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ABSTRACT

his study is aimed to investigate and demonstrate the feasibility and validity
of various flame flashback resistance techniques for premixed fuel
conditions. It presents a series of experiments to determine the impact of
different configurations on flame flashback mechanisms. Experiments were
performed using a 150 kW tangential swirl burner working on premixed mode with

various swirl numbers; the flow field characteristics were measured by 1D LDA.

The first part of the project targeted the effect of central fuel injector geometries on
flame flashback mechanisms, especially combustion induced vortex breakdown
(CIVB). It was found that changing the central fuel injector outside diameter can
significantly alter the flame flashback mechanism. Large injector diameters result in
boundary layer flashback (BLF), contrary, the use of small injectors diameter led to
CIVB. Thus a dimensionless number (y) which represent the ratio between the injector
outside diameter and the nozzle inside diameter was introduced. Using this
dimensionless number the critical value of transition from CIVB to BLF has been
defined, the value being y=0.280 for Sg=1.12 and y= 0.320 for Sq=0.9.

The second part was about the effect of using axial air injection instead of central fuel
injectors. It was found that axial air jets have a considerable potential for flame
stability requirements, they producing wider stability operation than that of central
injectors. Moreover, the stability limits increase regarding both equivalence ratio and
inlet tangential velocity. It appeared that using such air jets could reduce the combustor

maintenance cost that arises due to a continuous harsh environment.

However, it was found that axial air jets could enforce flame propagation during
flashback via wall boundary layer. Thus, the third part of the study was about the
validity of using micromeshes to improve BLF resistance in addition to axial air
injection. It was found that using both techniques produced high flashback resistance
for both mechanisms, i.e. CIVB and BLF.
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Chapterl

All ideas in science were born in the dramatic conflict between
reality and our attempt to understand it.

Albert Einstein

1.1 Climate Change and Global Warming

The demand for power production has increased significantly since the beginning of
the industrial revolution to meet requirements of human life in such way that energy
becomes the actual measurement of development in any society. In addition to that,
the vast majority of technological breakthroughs partially or totally depend on the

development of energy production techniques.

However, excessive consumption of energy has brought a huge issue represented by
Global warming. Consequently, unpredicted climate change can play an important role
in creating disasters such as tsunamis or floodings that always have the potential risk
of producing epidemics. Moreover, these also have a direct effect on agriculture that

can cause serious starvation problems.

Greenhouse gases emitted due to the burning of fossil fuels are the dominance factor
that causes an increase in the global temperature. These gases absorb the reflected
solar heat from the Earth surface and re-emitted it in all directions, causing

considerable temperature rise of the Earth, figure 1.1 [1]
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Most of the solar radiationis
absorbed by the earth and
warms it

Some solar radiationis reflected by the earth and
the atmosphere

Infrared radiation is emitted by the earth. Some of this passes right through the
atmosphere, but most is absorbed by greenhouse gas molecules. These molecules re-
emit the radiation in all directions, and so the earth warms up even more

Figure 1-1 Global warming [1].

Recently, many studies have warned about potential dangers of this serious threat.
There are many reports about the unprecedented rise in temperature over land, over
oceans and the sea surface. Other important observations are presented by sea level
rising, humidity and ocean heat content. Those ecosystem changes are accompanied
by a reduction in snow cover, glaciers and sea ice. Figure 1.2 illustrates all these

important climate changes [2].

Greenhouses are gases that can absorb and emit longwave (infrared) radiation in the
atmosphere. This process is based on the gases’ molecular nature, and consequently,
the process of energy emission is multidirectional. Thus, about 50% of the longwave
emission is re-radiated back to the Earth and turned back into heat energy [3]. Main
types of these gases are either naturally found in the atmosphere such as carbon
dioxide (COz), methane (CHs.), nitrous oxides (NOx) and water vapour, or synthetic
gases such as chlorofluorocarbons (CFCs), Hydrofluorocarbons (HFCS) as well as

Sulphur Hexafluoride (SFe) can also be found.

