating the CHAIiRLIFT burner concept
into aero-engine systems was evaluated and compared to typical higher

swirl flames with larger inner recirculation zones, considering its potential
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benefits in terms of emissions reduction, enhanced flame stability, and a

shorter, lighter combustor.

In summary, this research enhances our understanding of applying this
innovative concept to aero-engines, with potential benefits for more efficient

and environmentally friendly combustion systems.

1.2 Outline

This thesis is motivated by the aim of evaluating a novel combustor concept
designed to achieve low nitrogen oxide emissions, with the potential to align
with the long-term emission targets established by European authorities for
aircraft engines. To ensure clarity and coherence in presenting the research,

the dissertation is structured as follows:

After this introduction chapter explaining the background and motivation for
this research, Chapter Two offers a thorough exploration of the theoretical
fundamentals and reviews prior research necessary to understand the core

concepts of combustion related to this concept.

Chapter Three details the experimental setup and instrumentation, including
operational principles and technical specifications. It also discusses the data
acquisition setup and specific tools including high-speed cameras, laser

diagnostics, ion probe, and thermocouples.

Chapter Four presents experimental results for different combustor configu-
rations including inline and inclined arrangements under various operating

conditions like air inlet temperature, air pressure drops across the nozzle,



1 Introduction

and equivalence ratios. It compares flame stability with previous studies and

analyzes flame topology and emissions.

Chapter Five summarizes the main findings and conclusions of the study,
discussing their applicability to real engines. It offers recommendations
for future research focused on improving helical arranged combustor, and

advancing lean-low swirl combustion technologies.

10



Chapter2

State of art

Combustion process represents a fundamental chemical process in which a
fuel undergoes rapid oxidation releasing heat and typically accompanied by
light, thus playing a pivotal role in numerous energy conversion processes.
This process is central to many energy conversion technologies, transforming
energy locked within chemical bonds into thermal energy. Specifically,
hydrocarbon combustion involves the reaction of hydrocarbon molecules,
consisting of hydrogen and carbon, with oxygen to yield carbon dioxide,
water, and heat. These hydrocarbons are the main components of traditional
fossil fuels such as natural gas, oil, and coal, which are commonly referred to
as hydrocarbon resources due to their composition. In addition to traditional
fuels, alternative non-fossil fuels, known as drop-in fuels or low-carbon
fuels, have recently gained significant interest as a promising medium-term
solution to gradually reduce carbon emissions. These fuels are often produced

from renewable resources, aiming to reduce dependence on fossil fuels and

11



2 State of art

lower greenhouse gas emissions. Examples of drop-in fuels include biofuels
made from plant materials, synthetic fuels produced from carbon dioxide and
hydrogen, and renewable natural gas derived from organic waste. Despite
their potential, the development of these alternative fuels and the necessary
expansion of fuel infrastructure are still in the early stages, with studies
indicating that higher costs and more time will be required for infrastructure

development [12].

Combustion is a complex process influenced by various parameters, includ-
ing air-to-fuel ratio, fuel composition, oxidant concentration, temperature,
and pressure. The interaction of these factors not only influences the speed
and completeness of the reaction but also affects the production of harmful
emission byproducts. A full understanding of these factors is essential for
optimizing combustion conditions to achieve lower emissions combustion
process. As this study focuses on the combustion of hydrocarbon fuel (Jet
A-1 fuel), this introduction chapter will explore the nature of hydrocarbon
combustion. The hydrocarbon combustion can occur under various condi-
tions, with specific reaction pathways determined by the aforementioned
factors. Regardless of the type of hydrocarbon fuel, combustion with oxygen
primarily results in the production of carbon dioxide, water, and heat. This
general reaction is illustrated in the following equation, representing the

stoichiometric complete conversion of a hydrocarbon fuel:

C.H, + (x n %)oz — xCO, + %HzO-i—Heat 2.1)

12



2.1 Flames in Laminar Flows

where CH,, is the hydrocarbon fuel, (x + %) O, is the stoichiometric amount
of oxygen, xCO is the carbon dioxide produced, %H2O is the water vapor

produced, and Heat represents the energy released.

The theoretical background in this chapter is referenced from [10-22]. More

specific citations will be included where relevant.

2.1 Flamesin Laminar Flows

For laminar flames issuing from a tube burner, two models of combustion
are depicted in Fig. based on the mixing of fuel and oxidizer: laminar

premixed flames and laminar non-premixed flames.

premixed flame diffusion flame
post flame
post flame radiation
oxidation
and radiation
surface of
stoichiometric

mixture

premixed
flame front

)

fuel + air fuel

Figure 2.1: Different modes of laminar combustion [23]].
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Laminar premixed flames are characterized by a steady and predictable flame
front that propagates through the fuel-oxidant mixture at a constant speed.
The flame front is thin and well-defined, exhibiting a high temperature
gradient that results in a sharp increase in temperature across the flame front.
In the case of a Bunsen burner, where fuel and air are premixed within the
tube and ignited downstream, the premixed flame front propagates toward
the burner until it stabilizes in the form of the well-known Bunsen cone. The
key characteristic of this combustion mode is the laminar burning velocity,
which is the rate at which the flame front moves normal to itself into the
unburned mixture. In a steady state, the burning velocity must match the flow

velocity.

The structure of laminar flames is influenced by several factors, including
fuel type, oxidant concentration, and temperature. The reaction kinetics in
these flames are well-defined, and the flame speed is primarily governed by
the fuel-oxidant concentration, reaction rate, and diffusion process. Investi-
gating the structure of laminar premixed flames is crucial to understanding
combustion characteristics. However, experimental investigations is chal-
lenging due to the very thin reaction zone. To address these challenges,
various theoretical and numerical approaches have been developed. Histor-
ical theoretical analyses include the Thermal Theory proposed by Mallard
and Le Chatelier [24]] and Damkohler [25], the Diffusion Theory by Tanford
and Pease [26], and the Combined Theories by Zeldovich [27]. Moreover,
since the 1980s, numerical calculations have played a significant role, with
programs like CHEMKIN [28] being used to solve balance equations and
analyze the dynamics of laminar premixed flames. The structure of premixed

laminar flames can be analyzed computationally for most fuels, encom-

14



2.1 Flames in Laminar Flows

passing temperature and species concentration profiles. An example of a
computed composition and temperature profiles through a one-dimensional
adiabatic premixed laminar flame is shown in Fig. The flame structure
is composed of four zones: the cold reactants zone, the preheat zone, the
reaction zone, and the products zone. The preheat zone is predominantly
characterized by heat conduction and mass diffusion of the reactants, while
the reaction zone is dominated by chemical reaction and mass diffusion.
The reactants are initially at the unburned gas temperature, T),,p,n:- The
temperature gradually increases in the preheat zone due to conductive heat
transfer from the reaction zone, until the adiabatic burned gas temperature,
Thurnt» 1s achieved in the product zone. The temperature profile is nonlinear
due to the nonlinear heat release and transport processes. The continuous
heating of the reactants leads to their reaction at an increasing rate. The flame
thickness, a characteristic length scale of a flame, is defined as the thickness
of the reaction zone. Flame thickness is calculated in terms of the thermal

thickness d;, [13]]:
~ max(T) — min(T)
(Sth = aT >

preheat zone reaction zone
r—/H/_/\_\

(2.2)

max ( o

burnt gases
Tbumt
U, S, E
—_— —
fuel + oxidizer 5
(fresh gases) H
Tunburnt :

Figure 2.2: Schematic diagram of laminar premixed flame, reproduced from [29].
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where 3—2 is the temperature gradient inside the flame front in its normal

direction. If the flame is in steady state, it burns with the same speed s,
towards the fresh gases as it is convected away by the flow with u,,, which
is the gas velocity of the fresh gases normal to the flame front. The burning
velocity or flame speed s; is a fundamental parameter that determines the
flame’s propagation speed against the fresh gas. Flame speeds are critical for
predicting the heat release rate, and flashbacks, making them a crucial factor
in the combustion process [ 13]]. The chemical time scale or flame transit time
T, is defined as:

T = o/t (2.3)

The flame temperature primarily governs the formation of pollutants in lam-
inar flames, making controlling the flame temperature essential in reducing

pollutant emissions.

In the case of Laminar non-premixed flames, fuel and air are supplied
separately into the combustion zone. The mixture then undergoes convection
and diffusion processes before a chemical reaction occurs, as illustrated
on the right-hand side of Fig. The fuel is injected through the tube,
and during combustion, it mixes with the surrounding air primarily through

convection and diffusion.

For non-premixed flames, combustion typically occurs near the stoichiomet-
ric mixture fraction. This critical region is where fuel and air are locally
mixed in precise proportions, facilitating the complete consumption of both
components. Achieving these conditions results in the high flame tempera-
tures and, owing to the temperature sensitivity of the chemical reactions, fast

reaction rates.
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In non-premixed combustion modeling, the approach focuses on the solution
of transport equations for one or two conserved scalars, typically the mix-
ture fractions, without directly solving the equations for individual species.
Instead, species concentrations are derived from these predicted mixture frac-
tion fields, which simplifies the modeling process significantly. The mixture
fraction plays a central role in this approach. It represents the mass fraction
originating from the fuel stream and includes the local mass fractions of both
burnt and unburnt elements across all products. This parameter is essential
because it captures the conserved nature of atomic elements in chemical
reactions. As such, the mixture fraction is a conserved scalar quantity; its
governing transport equation lacks a source term, which greatly simplifies

the complexity of the modeling process.

2.2 Flamesin Turbulent Flows

Turbulent flames are characterized by a highly unsteady and chaotic flame
front that fluctuates rapidly in response to the turbulent flow field. Turbulence
is characterized by a broadband of fluctuations of the fluid velocity. In
turbulent flows, large eddies are generated which break down in size until
they dissipate their kinetic energy into heat (energy cascade), shown in Fig.
2.3] The characteristic length scale of the large, energy carrying eddies is the
integral length scale L;. The smallest eddies reach the Kolmogorov length 7

before dissipating.

The turbulent flame front is typically thick and wrinkled, with a low average

temperature gradient, resulting in a gradual increase in temperature across
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Figure 2.3: Turbulent energy cascade.

the flame front. The turbulent flame structure is influenced by various factors,
including the turbulence intensity, and chemical kinetics. In turbulent com-
bustion, eddies stretch the flame front leading to an increase in flame surface
area compared to a laminar flame and therewith an increased volumetric heat

production.

Various academic studies have explored turbulent combustion, focusing
on both premixed and non-premixed turbulent combustion regimes. For
turbulent premixed combustion, the Borghi diagram stands out as the most
recognized framework. Originally proposed by Borghi [31] and later modified
by Peters [32]], this diagram categorizes the premixed turbulent combustion
into four different regimes. In the Borghi diagram, the depiction of premixed
combustion relies fundamentally on the ratios of several critical length and
time scales. These include the integral length scale (Ij), the thickness of
the laminar flame (J;), the root mean square (rms) of velocity fluctuations

(ué), and the laminar flame speed (s;). The interrelationships of these scales

18



2.2 Flames in Turbulent Flows

are quantified by various dimensionless numbers, which serve to classify

different combustion regimes depicted within the diagram.

The Damkohler number (Da) illustrates the ratio between the turbulent
integral time scale (7;) and the chemical reaction time scale (7). Meanwhile,
the Karlovitz number (Ka) relates the time scales of the smallest eddies
in turbulence to the chemical time scales, expressed as the ratio between
the thickness of the laminar flame and the Kolmogorov scale (#,). Another
important parameter is the turbulent Reynolds number (Re;). The regimes
within the turbulent premixed combustion are distinguished based on these

non-dimensional numbers, as shown in Fig. as:

Laminar Combustion Zone: Positioned at the beginning of the diagram in
Fig.[2.4] this region exhibits no interaction between turbulence and the flame,

dominated by the presence of laminar flamelets and marked by Re; < 1.

loﬁ_

Well-stirred reactor Kap = l’\(K :ZR
(Kaz>1) >

102_

Reaction sheet
(Ka; > 1)

r / g -
40 /'SL 10 Kal —1, EK:gL

Corrugated flamelets
(Ka, <1, u)>s,)

| Laminar o
flames Wrinkled flamelets (4, =51)
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0.1 1 10 102 10° 104

£ 1,

Figure 2.4: Borghi Diagram for premixed combustion regimes [30].
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Flamelet Domain: Identified where Ka < 1 and Re; > 1, this domain
is characterized by chemical time scales that are shorter than those of the
turbulent flows, resulting in a Damkohler number Da < 1.
Thickened-Wrinkled Flame Domain: This region, defined for 1 < Ka <
100, is also known as the thin reaction zone. In this domain, the smallest
turbulent structures can impact the flame’s preheat zone without altering the
core reactions.

Thickened Flame Domain:, where Ka > 100 and Da < 1, shows signifi-
cant turbulence interaction with the reaction zone, leading to possible local
extinctions and a lack of identifiable laminar flame structures.

According to Poinsot and Veynante [13], creating a diagram for turbulent
non-premixed combustion is more challenging than for premixed regimes.
This difficulty arises because the diffusion flames in non-premixed combus-
tion heavily depend on specific flow conditions, lacking well-defined length,
time, and velocity scales. These complexities make the precise classification
and diagram construction of turbulent flame regimes challenging. To address
these issues, additional assumptions are often needed to bridge the gaps
between various flame/turbulence scales. Key metrics used in this classifica-
tion include the mean scalar dissipation rate and the local flame Damkdohler

number, which relates the characteristic and chemical time scales.

Turbulent non-premixed combustion can be classified into different regimes
based on the relationships between specific non-dimensional numbers, in-
cluding the Turbulent Reynolds Number, Mean Scalar Dissipation Rate, and
Local Flame Damkohler Number. Mean Scalar Dissipation Rate is used to

estimate the diffusion time scale . The Local Flame Damkohler Num-
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2.2 Flames in Turbulent Flows

ber (Daf!) is defined as the ratio of the characteristic time scale Tf to the

chemical time scale T, and the Turbulent Reynolds Number (Re;).
These regimes are defined as described in Fig. as follows:

Laminar Combustion Region: Characterized by laminar flamelets, with
Re; < 1.

Laminar Flamelet Assumption: Confined by Da/! = Da*4 and Re; = 1.
Flame Extinction Zone: Identified where Da/! = Da®*!, occurring at large

chemical times 7.

10%_|

Laminar flamelets zone

10%_|

10t L

Damkohler number (Da)

10° |

Laminar
combustion

Extinction zone

T T T
0 10° 10! 102 10°

Turbulent Reynolds number (Re;)

Figure 2.5: Non-Premixed combustion regimes [30].
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2.3 Overview of CHAIRLIFT combustor

concept

Flame stability is a crucial parameter that dictates the operational reliability
and safety of a system. Optimal flame stability ensures controlled combustion
rates, minimizing the risks of blowout and a steady heat release output. To
achieve these objectives, this research introduces an innovative combustor
design, CHAIRLIFT (Compact Helical Arranged combustoRs with Lean
Low Swirl Lifted Flames). This design could have impact on flame stability

and combustion emissions.

The combustor concept examined in this study leverages several combustion
phenomena, including the utilization of lifted flames, the application of
low swirl techniques, and the adoption of lean combustion strategies in
a tilted burner arrangement called short helical combustor arrangement
(SHC). SHC has been analytically investigated by Ariatabar et al.[33]. As
shown in Fig. The tilting angle of the burner induces recirculation
within the combustion chamber, facilitating the transfer of hot combustion
products between adjacent burners. Additionally, the SHC provides several
mechanical advantages over conventional combustors, such as a reduced
combustor length, fewer Outlet Guide Vanes (OGVs) and Nozzle Guide
Vanes (NGVs), and consequently, lower total pressure losses and cooling
air requirements. Further details of this concept will be discussed in Section
2.3.4
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Figure 2.6: Comparison of the SHC and conventional combustor alignment
reproduced from [33].

The current research aims to investigate the impact of utilizing this concept
on the combustion characteristics, including flame stability, flame structure,
and the main emissions. In the subsequent subsections, a detailed overview of

each phenomenon associated with this innovative concept will be presented.

2.3.1 Lifted flames

In general, stable combustion conditions can only be achieved within flamma-
bility limits and a balance between inflow velocity U;, s and flame/reaction
speed. The speed of the reaction is typically characterized by the laminar
flame speed Sy. As shown in Fig. the relationship between flow velocity

and flame spped could be classified as follows:

¢ Flashback: When the flame speed exceeds the inlet velocity, flashback
occurs, causing the flame to move upstream into the burner or fuel

supply system.
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Figure 2.7: Critical velocity gradient model showing the flow velocity and burning
velocity profiles, reproduced from [1} 2].

e Stable: when both speeds are equal but in opposite directions. At this

point, the flame front is perpendicular to the streamline.

o Lift-off: If the flame speed is lower than the flow velocity, the flame

will move downstream and lift off the burner exit.

The primary feature of lifted flames is their ability to detach from the nozzle
outlet. This reduces the risk of flame flashback in premixed flames and
allows for a high degree of premixing in non-premixed flames. Lifted flames
have the advantage of avoiding direct contact between hot reaction zone and

the nozzle, diminishing the thermal load on the combustor components.

Many studies have been conducted to investigate flame stabilization mech-

anisms for laminar and turbulent lifted flames. For a fundamental under-
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2.3 Overview of CHAIRLIFT combustor concept

standing of non-premixed lifted jet flames, the stabilization mechanism of
a laminar lifted flame was first explained schematically by Chung and Lee
[34], which generally exhibit a tribrachial edge flame structure that consists
of rich/lean premixed flame wings and a trailing non premixed flame in
between along the isoline of the stoichiometric mixture fraction. The in-
tersecting point of the three branches is called ‘tribrachial (triple) point’,
and the flamebase of a lifted jet flame typically lies at this point [35]. The
stabilization of non-auto ignited lifted jet flames is controlled by kinematic
balance between the propagation speed of a lifted flamebase and an upcom-
ing flow velocity. Chung et al. [34, 36]|. investigated the flame stabilization
characteristics of non-autoignited laminar lifted jet flames of various fuels
and found that the stationary lifted flame can exist only if the Schmidt
number of the fuel jet is greater than unity in free jets. Many practical com-
bustion engines such as gas turbine and diesel engines are operated under
elevated pressure and temperature conditions such that they usually involve
auto-ignition processes. Therefore, many studies have been performed to
understand the role of auto-ignition in stabilizing lifted jet flames. Yoo et
al. [37] demonstrated that auto-ignition at fuel lean mixtures plays a critical

role in flame stabilization of turbulent lifted jet flames in heated co-flow.

However, such lifted flames bear the risk of lean blow out. The conventional
way to address this problem is to add a pilot flame for safe operation.
However, this pilot flame may generate a significant level of unwanted
NO, and add complexity to the system. The combustion concept proposed
here goes a different way to ensure safe operation. Low swirl lifted flame

combined with piloting of the flame by the interaction with the adjacent
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flame in circumferential direction within the annular combustion chamber

was adapted.

2.3.2 Swirl flames

Swirl flow is a crucial factor in the efficient operation of combustors and
gas turbine engines. The physics of swirl involves a fluid motion that is
accompanied by helically wound streamlines, resulting in the creation of
recirculation zones that enhance flame stability, fuel and air mixing [38]]. To
induce swirl flow, a set of guide vanes, or swirl generators, is installed in
the burner, providing a tangential velocity component to the flow. One of the
most important characteristics of swirl flow is the formation of a recirculation
zone due to the vortex breakdown, which results from the abrupt expansion

of the swirled flow.

The Swirl number is a dimensionless quantity that characterizes the degree
of swirl in a given flow field. Swirl Number is defined as the ratio of the
axial flux of angular momentum D to the axial flux of the axial momentum
1, divided by a characteristic length. The nozzle radius R is typically used

as the characteristic length in the Swirl Number definition [39].

SN = - (2.4)

The effect of the swirl number significantly influences the flow structure
within a combustion system. As the swirl number increases, the impact of

angular momentum on the flow field increases, i.e. the tangential velocity field
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2.3 Overview of CHAIRLIFT combustor concept

exerts a greater influence on the axial velocity. Consequently, the reduction
in the axial velocity due to the opposing pressure gradient becomes more
pronounced. Fig. illustrates how the swirl number affects the reduction
of axial velocity along the axis. At intermediate swirl numbers, the axial
velocity can even become negative, leading to a phenomenon known as
"Vortex Breakdown." The recirculation effect causes hot gases to circulate
between the exhaust and the reactants. Swirl flow also improves flame
stabilization due to the low-velocity region at the shear layer between the

inner and outer recirculation zones.

S= : >0, S>2

Figure 2.8: Development of the free swirl jet for different swirl numbers [40].

2.3.3 Lifted / Low-Swirl Combustion concept

This study explores the concept of a combination of low-swirl lifted flames,
as proposed by Zarzalis and examined at the Engler-Buntler Institut (EBI)
of the Karlsruhe Institute of Technology (KIT) [41] and investigated by
Kasabov [42]. The lifted low-swirl flow structure is shown in Fig. [2.9]

Previous literature has shown that a critical swirl number of 0.5-0.6 must be
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exceeded to generate recirculation near the axis. However, the airblast nozzle
utilized in this study has a total swirl number below the critical threshold
required for strong recirculation. As a result, only a weak recirculation zone
forms near the nozzle, accompanied by a region of high axial velocities
that effectively push the flame away from the combustor dome, creating a
reaction-free lift-off zone. The specifics of the airblast nozzle used in this

investigation will be detailed further in the next chapter|3.1.3
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Figure 2.9: Working principle of the lifted low-swirl concept [42].

In this lifted swirl flame, the fuel and oxidizer have a certain time to mix in
the premixing zone prior to the reaction zone, as illustrated in Fig. The
quality of this premixing process is influenced by various factors, including
the length of the premixing zone, air velocity, and prevaporation in the case
of liquid fuel. The swirl generates inner and outer recirculation zones. The
inner recirculation zone (IRZ) is a central area where gases recirculate axially

and is typically found close to the burner axis. The inner recirculation zone
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(IRZ) in the investigated nozzle is a compact zone positioned upstream of

the nozzle exit plane, where gases recirculate axially near the burner axis.

The outer recirculation zones (ORZs) generated at the edges of the burner
plays a crucial role in the stabilization of the flames, primarily through
enhancing the mixing by circulating hot combustion products back towards
the incoming reactants. Additionally, the ORZ contributes to creating a low-
velocity zone at the shear layer that is filled with hot gases, providing an

ideal environment for flame stabilization.

2.3.4 Short helical combustor (SHC) concept

The inclined burners arrangement technology with burners tilted in the
circumferential direction relative to the engine’s rotational axis, offers several
aerothermal and structural advantages over conventional combustors. This
concept has been patented in different configurations by various inventors,
including Hall [43], Burd [44]], and Mancini [45]. The SHC is often referred
to in the literature as a Short Helical Combustor due to its helical flow pattern

in the chamber.

The SHC has several advantages over conventional combustors. The primary
axes of all burners are tilted in the circumferential direction relative to the
rotational axis of the gas turbine, creating a helical flow pattern in the
combustion chamber. This helical flow pattern increases the flow residence
time, allowing for a shorter axial extent of the combustor. Consequently, the
length of the turbine shaft can be reduced, resulting in a more rigid core and

improved shaft dynamics.
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Another advantage of the SHC is that the tilted burner arrangement reduces
the required deflection angle in the vane stages. This reduction in deflection
angle results in a decrease in the number of Outlet Guide Vanes (OGV)) and
Nozzle Guide Vanes (NGV) required and, consequently, a reduction in total

pressure losses and cooling air demand.

Furthermore, the SHC’s enhanced transversal exchange of heat and com-
bustion products between adjacent flames. The SHC’s helical flow pattern
allows for a more efficient mixing of the fuel and air, leading to a more
complete combustion process, which can result in a reduction in harmful

emissions.