Carbon dioxide has special importance amongst other greenhouse gases because it
represents their highest ratio and it is also one gas that is highly emitted by humans.
For example, it accounted for 81% of all US greenhouse gases in 2014 [4]. The burning

of fossil fuels has contributed to a significant increase in COz levels. About 65% is
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emitted to the atmosphere as a result of their combustion [5]. According to recent

studies, the level of CO. will continue to increase, as shown in figure 1.3 [6].
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Figure 1-3 Recent Global Monthly Mean CO: [6].

Another greenhouse gas which can also act negatively on the climate is Nitrous oxides
(NOx). It represents about 6% of climate forcing, and it also results from the burning
of fossil fuels. Similar to COz it is increasing annually as can be seen from figure 1.4

[2].
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Figure 1-4 the rise in the atmospheric nitrous oxide [2].
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1.2 Fuel Flexibility

Since the beginning of the industrial revolution in the 18"-century fossil fuels such as
coal, crude oil and natural gas have represented the dominant energy source. Steam
locomotives used coal as fuel, later the discovery of oil and natural gas contributed
significantly to the development of the energy sector. Those fuels have the main share
amongst other fuel types for power production. Thus, world demand for those fuels is

expected to increase for the next few decades as shown in figure 1.5 [7].

Consumption by fuel

| Renew.*
§ Hydro
Nuclear

Figure 1-5 World energy consumption by fuel [7].

Therefore, burning of these fuels has been considered a serious threat to the climate
by emitting a considerable amount of pollutants [8, 9]. Moreover, fossil sources have
gone a rapid depletion leading to limitation of resources [10-12]. Thus, there has been
a strong trend for investment in ecologically friendly alternatives named renewable
energy resources such as the wind, tidal, hydro, biomass, solar and geothermal energy.
Nevertheless, since the 2nd half of the twentieth century, those sources are judged by
many limitations like their variation in time and location [13]. Also, cost and low
carbon emissions are important features when differentiating between energy types,
as can be seen from figure 1.6 [14]. Hence, it is important to rely on some alternative

fuels while keeping developing research on renewable energy.
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More efforts are required in order to have flexible fuels that can meet clean energy

requirements, in addition, to cover the predicted shortage in traditional fuels.

Electricity Cost & Carbon Dioxide Emissions
per kilowatt hour

fBest options have both
Low cost electricity and
Low carbon emissions

I | Target cost

Coal Diesel Natural Biomass Hydro Wind SolarPV Solar
gas Thermal

M costS/mwh  OCO2kg/mwh

Figure 1-6 comparisons between fossil and renewable energy sources (production cost and CO:
emissions) [14].

Introducing new fuel types must satisfy many regulations such as sustainable
development via renewable production. Presently, an example is biofuels that have
demonstrated a potential to be a renewable fuel source in addition to their flexibility
on engine operation. Nevertheless, the reliable and safe transition from using fossil
fuels to other sustainable sources is still a major topic of research [15]. In general,

many features can address the fuel flexibility for power generation;

1.2.1 Sustainability

Long-term sustainability represents the availability of enough feedstock to allow
future generations to use it without affecting the ecosystems or climate through cost

effective implementation.

1.2.2 Global Climate Impacts

The significant increase in the awareness about the high level of pollution and how to
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minimise carbon footprint, and the regulations of the international agreements have

urgent priority.

1.2.3 Fuel Quality and Operability Boundaries

Fuel properties have the direct impact on the working efficiency. Hence the type of
combustion system required specific designs, as can be seen in figure 1.7[16]. In
addition, fuel operability limits are crucial from an operational stability requirements

point of view.

Figure 1-7 GE Gas turbines for syngas applications [16].