2.3.5 Impact of flame interaction on stabilization

The interaction between flames can be utilized to expand the stability limits.
The receipt of activated compounds and heat is essential for flame stabiliza-
tion [10]. One method to achieve this is to bring different flames together
to allow the exchange of radicals and high temperature gases instead of
recirculating the reactive flow from the flame itself, as in swirl stabilized
combustion systems [11]. The concept of pilot flames in actual combustion
systems is based on this principle, where a small portion of the fuel supplies
a diffusion flame that operates safely far from extinction limits, providing
stability to the main lean flame. However, the operation partially negates ef-
forts to reduce NO, emissions, as the pilot flame reaches near stoichiometric

conditions, creating high temperature areas [4].
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Several studies have investigated the effect of downstream interaction be-
tween two counter flow premixed flames, revealing that extinction limits
are greatly altered by the mutual influence of the two flames, with different
outcomes depending on the mixture composition and flow parameters [46].
Flame interaction not only influences the combustion reaction, but also the
flow structure. The presence of two adjacent swirl nozzles modifies the flow
field, as demonstrated by Nolan in both reactive [47] and isothermal condi-
tions [48] through optical measurements, varying the nozzle spacing. In the
non-reactive case, the differences were present but not severe, but with com-
bustion, the axial symmetry of a single flame burner vanishes when reducing
the flames distance, with significant consequences on the flame structures.
Kariuki conducted a similar analysis on the effect of flame spacing, focusing
on how it affects the blow-off event [49]. Flame proximity alters the blow-off
process, and a difference is noted depending on the presence of the swirler.
Blow-off begins first at the flame attachment point for closely spaced swirl

flames, while without swirl, flame extinction begins downstream.

Transient blow-off and flame reattachment with interacting flames were
studied in detail by Kwong [50] with an experimental setup similar to the test
rig used in this work, consisting of a linear array of five burners at ambient
pressure. Adjacent flames were found to be strongly linked, as the blow off
of one flame was shortly followed by the extinction of the contiguous burner,
and similarly for the reattachment process. In addition, flame interaction
has proven to be helpful in partially damping thermoacoustic instabilities,
as reported by Kraus in [51]], investigating single and multiple burner setups

with swirl-stabilized lifted flames.
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2 State of art
2.3.6 Concluding remarks

This study introduces an innovative combustor concept for aero-engines. The
unique aspect of this novel design is the integration of lean low-swirl lifted
flames within the Short helical combustor arrangement. The objective of this
research is to evaluate this innovative concept in terms of flame stability and

emission performance, comparing it to conventional annular combustor.
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Chapter3

Experimental setup

This chapter starts with an overview of the test rig facility, detailing the setup
infrastructure and specialized equipment used. It then outlines the specific
operation conditions and configurations of the experimental campaign. Next,
it highlights the diagnostic techniques employed, including optical and local
probe methods, describing the devices, their precision, and application within
the burner setup. Finally, it presents pre-investigations aimed at reducing

back-flow at the exit and mimicking periodic boundary conditions.
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3 Experimental setup
3.1 Testrig facility

This section details the test rig facility, with a schematic drawing provided in
Fig. The central component of the experimental setup is a multi-burner
array, comprising five burners that has the flexibility to be arranged either
in an inline configuration or inclined at an angle (6), as depicted in Fig.
Burner inclination is designed to mimic the helical staggered combustor
configuration, where the axes of the burners are not parallel to the rotational
axis of the machine. They are tilted in the circumferential direction and
arranged in a helical and staggered configuration. Fuel was supplied along
the burner’s central axis, using a fuel feeding lance, while air supply is
provided through the outer air supply tube. At the top of the multi-burner
setup, an exhaust hood is positioned for the release of exhaust product gases

to the external environment.

In this section, three specific subsections are introduced: the fuel path,
depicted by the green lines in the schematic [3.1}; the air path, distinguished
by black and red lines for cold and hot air, respectively; and finally, the test
section under investigation. Each of these subsections will be explained in

detail.
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Figure 3.1: Schematic diagram of the experimental facility layout.
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Figure 3.2: Schematic of the helical arranged combustor, side and top view.
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3.1 Test rig facility
3.1.1 Fuel feeding system

To replicate real-world aircraft engine conditions in the experiments, jet A-1
fuel was utilized. An overview of the essential physical properties of jet
A-1 fuel is provided in Table 3.1}, with specific focus on parameters such as
density, viscosity, and surface tension, as these properties are significantly
influencing the fuel atomization process. Additionally, the stoichiometric
air-fuel ratio for Jet A-1 fuel was defined as AFR= 14.7, as reported by
Rachner [52].

A water-cooled fuel feeding lance was employed to supply the jet A-1 fuel to
the pressure swirl atomizer, reducing the risk of fuel coking at the atomizer’s
tip. The fuel reservoir was pressurized with nitrogen to ensure a smooth
and consistent flow. As illustrated in Fig. [3.1] the main fuel supply line is
divided into two paths. The first path is dedicated to supplying fuel to both
the two burners on the boundaries, intentionally making them fuel-richer
by 8% compared to the other burners to compensate for heat losses to the

surrounding boundaries. The second line is used for delivering fuel to the

Table 3.1: Jet A-1 physical properties by Rachner [52].

Parameter Value  Unit
Density 775 - 840 kg/m3
Lower heating value 43.0 MJ/kg
Dynamic viscosity 1.0 mPa.s
Surface tension 23-32 mN/m
Flash point 311 K
Freeze point 226 K
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3 Experimental setup

remaining three burners. Coriolis mass flow meters were installed on both
lines, facilitating precise measurement of fuel flow rates independently for
the two burners on the boundaries, as well as collectively for the remaining
three. The fuel flow rate for each individual burner was regulated through
the use of two distinct valves, one for coarse adjustments and the other for

fine-tuning.

3.1.2 Air system

As depicted in Fig. atmospheric air enters the system, where it is
subjected to compression using a screw compressor, which can achieve a
maximum flow rate of 250 g/s. After compression, the air is maintained in
its pressurized state, preheated, and then expanded to near ambient pressure.
This preheating process is carried out using an electric air pre-heater with
a maximum capacity of 180 KW, capable of elevating the air temperature
to 550°C. The airflow rate is regulated using gate control valves connected
to an air distributor. Total airflow rate measurement is facilitated using a
thermal flow meter. After passing through the preheating unit, atmospheric
air is directed through the air distributor, which uniformly distributes air to
all burner air supplies. From there, the air flows through the static airblast
nozzle and enters the burner’s dome. The exhaust gases generated within the

combustion chamber are drawn into the test rig hood.
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3.1 Test rig facility
3.1.3 Investigated test section

The experimental investigations were conducted in a test rig comprised
of multiple modular burners arranged in an array. Each individual burner
featured a square cross-section base plate measuring 100 mm X 100 mm
and a combustor height of 300 mm relative to each nozzle exit. The test rig
operated at atmospheric pressure, and each nozzle was mounted at the center
of an air supply tube with an inner diameter of 68 mm and a length of 435
mm. These air supply tubes were equipped with flow straightener plates to
enhance symmetry in the air inlet velocity profiles. Combustion took place in
the combined chamber of the burner array, where adjacent flames interacted

freely.

A photograph of the test rig in operation with the inline burner arrangement
is presented in Fig. [3.3] The combustion chamber was bordered by 2 mm
thick flame fused quartz glass windows, enabling wide optical access to the
interaction regions of each pair of neighboring flames. The exhaust of the

combustion chamber was open to ambient air after an outlet contraction.

The burner array can be adjusted with different axial offsets to simulate
various inclination angles, including 20° and 45°, as well as an inline config-
uration (0°). These inclinations allowed for the investigation of the impact of
flame interaction offset, equivalent to the burner inclination, on combustion
characteristics. Specifically, the 20° and 45° configurations represented the
innovative helical combustor concept, while the inline configuration repro-

duced a simplified sector of conventional annular combustor, as depicted in

Fig.[3.4]
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Figure 3.3: Photo of the experimental setup including an optical measurement
techniques employed in the investigations.

(a) Inline (f = 0°). (b) Inclined (8 = 20°). (c) Inclined (6 = 45°).

Figure 3.4: Schematic of modular burner array at different arrangement.
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3.1 Test rig facility

Liquid fuel injection significantly influences the combustion process as the
formation of combustion emissions is closely tied to the fuel atomization
process and subsequent evaporation and mixing processes. Prefilming air-
blast atomizers, known for their fine atomization and consistent performance
across various operating conditions, are commonly used in modern gas turbine
engines. The atomizer utilized in this study follows the Airblast concept (see
Fig. [41]. Swirl flow is induced by a set of guide vanes, referred
to as a swirler or swirl generators, within the burner to give a tangential
velocity component to the flow. The nozzle parameters are based on those
used by Kasabov [53], comprising a two-swirler configuration (primary
and secondary) with an outer diameter of D = 50 mm. Fig. illustrates
the nozzle components. The primary swirler consists of eight tangentially
inclined vanes with an eccentricity of 10.3 mm and a passage section of 5.2
X 7.3 mm. The eccentricity determines the resulting swirl number of the
air stream. The Swirl number, as defined in Chapter |2 is a dimensionless
parameter representing the ratio of the axial flux of angular momentum to
the axial flux of the axial momentum, divided by a characteristic length. It
evaluates the strength of the primary and secondary swirlers in the airblast
nozzle under investigation. The primary swirler has a swirl number of SN =
0.76, while the secondary swirler has a swirl number of zero. In comparison,
the secondary swirler features twelve straight vanes with dimensions of 7.8 X
3.9 mm and zero eccentricity, providing no tangential component to the flow,
and thus, no swirl. The prefilmer lip separates the primary and secondary air
flows, with a final thickness of 0.35 mm, a critical parameter for atomization
performance. The diffuser throat section, located at the atomization lip, allows
the flow to expand before entering the combustion chamber, promoting the

growth of the inner recirculation zone. Fuel atomization occurs through a
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Figure 3.5: (a) Air-blast atomization process[54], (b) Scheme of the investigated
nozzle type, where: (1) Diffuser, (2) Secondary Swirler, (3) Primary Swirler, (4) Inlet,
(5) Atomizer, (6) Fuel Feeding Lance, (A) Secondary Air And (B) Primary Air.

two-stage mechanism. Fig.[3.5|depicts a schematic of the atomization process

within the burners of the test rig. Initially, the fuel is injected via an axially
kg /hr
Vbar’

bore diameter of 0.35 mm, and a nominal spray inner half angle of 60°. The

located atomizer; a hollow cone atomizer with a flow number of 1.8
flow number is defined as follows:

My

Smallest droplets released by the pressure atomizer don’t reach the wall and

FN = (3.1)

are directly drawn outside of the nozzle by the primary air flow, which also
pushes the thin fuel film downstream towards the atomization lip, where the
final atomization is completed thanks to the shear layer that forms between
primary and secondary air flows because of the different tangential velocity

component. After primary breakup, droplet dimensions are further reduced

42



3.1 Test rig facility

(a) (b)

Figure 3.6: (a) Geometrical parameters for expansion ratio definition, (b) Picture of
air blast nozzle parts.

by secondary breakup caused by the air flow immediately downstream of the

nozzle exit.

Determining the effective area (A.¢f) of the nozzle is crucial, as it deviates
from the geometrical area due to inevitable losses. In practical applications,
the effective area, a parameter directly linking mass flow rate with pressure
drop across the nozzle, is employed. It represents the passage area that,
ideally without losses, discharges the same mass flow as the real case with an
equal pressure drop. This parameter is fundamental as it summarizes essential
characteristics of the nozzle and is used to compare and scale different nozzle
geometries. The effective area can be experimentally measured using the gas

dynamic equations for compressible flows, as demonstrated in Equation

(3.2)

k-1
k

)
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Agp = 2222 (3.3)
p .
where;
m = Air mass flow rate [kg/sec]

A, ff= Nozzle effective area [m?]

A omp = Combustor cross section area [m?]

p = Pressure [Pa]

T = Temperature [K]

k = Isentropic coefficient [-]
R = Gas constant [J/Kg.K]

Moreover, the expansion area ratio A,, defined as the ratio between the
combustor cross-sectional area and the nozzle effective area, plays a vital
role in the creation of a recirculation zone due to vortex breakdown, which
occurs as a result of sudden expansion of a swirled flow. The flow field
generated by an axial or radial swirler positioned around the fuel injector has
several crucial features for flame stabilization, with the primary characteristic
being the formation of a recirculation zone due to vortex breakdown. In this
study, the value of the expansion area ratio A, has been selected based on the
results of Kasabov [53]], where a single burner with a tubular chamber was
examined for different nozzle sizes, and A, = 31.3 was chosen to achieve an

expansion ratio corresponding to a real aircraft engine.

A, = Acomb (3.4)

where:
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3.2 Test matrix

Aomp = Combustor cross section area [m?]

3.2 Test matrix

Several flow parameters have been examined to explore a broad spectrum
of aircraft engine-like conditions. In this study, air inlet temperature, air
pressure drop across the nozzle, and equivalence ratio were varied at ambient
combustor pressure. Air inlet temperature plays a crucial role in the combus-
tion process by affecting the temperature of the reactants and the reaction
kinetics. The air pressure drop across the nozzle, which is determined by
the nozzle geometry, influences the mass flow rate and velocity of the air
entering the combustor. Finally, the equivalence ratio, defined as the ratio
of the actual fuel-to-air ratio to the stoichiometric fuel-to-air ratio, is a key

parameter that influences flame temperature and pollutant emissions.

During the test campaign, several combinations of these flow conditions were
utilized to investigate their impacts on the combustion process in a multi-
burner array. These operating conditions are presented in detail in Table (3.2
Additionally, the multi-burner array was tested at three inclination angles,

namely, 0°, 20°, and 45°.

The 0° inline configuration were chosen to replicate a sector of a simplified
conventional annular combustor, while the 20° and 45° configurations were
designed to embody the novel helical combustor concept. By comparing the

combustion characteristics of these different configurations, acomprehensive
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Table 3.2: Complete test matrix of the experimental campaign.

Parameter Value Unit
Configuration angle 0°, 20°, 45°
Air inlet temperature 290, 373, 473, 573, 673 K
Air pressure drop across the nozzle 1.0, 2.0, 3.0,4.0 %
Air flow rate per burner 10.3-30.7 g/sec
Operating pressure 1.0 bar
Equivalence ratio 0.39 - 0.82 [-]
Power per burner 119-71.6 [kW]

understanding of the combustion process in multi-burner arrays can be

obtained.

3.3 Measurement techniques

In the following section, the measurement and post-processing techniques
used in this study are described. The section is divided into three subsections
dealing with the applied measurement techniques. The applied invasive
techniques are based on probes for temperature measurement, gas sampling,
and ion current measurement. Following this, the measurement devices for
air and mass flow rate are outlined. The final part of this section is dedicated
to the applied optical measurement techniques, which play a crucial role
in analyzing the combustion process with high spatial resolution within the
combustion chamber. Three optical techniques have been employed in the
investigations: OH™* chemiluminescence, Particle Image Velocimetry, and

Mie-scattering.
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3.3 Measurement techniques

3.3.1 Probe measurements

Over the past several years, significant advances have been made in the
development of combustion diagnostics, including the use of spectroscopy
and imaging, to better understand combustion processes and improve the
efficiency and sustainability of combustion systems. However, while these
techniques offer high levels of precision and accuracy, they can be complex,

expensive, and time-consuming to implement.

In contrast, probes offer a relatively simple and cost-effective means of
conducting combustion diagnostics, making them a valuable tool for ad-
vancing the understanding of combustion processes. Probes are versatile and
can be used to measure various parameters, such as temperature, pressure,
and species concentrations, allowing researchers to gain insight into the

underlying physics of combustion.

Moreover, probes can operate in harsh combustion environments, where other
diagnostic techniques may be impractical or impossible to implement. For
example, probes can be used in high-temperature and pressure environments,
where direct optical access is difficult or even impossible, such as in gas
turbine engines and industrial furnaces. In such cases, probes can provide
spatially resolved valuable data on the flow field and combustion processes,
enabling the development of more efficient and sustainable combustion

systems.

In addition, the use of probes can be beneficial for optimizing combustion
systems, as they allow for real-time monitoring and feedback, enabling active

control. This can lead to significant improvements in combustion efficiency
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and reduce harmful emissions, ultimately contributing to a more sustainable
energy future. In this study, three different probes have been employed
including thermocouple, gas sampling, and ion probe mounted on movable

3-direction traverse system as shown in Fig.[3.7]

Figure 3.7: Experimental setup of the thermocouple mounted on a movable
3-direction traverse system for the test rig, allowing for precise temperature
measurements in three-dimensional space.
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Thermocouples

Accurate measurement of the temperature distribution of a flame is crucial
for understanding the structure and stabilization mechanism of the flame.
Among experimental techniques for temperature measurement in reactive
environments, thermocouples stand as a cost-effective and relatively reliable
choice. These devices operate on the fundamental principle known as the
Seebeck effect, as elucidated by Adhikari et al. in their work [55]]. In essence,
the Seebeck effect manifests as the generation of electrical voltage within a
circuit composed of two dissimilar electrical conductors when subjected to
a temperature gradient. By quantifying this voltage, thermocouples enable
the determination of the temperature difference between two points along
the electrical circuit. One of these points is known to possess a specific
temperature, allowing for the calculation of the absolute temperature at
the measurement location. In the scope of this study, two distinct types of

thermocouples were employed.

The first type comprised K-type (NiCr/Ni) thermocouples with a probe
diameter of 0.5 mm and an accuracy of £1.5°C. These thermocouples were
positioned within the air plenums immediately before each nozzle. Their
purpose was to measure the incoming air temperature and subsequently
derive air density calculations. The second type consisted of fine-wire S-Type
thermocouples, constructed from Pt10%Rh / Pt, featuring a probe diameter
of 0.75 mm, a 3.5 mm ceramic sheath, and a maximum measurement range
extending up to 1600°C. These S-Type thermocouples had an accuracy of
+1.0°C without additional uncertainties related to radiation losses. They

were utilized to capture the local mean temperature of the hot gases.
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Figure 3.8: Schematic representation of the temperature map grid measured by
the thermocouple, with a 10 mm spatial resolution in both horizontal and vertical

directions.

The S-Type thermocouple probe was affixed to a controlled traverse mecha-
nism, enabling precise movement along both the axial and radial directions
within the combustion zone for the middle burners, as shown in Fig. As
depicted in Fig. the thermocouple was positioned at a specific location
with a measurement focus on the critical interaction region of the burners
(3rd and 4th burner). The traverse system was utilized to move the thermo-
couple parallel to the burner array axis with a 10 mm spatial resolution in
both horizontal and vertical directions. The precise control over the position
of the thermocouple facilitated the acquisition of the spatially resolved tem-

perature field, enabling an in-depth analysis of the temperature distribution
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in the interaction region of the burners. In addition to the measurements
within the combustion chamber, five S-Type thermocouples were positioned
on the combustion chamber exit plane, as shown in Fig. Their purpose
was to capture the temperature distribution within the exhaust gases. The
analog outputs from these thermocouples were transmitted to the LabVIEW
program via the National Instruments NI-9213 C Series Thermocouple Input

Module, where the mean temperature values were finally computed.

As an invasive measurement technique, thermocouple measurements are
susceptible to errors due to their impact on the flow field and the flame.
Nevertheless, the applied thermocouple type and size are considered appro-
priate tools for qualitative analysis of different configurations. Moreover,
an assessment of radiation losses associated with the thermocouples was
conducted, revealing that these losses did not notably impact the qualitative

analysis between different cases.

Sample Gas Probes

The exhaust gas sampling method was employed to quantify local mean
concentrations of main and trese species pollutants, including O,, CO, CO»,
Unburned Hydrocarbons (UHC), and NO,. To achieve this, a stainless steel
water-cooled probe consisting of a central 3 mm ID tube for gas sampling
was utilized, surrounded by three smaller tubes (1 mm ID) for cooling water
flow. The entire probe assembly was encased within a pipe with an outer
diameter of 12 mm and an inner diameter of 10 mm. the probe was mounted
on a traverse system to facilitate flexible movement throughout the burner

array domain.
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Figure 3.9: Thermocouple positioning on the outlet section in the inclined
configuration.
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Measurements were taken at the center of each burner outlet 10 mm before
the actual exhaust point. By maintaining the probe and the transport line at
elevated temperatures, the formation of water vapor condensates within the

probe was prohibited.

Subsequently, the sample underwent processing by the sample gas feed unit,
which filtered the sample gas, regulated its flow, and removed the water
content to ensure a constant supply of clean, dry exhaust gases for each
instrument. The primary analysis focused on carbon oxide measurements
using nondispersive infrared gas analyzers and NO, measurements via the

UV-RAS (ultra-violet resonant absorption spectroscopy) method analyzer.

The analog outputs from these instruments were then transmitted through
the National Instruments board and collected by a LabVIEW program. In
this program, the signals underwent processing and were averaged over a
60-second period. In the following subsections, the measurement techniques

and underlying principles of each CO and NO, analyzer are presented.

Infrared photometer analyzer moduleUras (URAS26)

In this study, the URAS26 analyzer module, developed by ABB Ltd., operates
on the non-dispersive infrared absorption principle within the wavelength
range of 2.5 to 8 um. This module was utilized for analyzing the concentra-
tions of carbon monoxide (CO) and carbon dioxide (CO;) in the gas sample.
The device features high accuracy, typically exhibiting less than 1% of span

for linearity deviation and repeatability generally below 0.5% of span, as
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reported by the manufacturer. The main sources of uncertainty in concentra-
tion measurements were associated with chemical reaction quenching and
aerodynamic perturbations of the flow. Chemical reaction quenching occurs
when the gas molecules in the sample interact with the walls of the detector,
leading to a reduction in the measured concentration. Aerodynamic pertur-
bations of the flow can also affect the accuracy of the measurements by

causing variations in the gas flow rate, pressure, and temperature.

To maintain the precision of the measurements, the URAS26 gas analyzer
was calibrated prior to each measurement session. This calibration involved
a zero calibration employing pure nitrogen and a span calibration employing

a composition of 400 Vol-ppm CO and 10 Vol-% CO; in nitrogen.

Process photometer analyzer modules, (LIMAS 21)

The Limas21 UV photometer analyzer module, designed by ABB Ltd., is
utilized for the accurate measurement of gas species NO and NO; within
the ultraviolet and visible spectrum range (200 to 600 nm). Employing the
UV-Resonant Absorption Spectroscopy (UV-RAS) method, this analyzer
excels in measuring nitrogen oxides by comparing the absorption of light at
specific wavelengths against a reference, enabling precise quantification of
these gases. The device’s accuracy is ensured by its low linearity deviation,
typically less than 1% of the device span, and good repeatability, generally
less than 0.5% of span, as specified by the manufacturer. However, accuracy
may be influenced by environmental factors such as temperature and air
pressure, cross-sensitivity to other gases, and the stability of the power

supply. Calibration of the device involves zero-point calibration using pure
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nitrogen and endpoint calibration to maintain measurement accuracy, both
of which are essential for ensuring reliable and consistent performance.
Additionally, the analyzer can measure both NO and NO,, thereby providing

a comprehensive analysis of nitrogen oxide levels in the emission gases.

3.3.2 Ion current probe

An extensive review of the electrical aspects of combustion was conducted
by Lawton and Weinberg [56], offering a comprehensive analysis of the
phenomena. The presence of positive ions was observed, with their origins
primarily attributed to chemi-ionization reactions occurring within the flame

as follows:

CH+O — CHO" +¢~ (3.5)

Langmuir probes emerge as the preferred technique for quantifying ion
densities within flames, firstintroduced in the context of investigating electric
discharges by Mott-Smith and Langmuir [57]. These probes are instrumental
in determining the concentration of ions or electrons and typically consist
of a cylindrical or spherical measurement electrode. This electrode can be
subjected to either positive or negative voltage bias in relation to a reference
electrode, which may be the body of the probe or even the burner itself. It is
crucial that the surface area of the reference electrode substantially exceeds
that of the measurement electrode to ensure that the primary current in the

electrical circuit is attributed to the measurement electrode [|58]].
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Figure 3.10: Current-voltage distribution measured inside the combustor.

The application of positive or negative bias voltage facilitates the segregation
of charge carriers, allowing for the distinction between ion and electron
currents. Fig. [3.10|illustrates the Langmuir potential of an ion current probe
positioned within the combustor. The negative-side data are multiplied by
(-1) to transform them into positive values, enabling comparable logarithmic
scaling. The current for applied negative voltages is approximately two orders
of magnitude smaller than that for positive voltages. Fialkov [58]] provides an
explanation for this phenomenon using a simplified model: Positive charge
carriers primarily consist of ions, which are relatively large and slow-moving,
while negative charge carriers are predominantly electrons characterized by
high speed and minimal inertia. Consequently, the negative potential attracts
ions and repels electrons, while the positive potential produces the opposite
effect. This explanation also clarifies why the zero crossing of the current

occurs at negative voltages.
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Wortberg [59] investigated the relationship among heat release rate, temper-
ature, and positive ion concentration in a methane flame. The left side of
Fig. illustrates that the heat release rate and positive ion concentration
are directly correlated in the case of laminar and premixed flames. Similarly,
Calcote et al. [60]] conducted similar experiments with propane flames at low
pressures. The findings, represented on the right side of Fig. reveal that
the highest concentrations of CH*, OH* and C,* coincide with the peaks in

positive ion concentration.

The correlation between the heat release rate and ion current signal has led
to the utilization of this signal by other researchers, including Ahlheim [61],

Wollgarten [54], Hoffmann [62], and Kohler [63]], for flame front detection.

In this research, ion probe sensors were employed as advanced monitoring
tools within the multi-burner test rig. These sensors hold potential for im-
plementation in engines to detect conditions near Lean-Blow-Out and assess

flame structures under various operating conditions.

The ion probe system components used in this investigation are illustrated
in Fig.[3.12] This system comprises a water-cooled ion probe, which needs
to be connected to a cooling circuit using water-glycol or oil to ensure safe
operation under high-temperature combustion conditions. The ion probe is
linked to a DC power supply set at a constant 150 V DC voltage throughout
the experimental campaign. An isolator amplifier was used to enable accurate
measurement of small current signals, and data acquisition and logging were
facilitated by the MCC DT9837 Series high-precision (24-bit resolution)
dynamic signal acquisition. The measurement frequency was set at 30 kHz,

and data were averaged over five-minute intervals.
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profile of a flat flame burner, as outlined by Wortberg [59], right: Axial distribution
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3.3 Measurement techniques
3.3.3 Flow rate measurements

Precise measurement of the air and mass flow provided to each burner is
essential for determining the experimental operating conditions, including

the equivalence ratio, thermal power, and effective area.

Measurement of fuel mass flow rate

Fig. showcases the measurement techniques used in the detailed fuel
delivery system for precise data collection and analysis. In this regard, two
Optimass 3000 flow meters from Krohne Messtechnik were employed to
measure kerosene mass flow, with the first flow meter connected to the
lowest and highest burners, and the second flow meter assigned to the middle
three burners (refer to Fig.[3.1)).The Optimass 3000 flow meters are Coriolis
mass flow meters. The measurement unit consists of a Z-tube and two
sensors. Without a mass flow, the tube vibrates with a sinus motion. When
a fluid passes through the tube, the Coriolis effect causes a phase shift in
the sine wave that is detected by the two sensors. This phase shift is directly
proportional to the mass flow, with an accuracy of 0.1% of the measured
value. Moreover, the device can measure flow rates up to 20 kg/s, making it

ideal for this research applications.

In addition to the flow meters, a set of needle valves and pressure transducers
were installed in each burner fuel line to control the fuel flow rate for each
burner independently. The needle valves and pressure transducers operate in
conjunction with the flow meters to ensure precise control and measurement

of fuel flow rates. Model 8311 pressure transducer from Burkert, featuring
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Figure 3.13: Schematic representation of the fuel line layout and measurement
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techniques utilized in the research study.

a ceramic cell sensor, was employed to measure the pressure in the fuel
lines up to 50 bar, with an accuracy of +1.5% of the full scale output. The
utilization of these high precision flow meters, pressure sensors, valves and

transducers, ensured accurate measurement and precise control of kerosene

mass flow in the experimental setup.
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Measurement of air mass flow rate

The total air flow going to the preheater was measured by thermal mass flow
meter (Model F-106Cl1 from In Flow series of Bronkhorst). The F-106CI
flow meter works in the mass flow rate range of 0 to 1000 nm3/h refered to

the normal conditions and with accuracy of £ 0.5% of full scale output.

3.3.4 OH?®* chemiluminescence

The heat release distribution of the flame is the most important parameter
for the understanding and prediction of unstable combustion states, such as
thermoacoustic instabilities, pulsed combustion, and flame propagation. The
direct measurement of the spatially resolved heat release rate of flames is
difficult because existing time resolved and spatially resolved measurement
techniques are too complex to be applied [64]. Hence, a measurement of
the intensity of light emission of the flame at particular wavelengths is
used as a indicator. Chemiluminescence in flames refers to the spontaneous
light emissions from chemically excited species by an electronic exchange

process.

Asearly asin the 1970s, chemiluminescence has been identified as a potential
marker for the heat release rate, reaction zone, and equivalence ratio. The
major species are formed in the thin reaction zone thereby their detection can
provide information on the location of reaction zone [65]. The generation of
chemiluminescence mainly includes two steps: the formation (R1) and the
radiative transition (R2) of excited-state radicals:

A + B — R* + others (R1)
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R* — R+ hv (R2)

R*+M — R+M (R3)
where A, B, and R are different ground-state radicals; R* is an excited-
state radical; and M is a third body species. It is important to highlight
that not all excited-state radicals are involved in the process of generating
chemiluminescence. As shown in reaction R3, some of them collide or react
with other species [66]. In hydrocarbon flames the four major emitters found
are OH*, CH*, C2%*, and CO2* [67]]. The flame spectra in the visible and
ultra-violet (UV) regions occur generally due to the transition of electrons in
molecules from the excited configuration to the ground state. A typical flame

spectrum obtained from hydrocarbon combustion is shown in Fig.

Among all the chemiluminescent species OH* is commonly used in exper-
imental investigations as representative for flame heat release which gives

a strong light emission with peak intensity at about 309 nm. in this regard

0.6F

0.4r

normalized intensity [—]

02r

00775300 325 350 375 400 425 450 475 500

wavelength [nm]

Figure 3.14: Chemiluminescence spectrum of a stoichiometric premixed methane-air
flame. [68].
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OH* was used in the present study to evaluate the reaction zone shape and

position of the flame.

The electronically excited OH* radical is known to be generated via various

pathways, with the primary formation reactions being:

CH + O, — OH* + CO (3.6)
CHO + O —s OH* + CO (3.7)
H+O+M — OH* + M (3.8)

Here, M is defined as a third body and represents an inert concision partner
not participating in the reaction bonds. Among these reactions, is the
main formation mechanism of OH* in hydrocarbon combustion [65]]. Upon
reaching an electronically activated state, the OH* radical can return to its
stable ground state, OH, through two possible mechanisms: fluorescence or

collisional quenching. The corresponding reactions are as follows:

OH* —» OH + % (3.9)
OH*+M — OH +M (3.10)

Fluorescence (reaction [3.9) involves the spontaneous emission of a photon,
which carries the energy difference between the two energetic states [[10],
represented by the term %, where c is the speed of light, A is the wavelength
of the electromagnetic radiation, and / is the Planck constant. Fluorescence
does not occur between any energetic levels, but only certain transitions

can lead to photon emission. Collision with a third body (reaction 3.10) can

63



3 Experimental setup

lead to both higher and lower energetic levels, changing the vibrational or
rotational state. The equilibrium distribution depends on the ratio between
upward and downward transitions, which is a function of temperature. Equi-
librium distribution of excited radicals, together with Einstein coefficients

for spontaneous emission, determines the emission spectrum [68]].

The Einstein coefficients for spontaneous emissions represent the propor-
tionality factor between the number of electronically excited radicals and
the chemiluminescence intensity, as they quantify the probability of light
absorption or emission by a molecule. The chemiluminescent emissions of
OH* originate from a transition to the ground state, typically written as X2I1;
from the electronically excited state denoted as A2X* [69]. Various vibra-
tional and rotational levels are present in these energetic states, contributing
to the chemiluminescence band. The intensity peak near 309 nm, shown in
Fig.[3.14} originates from the transition X?IT; (0" = 0) — A2Z* (v/ = 0)
[68].

Besides the origin of OH* chemiluminescence, it is important to under-
stand how it can be used in experimental analysis to characterize the flame
behaviour. This aspect has been investigated from different perspectives in
previous works. Najm et al. [70] studying the reaction mechanism of methane
combustion discovered that only a small percentage of carbon atoms is in-
volved in the reactions that lead to the formation of chemiluminescent species
OH*,CH" and C,, concluding that they can not be used for marking the
turbulent flame front or heat release. The integral visible chemiluminescence
emission was measured in a turbulent swirled premixed flame by Lee and
Santavicca [71], reporting a dependency from the fuel flow rate and global

equivalence ratio, but also from aerodynamic flame stretch and curvature
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and premixing level. Hardalupas and Orain [72] correlated OH*, CH* and
COj5 chemiluminescence emission to the spatially resolved heat release rate
in low Reynolds counter flow premixed flames. The high Reynolds range
was studied by Ayoola [73]], who concluded that OH* can not be used to
represent local heat release in turbulent flames, because of its sensitivity to
strain and turbulence. Lauer came to the same conclusion for flames with
mixture gradients, while for premixed flames with a correction to consider
the effects of the flame strain rate and another one to eliminate the broadband

CO; emission, OH" is considered representative for local heat release [68].

According to the study results, the OH* chemiluminescence measurements
presented here do not offer a spatially resolved distribution of flame heat
release or any specific quantity. However, they qualitatively visualize flame
conditions and identify the main reaction zone. In addition to the above
considerations, it has to be remembered that chemiluminescence is a line-
of-sight technique, meaning that the emission intensity detected by the
instrument includes chemiluminescence contributions integrated along the
line that connects the sensor to the measured point. Usually in time-averaged
measurements the intensity on the flame mid plane is reconstructed assuming
axial-symmetry with deconvolution methods as the inverse Abel transform.
In the present study, although rotational symmetry is not necessarily present
in a combustor with a rectangular burner configuration, it is assumed to exist
in the core flame region. Consequently, an inverse Abel transform has been

attempted, which will be described later.

In this work, the OH* chemiluminescence emission was detected using an
intensified camera equipped with a UV lens and UV band pass filter. The
Lavision Phantom V1212 camera, coupled with the HighSpeed IRO image
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intensifier device, was utilized to achieve high sensitivity and accuracy in the
detection of OH* emission. The camera was set to 5 kHz recording frequency,
with a 1280 x 800 pixel resolution. The image intensifier had a spectral range
of 190-800 nm and a minimum exposure time of 100 ns, with a maximum
repetition rate of 2 MHz. The Lavision UV focusing lens, with a focal length
of 85 mm and optimized wavelength in the UV spectrum (220-450 nm),
was used to ensure high light collection efficiency. A UV band pass filter
was applied to the lens to capture only the OH* chemiluminescence peak
emission, of a center wavelength of 309 nm. 1000 image were recorded with
the Lavision DaVis software version 10. After recording, a background light

intensity subtraction was used to reduce the noise and then averaged.

The camera used for the OH* chemiluminescence images captures a line
of sight integration of the OH* chemiluminescence of the flame. In or-
der to recover the radial distribution of the OH* chemiluminescence from
the projection, Abel deconvolution schemes [74] were applied. Rotational

symmetries have to be assumed for the application of this technique.

3.3.5 Particle Image Velocimetry (P1V)

Particle Image Velocimetry (PIV) is an optical technique for determining

spatially resolved velocity fields based on the well known equation:

Distance

Speed = (3.11)

Time

In PIV small light scattering particles (seeding particles) are added to the flow.

A short, double-pulse laser beam is formed into a light sheet illuminating
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these seeding particles at the measurement plane twice within a short time
interval At. In 2D-PIV, employed in this investigations, the trajectory of the
particles, which follow the flow, can be captured by the scattered light of
these particles and recorded onto two consecutive frames of a high resolution
digital camera. The camera images are divided into rectangular regions called
interrogation windows shown in Fig. For each interrogation window,
the area from the first and the second laser pulse/camera frame are cross-
corrected to produce an ensemble average particle displacement vector. Doing
this for all interrogation windows produce a vector map of average particle
displacements. Using the image analysis techniques illustrated in scheme
the instantaneous velocity vector fields with high spatial and temporal

resolution are obtained. In this work, two-dimensional PIV measurements

Average displacement estimated
frame2 for interrogation\ window

Figure 3.15: Schematic illustrating how the image frames are subdivided into
interrogation windows [75]

were performed using a diode-pumped, dual cavity, high-speed Nd: YLF laser
(Litron LD25-527 LLM2827) together with a high-speed camera (Phantom
V1212, resolution 1280x800 pixels) set to 5 kHz recording frequency (double
frames at maximum resolution). 1000 double frame images were recorded per

measurement for total measurement time of 200 ms and the time separation
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Figure 3.16: Numerical post processing flowchart of PIV, reproduced from [76]
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between the laser pulses was set to 20 us. The camera was calibrated and
focused using a rectangular target with Smm dot spacing centered at the fuel

nozzle.

For non reactive flow investigations, silicone oil was seeded into the air flow
using aerosol generator (Palas AGK 2000) with a particle size of 0.5ym. For
non reactive flow investigations, Aluminum oxide (Al,O3) with a particle
size of 1 ym was used as seeding material and was fed into the air flows for
each burner by using fluidized bed seeders. The Aluminum oxide seeding
particles were dried overnight prior to each measurement. A 532/10 nm
band-pass optical filter was used to filter the background light. The field
of view (FOV) for the PIV measurements was focused on the two central
burners. Depending on the height of the laser light sheet (100 mm) and the
resolution of the camera, the FOV was divided into two axial parts (PIV
#1 and PIV #2) in Fig. Velocity field calculations were performed
using a commercial PIV software (DaVis 10.2, LaVision). Pictures were
pre-processed by subtracting the background illumination and masking off
all reflection zones near to the burners domes. Cross correlation started at
48px window size and 50% overlap decreasing to 32px window size and

50% overlap is adjusted.
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Figure 3.17: Schematic depicting the 2D PIV arrangement and the laser sheet.
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3.3.6 Mie scattering

The Mie scattering laser diagnostic technique was employed to qualitatively
analyze spray characteristics, which in turn provides insights into flame
characteristics. This includes crucial parameters such as the penetration
depth of the fuel spray into the flame and the hollow cone angle of the spray.
The experimental setup for Mie scattering employed the same configuration
as the Particle Image Velocimetry (PIV), utilizing identical components,
including a laser with a wavelength (A) of 532 nm, optical elements, a
high-speed camera, and a filter. Seeding particles were not applied, as the

scattered light from the fuel droplets was collected.

3.4 Preliminary Study: Flow deflection and

boundary condition challenges in SHC

The implementation of Short Helical Combustors (SHC) in practical engines
has been challenging, despite their potential advantages, such as compactness
and a reduced number of nozzle guide vanes (NGVs). A significant issue
is the reduction in the nominal deflection angle of the flow within the
combustor, caused by the interaction of swirling flows from adjacent flames.
To understand this flow deflection in the inclined case, the no-deflection
scenario relative to the machine axis in the context of an inline configuration
or sector from a conventional annular combustor was examined, as shown in
Fig.[3.18] In an annular combustor, the flame axes are parallel to the machine
axis, which leads to favorable boundary conditions for the investigated sector.

In contrast, the inclined case exhibits undesired flow deflection, as depicted in
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Figure 3.18: Schematic diagram illustrating the flow and flame directions in the
inline configuration.

Fig. This phenomenon, associated with high swirl flows, was identified
and explained by Ariatabar et al. [33]. Such deflection of the flow back
towards the machine axis can significantly reduce the benefits of the SHC
concept. Utilizing low swirl flows may help mitigate these shortcomings by
directing the flow more favorably towards the NGVs. This approach can
reduce the required number of NGVs, decrease cooling demands, and result

in a lighter weight aero-engine.

<—— Unwanted flow deflection (High Swirl)

I
I <—— Wanted flow deflection (Low Swirl)
I 6 Inclination angle

1

Figure 3.19: Schematic diagram illustrating the flow and flame directions in high
and low swirl cases within the inclined annular configuration.
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Figure 3.20: Schematic diagram illustrating the effect of boundaries in burner array
with 5 burners, layout rotated in the test case to avoid buoyancy impact.

In this testing campaign, early experiments revealed that using the SHC with
low swirl flow in a model combustor with a 5-burner array results in favorable
flow deflection towards the NGVs. This flow deflection can be attributed
to an asymmetric pressure field near the sidewalls of the staggered dome,
induced by the Coanda effect, as elaborated by Hoffmann in a numerical
study [77]. This undesired behavior at the exit is expected with a finite
number of burners due to boundary wall effects but is not anticipated in
a real annular engine. In the burner array under investigation, this flow
deflection phenomenon creates a substantial backflow vortex at the outlet of
the lower burner sectors, as depicted in Fig. The backflow introduces
cold ambient air into the combustor, altering the global air-fuel ratio and
leading to unrealistic operating conditions. These observations highlight
the need to explore different outlet configurations to address and mitigate

backflow issues.
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To address the aforementioned issue of boundary conditions, two outlet
configurations have been investigated. The first configuration features an
open exhaust outlet as shown in Fig. while the second configuration
involves the implementation of an outlet contraction, as shownin Fig.[3.21b A
comparison of these configurations is provided in Fig.[3.22] which illustrates
the temperature fields at the outlets. Temperature measurements were taken
using five S-type thermocouples arranged in a grid with a cell length of 1
cm, moving in both the parallel (y-direction) and perpendicular (x-direction)

dimensions.

As shown in Fig. the open outlet configuration results in a non-
uniform temperature distribution due to cold air recirculation from the lower
burners and heat accumulation at the higher burner. In contrast, the outlet
contraction configuration (Fig. significantly reduces the recirculation
zone, leading to a more uniform temperature distribution at the burner array
exit. However, there is still a slight cooling effect in the lower burner and
heat accumulation in the higher burner. The contracted outlet significantly
improves the temperature distribution qualitatively, making it clear that the

central burner is not affected.

Therefore, the outlet contraction configuration (b) was selected for further
detailed studies due to its improved applicability for future applications and

its independence from prior knowledge of outlet flow angles.
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(a) Open outlet.

(b) Conteracted outlet.

Figure 3.21: Various outlet configurations applied to the test array.
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Figure 3.22: Visualizing the impact of outlet configurations on the temperature
field for 45° inclined burners at 3 % pressure drop and 0.47 equivalence ratio: (a)
Open Outlet, (b) Partially Blocked Outlet, and (c) Contracted Outlet. The dashed
line represents the edge of each individual burner.
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Chapter4

Results and discussions

The current study investigates the impact of burner arrangements, specifically
inclination angles, on the stabilization mechanism, flame structure, and
emissions of kerosene/air flames in a multi-burner setup using lifted low
swirl flames under lean conditions. The results begin with an investigation
of the Lean Blowout (LBO) limits and the flame stabilization mechanism
of this innovative concept across a wide range of operating conditions and

compare the results with inline configurations under the same conditions

(see Section4.1)).

Section 4.2/ elucidates the flame structure and lift-off height under various
operating conditions, including changes in air inlet temperature and air mass
flow rate defined by air pressure drop across the nozzle, for both inline and

inclined configurations.
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Section 4.3] analyzes burner emission performance under different condi-
tions, providing insights into how burner arrangements influence emissions,

focusing particularly on NO, and CO levels.

Lastly, Section 4.4]details the use of ion-probe techniques for monitoring the

conditions near to the LBO and flame structure.

4.1 Leanblowoutlimits of the CHAIRLIFT

concept

The stability range of a combustor is essential for safe engine operation
and directly impacts pollutant emissions. A wide stability range allows the
combustor to operate at low combustion temperatures without relying on
pilot flames or nozzle staging, resulting in very low NO, emissions across
various cycle conditions fromidle to takeoff. Idle conditions require very lean
combustion with low inlet temperatures to maintain stability and efficiency at
low power settings. Conversely, takeoff conditions demand a rich fuel mixture
and high fuel flow through the main injectors to provide the necessary power
and thrust. This wide range of operating conditions ensures that the burner
can efficiently handle the varying demands of different flight phases, from

idle to full power takeoff.

Flame blowout occurs when the flame inside a combustor is extinguished as
a result of e.g. local extinction due to high instantaneous strain rate. Thus,

understanding and controlling the stability range of the combustor is crucial
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for the safe and efficient operation of the engine, as well as for reducing

pollutant emissions [78]].

In this research, the lean blowout (LBO) limit is defined as the lowest
possible fuel amount before extinction or blowout occurs while keeping the
airflow constant. The LBO measurements helps in obtaining the minimum
fuel flow rate for a particular engine conditions below which the flame cannot
sustain itself. The LBO measurements are performed starting from stable
conditions, that is maintained for a sufficient time, the air flow rate is kept
fixed while the fuel flow rate is lowered slowly in steps until the central flame
is extinguished. To prevent premature blowout of side burners resulting from
heat loss, those side burners were operated 8% more fuel rich, which resulted

in the middle burner extinguishing first.

4.1.1 Impact of the air inlet temperature

Fig.[4.1]illustrates the effect of air inlet temperature (T 4;,) on the flame stabil-
ity limits of low-swirl, turbulent non-premixed Jet A1l-air flames at different
tilt angles. In this figure, The air number, A, is a dimensionless parameter that
describes the ratio of the actual air-to-fuel ratio to the stoichiometric air-to-
fuel ratio. A;go is the maximum air number where the stable conditions are
achieved before the blow-out conditions. It can be noted that at low air inlet
temperature (= 290 K) the flames have a very good stability performance
for all burners alignments and pressure drops. The measurements of the fuel
spray (as depicted in Fig. show that under these low temperature condi-
tions fewer droplets pre-evaporate upstream near the burner dome and large

droplets move outward due to centrifugal force causing localized enrichment
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Figure 4.1: Impact of air inlet temperature on lean blow out characterized by
air number at pressure drop across the nozzle of 3% for different burner array
arrangement at low swirl number, SN=0.47.

in the shear layer zone near to the outer recirculation zone (ORZ) where the

flame stabilizes.

By increasing the air inlet temperature to 473 K and maintaining a constant
air pressure drop of 3% across the nozzle (constant mass flow rate), the
fuel evaporation time decreases. This results in better mixing and a higher
degree of premixing and pre-evaporation. This can be observed in Fig.
which shows that the fuel spray and reaction zone are well separated. In
consequence, most of the droplets evaporate more near to the nozzle axis and
more far away from the ORZ which reduces the flame stability but it is very

promising behavior regarding emission performance.
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Further increasing the inlet air temperature to the highest investigated level
(~ 673 K) at the same air pressure drop, increases the flame stability due to
the increase in the flame speed compared to the increase of the flow velocity
which could be explained by the premixing theory [79]. According to the
premixing theory, lifted flames stabilize in a turbulent regime where the
stoichiometry is dictated by the balance between the local gas flow velocity
Ugas and the turbulent burning velocity St at the flame stabilization point.
The velocity of the jet stream leaving the nozzle obeys the gas-dynamic
equation and changes with the air inlet temperature as (Uggs o \/m) at
constant pressure drop. Due to the square-root dependency, the increase
in the jet exit velocity with the temperature is more pronounced at lower
temperatures and flattens out at higher temperatures. However, the laminar
burning velocity has a quadratic dependence (S o T ;,). Thus, the increase
in burning velocity is greater than the increase in inflow speed shifting the
location of the reaction zone upstream and enhances the flame stability. An
additional factor that plays a role in flame stabilization of such low swirl
flame is the size of the outer recirculation zone as described by Kasabov et al.
[42]. From the flow field measurements inside the middle burners at different
air inlet temperatures, the size of the back-flow in the outer recirculation
zone is estimated in Fig.[4.6/by calculating the area bounded by the zero axial
velocity line which used as an indication of the size of ORZ. As we can see,
size of the outer recirculation zone, measured in 2D plane, increases linearly
with air inlet temperature, pushing the low velocity shear layer towards the

nozzle axis where the flame stabilizes.
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Figure 4.2: Impact of air pressure drop across the nozzle on lean blow out
characterized by air number at air inlet temperature of 473K for different burner
array arrangement at low swirl number, SN=0.47 compared to previous investigation
of single burner at higher swirl number, SN=0.76 by [80].

4.1.2 Impact of the inclination angle (different offsets)

The particular focus of this research is to study the influence of the tilt angle
on the flame stabilization limits and stabilization mechanism to evaluate
this innovative helical-arranged burner array and compare it to the inline
arrangement as a representative of the conventional annular combustor at
different operating conditions. Fig.|[4.2|shows a good stability range of lifted
flames despite the high degree of premixing (similar or even better lean-
blow-out compared to typical moderate swirl stabilized flames with big inner

recirculation zone for lean injection systems investigated by Marinov et al.
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[801). Fig.4.1|compares the lean stability limits for two different tilt angles,
20° (solid black line) and 45° (solid red line), with the inline arrangement
at 0° (solid blue line) at different air inlet temperature. The figure indicates
that the flame stability margins for all investigated configurations exhibit a
similar trend as the air inlet temperature increases, with different magnitudes.
The interesting observation here is that the flame stability at low air inlet
temperatures (near the idle engine conditions) is controlled by the slower
evaporation of the fuel droplets creating locally rich pockets near the flame
root as explained in the previous section and with a little impact of the
alignment of the burner. At high air inlet temperatures, the blow-off limit of
the inline case is surprisingly higher than with inclined arrangements. The
present results reveal that the blow-off limit is decreasing with increasing the
tilt angle at higher air inlet temperatures. PIV and temperature measurements
were performed in order to characterize the reacting flow field and hence help
the understanding of the aforementioned flame features/observations. It is
clear that in Figs.[4.3]and 4.7}, under all conditions of the inline arrangement,
the flow field structure is dominated by the ORZ at the sides of each
individual burner. The size and location of these ORZs are dependent on
the ratio of air inlet temperature to adiabatic flame temperature (T ;. / Ty4)
which determines the flow expansion inside the combustor. The recirculation
zones cause low-velocity regions where the flame can anchor. Additionally,
it acts as a radical pool and thermal reservoir which helps the heat transfer
from the flame to the fresh mixture upstream of the lifted flame base,
and the resulting flame speed is increased, as well as increasing the level of
turbulence which helps the flame to stabilize. The size and the temperature of
the outer recirculation zone are very important parameters in the stabilization

of this lifted low swirl flame consistent with the previous investigations of
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Kasabov et al. [42]. The estimated size of ORZ shown in Fig. 4.6] shows
that the stabilization of the inline case is enhanced at elevated T4, due

to the significantly larger ORZ. The measured temperature profiles in a

0.5 200 0.5

-80 60 -40 20 0 20 40 60 80
R [mm]

(a) Inline (b) Inclined (20°)

Figure 4.3: Contour of mean velocity magnitude overlaid with streamlines in the
vertical axial mid-plane of the burners for different configurations.

reactive flow for the different alignments shown in Fig. 4.4] suggest an
unexpected decrease in flow temperature of the inclined case near the wall
which decreases the temperature at one side of ORZ due to the recirculated
airflow from the upper burner to the lower one. The effect of the stepped wall
in the inclined case on the recirculated flow between the adjacent burners is

illustrated in more detail in Fig.[4.5]

According to these PIV measurements, there is a portion of the cold flow
(shown by the green arrows in the schematic in Fig.[4.5b)), moving from point

1 at the open side of the higher burner to point 2 near the wall of the lower
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Figure 4.4: Contour plot of temperature distribution across the vertical nozzle mid
plane for different configurations.
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Figure 4.5: Qualitative schematic demonstrating the interaction between the outer
recirculation zone (ORZ) and the flow in the adjacent sectors for different burner
array arrangement.
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Figure 4.6: Effect of air inlet temperature (T 4;,) on the size of the back-flow in the
outer recirculation zone used as a characteristic indicator of the outer recirculation
zone size for different burner array arrangements.

burner. This flow is driven by the pressure difference between free jet with
low stream velocity and high pressure at the open side of the higher burner
and confined jet with high stream velocity and low pressure) near the wall
of the lower burner. This flow stream isolates the ORZ on the wall side and
prevents it from contributing in the flame stabilization process. On the other
side, there are another two small RZs (red arrows) that arise due to the flow
expansion and differences in flow direction, which are induced by the ORZ

near the wall and help the flame to stabilize.
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4.1 Lean blowout limits of the CHAIRLIFT concept
4.1.3 Impact of the pressure drop across the nozzle

The impact of pressure drop across the nozzle on flame stability, at a
constant air inlet temperature of 573 K, is depicted in Fig. for various
burner arrangements. In all the cases examined, an increase in pressure
drop adversely affects flame stabilization, whether for the inline or inclined
configurations. This relationship between air pressure drop and air inlet
velocity can be expressed using the gas-dynamic equation, as follows (%—f e
Ugasz). As the pressure drop increases, so does the air velocity at crucial
locations responsible for fuel atomization, such as the periphery of the pre-
filmer rim. This increase in air velocity facilitates and enhances the process
of fuel atomization. Consequently, it promotes rapid and thorough air/fuel
mixing, particularly in the proximity of the burner dome. As a result, fast
air/fuel mixing is achieved near the burner dome, and only a minor amount
of non-evaporated droplets is present near to the nozzle axis and far away
from the outer recirculation zone, which plays the dominant role in the flame

stabilization of low swirl flames.

Understanding this complex interaction between pressure drop, air velocity,
atomization, and flame stability is pivotal in optimizing this combustor

concept.
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4.2 Flame structure

Measurements of OH* chemiluminescence were performed at the axis of the

central burner to qualitatively visualize the main reaction zone.

Fig. presents an overview of the flame structure, illustrating the half-
plane center burner flow field, the spatial distribution of the flame reaction
zone (derived from Abel-transformed OH* chemiluminescence of 1000
averaged line-of-sight images), and the time-averaged fuel spray distribution
for both inline and 20° inclined configurations. At low air inlet temperatures,
OH* chemiluminescence images show outward distinct high-luminosity heat
release regions on each side of the nozzle center, due to the outward moves
of droplets near the shear layer attributed to the effect of lower T 4;, that
delays evaporation of the droplets. Fig. depicts the time-averaged flame
structures for each configuration under different T 4;,, while Fig. shows
the instantaneous OH* distribution and fuel spray. By increasing T ;. the
actual heat release region located more around the axis of the nozzle where
fine fuel droplets with evaporated fuel accumulate and improved premixing

with air takes place.

The flames are lifted for all investigated conditions as shown in . The flames
are lifted for all investigated conditions, as shown in Fig. which displays
the right half of the flame, while the full flame is presented in the Appendix.
The lift-off height (LOH) extends the time for evaporation and mixing. The
lift-off height is defined as the distance from the jet outlet to the flame base.
Lift-off height is of crucial importance, not only because of the direct impact

on flame stabilization but also because can be used to explain the emission
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Figure 4.7: Contour plot of average OH* signal at constant ¢=0.5 and %—f = 3%, color
contours show flame structure, black contours show fuel spray, red line shows the
boundary of the back flow, yellow stream lines show axial velocity and black dash
line shows nozzle center.
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Figure 4.8: Instantaneous contour plot of OH* signal and fuel spray contours (¢ =
Ap _ no
0.5, 3, =3%).

performance. In this study, the lift-off height was determined based on high
speed OH* chemiluminescence measurements and defined as the distance
between the nozzle exit and the horizontal line downstream of which 10% of

the total chemiluminescence intensity is present as explained by [81} 82].

Fig.[4.9shows the variations of lift-off height (LOH) with air inlet temperature
studied for different configurations. It is evident that at lower temperatures

and for all configurations, the flame stabilizes at a smaller distance above
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Figure 4.9: Effect of air inlet temperature T 4;, on flame position/liftoff height for
different burner array arrangement.

the nozzle exit resulting from the local rich pockets near the shear layer. For
the same tilt angle, the flame lift-off height increases with increasing the
air inlet temperature due to faster evaporation and the related higher degree
of mixing. The higher degree of mixing is compatible with the mentioned
stability mechanism in section Increasing the air inlet temperature up
to a certain point (based on each tilt angle) results in a decreased the ratio
between the flow velocity and the burning velocity, causing the flame position

to adapt and move upstream.
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4.3 Emissions performance
4.3 Emissions performance

In the previous section, the combustion characteristics, including the flame
structure and stabilization mechanism, of helical and conventional annular
modular combustor arrays were investigated at different operating condi-
tions. To fully assess the innovative inclined combustor arrangement, the
environmental impacts (i.e. Carbon monoxide (CO) and Nitrogen oxides
(NO,=NO+NO,) emissions) for the steady state operating conditions were
also recorded and analyzed under different operating conditions. The Emis-
sion Index (EI) as defined in SAE ARP 1533 guidelines [83] will be used to
characterize the emission performance levels throughout this discussion. By
directly comparing the global amount of each emissions species to that of the
injected fuel, Figs. and depict the NO, and CO emissions versus
the equivalence ratio the adiabatic flame temperature for the inline (0° Con-
fig.) and the inclined (20° Config.) arrangements respectively. The adiabatic
flame temperature was calculated using detailed chemistry for an equilib-
rium at defined pressure, air inlet temperature, fuel/air ratio and kerosene
inlet temperature (constant at 293 K), taking into account the enthalpy of
evaporation. Plotting EI versus T,; allows better comparison of operating
points with different air inlet temperature at similar combustion temperature
assuming complete premixing. The differences in EI at the same T,; can

then be attributed to a different degree of premixing.

Fig.[4.10 shows the effects of air inlet temperature on the NO, emissions of
the inline and inclined configurations, where the same air inlet temperatures

are shown in similar colors with solid and dashed lines for the inline and
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Figure 4.10: Impact of adiabatic flame temperature T,; and the air preheating
temperature T4;, on Emission Index of nitrogen oxides Elyp, on the at constant
pressure drop across the nozzle of 3% for different burner array arrangement (Inline
configuration shown in solid lines, Inclined configuration shown in dash lines).

inclined cases respectively. At low air inlet temperatures (290 K and 373 K)
the fuel evaporation is rather slow with short LOH. Increasing the air inlet
temperature (up to 473 K) rapidly lowers the overall NO, emissions due to

longer LOH, fast evaporation and related improvement of the homogeneity.

It is acknowledged that various mechanisms contribute to the formation of
nitrogen oxides in gas turbines. The Zeldovich reactions are the primary
source of NO, production at high temperatures. This is supported by obser-
vations that a significant increase in adiabatic flame temperature leads to a
corresponding increase in NO, emissions for all examined configurations
and conditions. It can be also seen that the inclined configuration has slightly

better NO, emission performance near to the high temperature conditions as
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Figure 4.11: Impact of adiabatic flame temperature T,; and the air preheating
temperature T4;, on Emission Index of carbon monoxide El-p on the at constant
pressure drop across the nozzle of 3% for different burner array arrangement (Inline
configuration shown in solid lines, Inclined configuration shown in dash lines).

shown in Fig. due to the long LOH. A potential reason for the limited
improvement is that the smaller outer recirculation in the inclined case may
constrain the emission reduction.The CO emissions are shown in Fig. 4.11]
for the same operating points as the NO, emissions. If the adiabatic com-
bustion temperature is reduced further after the steep increase of CO, the
flame blows off. At low inlet temperatures, The flame is partly quenched and
the CO emissions are just rising steadily before flame extinction. At higher
combustion temperatures the El-p emissions rise again due to equilibrium

concentration for CO and COx».

95



4 Results and discussions
4.4 Ionprobediagnostics

Ion current measurements have been used in several studies as flame indicator
to detect the reaction rate. The ion probe measurement system was installed
at the multi-burner configuration (20 ° configuration) as shown in Fig.
The ion current measurement system consists of the water cooled probe, a DC
power supply, an isolating amplifier and a signal analyzer. At the platinum
sphere the DC power supply applies a voltage of 150 V. The water cooled

ion current probe was inserted from top.

In this experimental investigation field measurements of the ion concentration
with a sampling rate of 30 kHz was used. As presented Wollgarten et al.
by [84], the signal obtained from an ion current detector inside a combustor
depends strongly on the measurement position. Therefore, results from two
positions are presented in this investigations as shown in Fig. One
position is near to the wall, which could be a position of an igniter serving
as ion probe, and the other position is located between 2 burners to study the

effect of flame interaction signal related to ion concentration.

Variations in the air-to-fuel ratio (AFR) and air preheating temperature
(T 4ir) were investigated to assess their impact on the ion current signal.
As we can see from Fig. by decreasing the equivalence ratio the RMS
value of the ion current signal decreases significantly for all investigated
conditions/locations. The position of the probe significantly impacts the
RMS value of the ion current signal, with higher values observed in the flame
interaction region compared to point 2 near the wall, due to the mixing of

flows between the two neighboring flames.
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The experiment was run for 5 minutes, during which data was collected.
The time between ion current peaks correlates with the equivalence ratio,
with a measurement frequency of 30 kHz. A threshold of 0.7 pA was used to
filter out peaks lower than this value. The data shows that, at the start of the
experiment, when the equivalence ratio is higher and the flame is stable, the
time between peaks is shorter. However, as the equivalence ratio decreases
toward lean blowout (LBO), the flame becomes unstable and starts pulsating.
This results in an increasing time between peaks in the probe’s region until
flame blowout occurs as shown in Fig. 4.14] The sudden increase of the
timescale between the ion current fluctuations peaks just before the LBO of
the flame which could be used as a control to detect the conditions near to

the LBO conditions in an engine and to ensure flame stability.

In order to gain a deeper understanding of the behavior of the ion current
signal, the ion current was mapped in both the normal (x) and parallel (y)

directions using the same ion probe tool. This mapping was specifically
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Figure 4.14: Time between ion current peaks correlates with the equivalence ratio,
measurement frequency (30 kHz), threshold= 0.7 yA for inclined configuration (6 =
20°) at different air inlet temperature.
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Figure 4.15: Comparison of normalized ion current fluctuation and OH* measure-
ments in the left half of the middle flame for the inclined configuration, (6 = 20°),
T air = 290K and dp/p of 3%.

conducted within the left half of the middle flame for the inclined config-
uration, resulting in ion current signal contour maps with a cell length of
1 cm. The root mean square of the ion current fluctuations was then com-
pared to OH* chemiluminescence measurements under identical operating
conditions, specifically a T4;, of 290K and dp/ p of 3%. Fig. shows the
comparison of the normalized ion current fluctuation and OH* measurements
revealed a high degree of correlation, indicating that the ion current can serve
as a reliable diagnostic tool for the study of reaction zones. This finding is
supported by the fact that the contour maps of the ion current fluctuation
(Iyms) closely match those of the OH* measurements, providing evidence for

the applicability of ion current measurements in this context.
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4 Results and discussions
4.5 Discussion of the main findings

This study explored the effects of burner inclination angles on the stabilization
mechanisms, flame structure, and emission characteristics of kerosene/air
flames in a multi-burner setup under lean conditions. The investigated multi
burner arrays with lean lifted spray flames with low swirl has shown a
remarkable stability limit compared to other lean injection system with
higher swirl as well as very low NO, emissions. This finding is valid for all

investigated inclination angles.

At low air inlet temperatures, both the inline and inclined configurations
exhibited good flame stability due to the slow evaporation of fuel droplets,
which led to the formation of locally rich pockets near the flame root. This
was also linked to a lower lift-off height, resulting in the flame stabilizing

upstream close to the burner dome with short lift-off height.

At elevated air inlet temperatures, analyses unexpectedly revealed that the
inline burner configuration demonstrated slightly higher stability compared
to the inclined configuration, relying on different flame stabilization mech-
anisms. In the inline arrangement, the flame stabilization was primarily
influenced by Outer Recirculation Zones (ORZs) located at the sides of each
burner. The size and position of these ORZs depended on the ratio of air inlet
temperature to adiabatic flame temperature, which significantly affected the
flow expansion within the combustor. These recirculation zones not only
anchored the flame but also enhanced the mixing of fresh gases with burnt

gases, thereby increasing turbulence—key factors for flame stabilization.
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Conversely, in the inclined configuration, temperature profiles unexpectedly
showed a decrease in flow temperature near the wall. This decrease occurred
due to recirculated airflow from the upper burner to the lower one, driven
by the pressure difference between the free jet with low stream velocity and
high pressure at the open side of the higher burner, and the confined jet with
high stream velocity and low pressure near the wall of the lower burner. This
airflow isolates the ORZ on the wall side, preventing it from contributing to
the flame stabilization process, thereby reducing flame stability. However,
two smaller recirculation zones (RZs) emerge due to flow expansion and
differences in flow direction induced by the ORZ near the wall. These smaller
RZs aid in stabilizing the flame, suggesting potential for future research to
improve flame stability in the inclined configuration by modifying the shape
of the side wall to leverage the benefits of these smaller RZs while mitigating
the disadvantages of the cold airflow moving from the upper to the lower
burner. Similar observations were made regarding flame location and lift-off
height, where the lift-off height increased with increasing inclination angle,
improving premixing but consequently reducing flame stability. As the air
inlet temperature further increased, the ratio between flow velocity and
burning velocity decreased, causing the flame position to move upstream,
thereby enhancing flame stability once again. Consequently, the inclined
burner configuration demonstrated potential for lower NO, emissions under

high-temperature operating conditions.
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Chapter5

Summary and outlook

The primary objective of this investigation is to assess the operational
performance of a gas turbine model combustor equipped with a lean fuel
combustion system operating with liquid fuel. The core goal is to gain an
in-depth understanding of flame behavior, stability factors, and emission
performance across various operating scenarios. In this concept, lean lifted
flames are combined with Short Helical Combustors (SHC) by tilting the
axis of the flames relative to the turbine axis to enhance the interaction
of adjacent flames in a circumferential direction. An extensive series of
experimental tests were conducted at a multi-burner array test rig. These
tests involved varying several key parameters, including the tilt angles of
burners (8), equivalence ratios (¢), relative air pressure drops across the
nozzle (%), which is representative of the air mass flow rate, and air inlet

temperatures (T4;,) under ambient pressure conditions.

103



5 Summary and outlook

The experimental campaign employed advanced optical diagnostic tech-
niques, including Particle Image Velocimetry (PIV) for spatially resolved
flow field measurements, Mie scattering for qualitative analyses of the fuel
spray penetration, and OH* chemiluminescence for capturing flame struc-
ture. Additionally, probe measurements provided critical data on temperature
profiles and emission concentrations. The experimental operating conditions
were selected to closely mimic those found in real-world aeronautic propul-
sion systems, specifically regarding the combustor/nozzle relative sizes and
the elevated air inlet temperature, which reaches up to 673 K. However, the
interesting aspect of this work lies in utilizing low swirl combustion with

lifted flames.

The results show that the low swirl flames (SN=0.47) under investigation
exhibit remarkable stability compared to higher swirl flames (SN=0.76),
which are characterized by larger inner recirculation zones. These low swirl
flames create outer recirculation zones (ORZs) due to the entrainment of sur-
rounding fluid by the low-swirl, high-velocity flow. The ORZs significantly
enhance flame stability by transporting reactive species back to the nozzle
in an upstream direction, making outer recirculation the dominant stabiliza-
tion mechanism. The investigated low swirl lean lifted flames demonstrate
significant potential for reducing NO, emissions. Additionally, the results
suggest that the same combustion concept could be applied to an inclined
configuration, as the low swirl can reduce unwanted flow deflection and

offers beneficial flow characteristics.

Slight differences in flame stability and emission performance were observed
between the inline and inclined configurations, each utilizing different sta-

bilization mechanisms. At high air inlet temperatures, surprisingly, analyses
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indicated that the inline arrangement of burners demonstrated slightly higher
stability when compared to the inclined configuration. These two configu-
rations relied on different flame stabilization mechanisms. In the case of the
inline arrangement, the flow field structure was found to be dominated by
ORZs located at the sides of each individual burner. The size and location of
these ORZs were found to be dependent on the ratio of air inlet temperature
to adiabatic flame temperature, which played a decisive role in determining
the flow expansion inside the combustor. These recirculation zones, besides
serving as sites for flame anchoring, facilitating enhanced mixing of fresh
gases with the already burnt gases, and heightened turbulence levels—factors
crucial for flame stabilization. Conversely, in the inclined configuration, tem-
perature profiles revealed an unexpected decrease in flow temperature near
the wall. This phenomenon occurred due to the recirculated airflow from the
upper burner to the lower one, affecting the temperature on one side of the

ORZ.

Notably, atlow air inlet temperatures a distinct flame stabilization mechanism
became apparent. This mechanism was driven by the slow evaporation of
fuel droplets, which resulted in the formation of local rich pockets near the
flame root. Remarkably, this phenomenon was observed for both inline and

inclined configurations.

The utilization of OH* chemiluminescence and Mie scattering techniques
provides insights into the size and location of heat release rate variations
under different operating conditions. At lower air inlet temperatures, OH*
chemiluminescence images reveal outwards distinct high-luminosity heat
release regions on each side of the nozzle. This phenomenon results from the

outward movement of droplets near the shear layer between the IRZ and ORZ,
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influenced by lower air inlet temperatures that delay droplet evaporation.
Additionally, the results demonstrate that at lower temperatures, regardless
of configuration, the flame stabilizes at a shorter distance above the nozzle
exit due to the presence of local rich pockets near the shear layer. For the same
tilt angle, the flame lift-off height increases with rising air inlet temperatures,
driven by faster evaporation and higher degrees of lean premixing, and high

inlet velocity.

Exhaust gas analyses were conducted to evaluate the emission performance
of the multi-burner arrangement. The findings indicate that lifted flames
yield very low NO, emissions across a wide range of operating conditions
for all configurations investigated, compared to the moderate swirl typically
used in aero-engines. The inclined configuration exhibited lower emissions

at higher air inlet temperatures compared to the inline configurations.

Ion probe techniques have been employed in inclined configurations at
various locations to predict conditions approaching Lean Blowout (LBO) by
analyzing the root mean square (RMS) of the ion current generated within the
flame. Measurements were taken at two critical points: between the burners
and near the wall. The RMS values of the ion current signal were higher in
the flame interaction region compared to those near the wall. Additionally,
results demonstrated a significant increase in the time between ion current
fluctuations just before LBO, underscoring its potential as a control parameter
for maintaining engine flame stability. The strong correlations between ion
current measurements and traditional OH* measurements further confirm
the reliability and effectiveness of ion current as a simple diagnostic tool,

especially under low air inlet temperature conditions.
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In summary, these findings advance the development and optimization of
lean combustion technology for aircraft engines. The research demonstrates
that lifted low-swirl flames consistently exhibit low NO, emissions across
a broad range of operational conditions for all configurations analyzed. It
suggests that the same combustion concept could be effectively applied to
inclined configurations, as low swirl mitigates unwanted flow deflection and
provides a slight deflection in the beneficial direction for the turbine inlet
conditions. The study also shows to the potential for further improvement
by adjusting the shape and size of the sidewall in the helical arrangement
to optimize recirculation zones. Future research could explore this concept
under higher pressure conditions, similar to realistic engine settings, and
investigate the impact of auto-ignition on stabilization in inclined cases.
Additionally, refining the swirl number and examining the relative swirl

direction of adjacent burners may yield further advancements.
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Appendix

This appendix provides detailed figures and contour plots of velocity and
flame interactions from the experimental investigation conducted at differ-
ent air inlet temperatures and burner arrangements. The figures provide a
comprehensive view of the velocity fields for both reactive and non-reactive
flows under various configurations. The data presented here supports the

findings discussed in the main body of the thesis.
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Figure A1.2: Normalized average velocity (U = ,/u2 + u%) field of the non-reactive
swirling flow in the central cross section of the model burner array.
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Figure A1.3: Contour plot of time average velocity (1000 single-shot recorded at 5
kHz) at constant equivalence ratio and pressure drop across the nozzle respectively

¢=0.5, %—’; = 3% to study the impact of air inlet temperature T,; for different

arrangement, where black solid line shows the flame root, solid red line represents
the outer recirculation zone, and the black dash line shows the center of each nozzle.
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