1.2.4 Work and Safety Requirements Environment

Type of duty and working environment play an important role in choosing the fuel
type since some fuels cannot work properly at high altitudes (aviation conditions)
because some properties like density or flow characteristics may change due to

considerable temperature reduction [17].

1.2.5 Fuel Prices and Cost Limitations

Competition inside energy markets is one of the main players when differentiating

between fuel types.
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1.2.6 The Ability of Integration with other Fuel

Recently, hybrid combustion regimes became one of the possible techniques to
achieve environmentally friendly regulations with a significant increment in overall
system efficiency. However, such systems require fuels that have the ability to work
with different fuel types inside the same plant cycle [18].

These are only some of the vast numbers of issues raised when fuel is selected for

power generation or production.

1.3 Alternative Fuels

Recently, alternative fuels have been introduced to many combustion systems in order
to allow consumption reduction of fossil fuels as well as to meet clean energy
requirements [11, 19, 20]. Alternative fuels such as biofuels are multifunctional energy
carers and well geographically distributed resources [21]. Historically the needs for
using new fuel resources have changed continuously based on availability,
sustainability, economic feasibility, progress in technology and presently, climate
concerns. In early human ages, the society was entirely dependent on wood as a source
of heat. Nevertheless, excessive use of wood as an energy resource in Europe, for
example, caused dramatic deforestation in the early medieval period before starting to

use coal as an alternative fuel in the sixteenth century [22].

Coal mining acquired particular importance during the medieval centuries; importance
has significantly risen with the beginning of the industrial revolution which was
mainly based on coal availability to power steam engines. Coal became the heartbeat
of this technological breakthrough. Even though the discovery of oil in the 19th
century followed enormous development in power sector technology, coal still has a
special importance as a desirable fossil fuel for energy production and still represents
a sizable share of global energy and industrial applications as can be seen in figure 1.8
[23]. There has been a strong trend to find more reliable and more environmentally
friendly energy resources. Thus renewable energy which comes from natural resources
such as sunlight, wind, tides, rain, waves and geothermal heat are an interesting
alternative energy source. However, this contribution in the overall global energy
sector is still low and comprise about 17% of the total world energy consumption, as

can be seen in figure 1.9 [24].
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Renewable
o 2.2%
Nuclear
Iy “

Coal
30.1%

Natural Gas
23.7%

Figure 1-8. Global primary energy consumption share by fuel type 2012 [2

Nevertheless, increasing this share seems to be difficult and faces a lot o

represented by their intermittent nature, high cost, and availability of suitable
technology as well as the limitation of those resources. Thus the importance of using

alternative fuels instead of traditional fossil fuels has increased significantly in the last

decade to reduce high pollutant levels and to lower energy cost [25].

3).

f obstacles

Renewables
B Biomass heat 11.44%
B Solar hotwater 0.17%
B Geothermal heat 0.12%
Hydropower 3.34%
B Ethanol 0.50%
B Biodiesel 0.17%
B Biomass electricity 0.28%
= Wind power 0.51%
B Geothermal electricity 0.07%
= Solar PV power  0.06%
SN ® Solar CSP 0.002%
B Ocean power 0.001%
Total World Energy
Total .
s ressiessoss  CONSUMPption by
B Renewables 16.7%
B Nuclear 2.7% Source (2010)

Figure 1-9 Renewable energy share in the world energy sector 2010 [24]
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Some common alternative fuels for power generation are as follows:

1.3.1 Biofuels

Fuel made from renewable biological materials sources such as plants and animals. It
Is derived from organic matter directly obtained from plants or indirectly from
agricultural, commercial, domestic and industrial wastes. Biofuels have the potential
to be significantly less expensive than other fuels. Liquid and gaseous fuels from
biomass can achieve low emission requirements, consequently, could be used as
potential fuels [26]. Common biofuels are biodiesel, ethanol, biogas, syngas, solid
biofuels, vegetable oil, bio-ethers, biofuel gasoline, green diesel and other bio-alcohols
[27].

1.3.2 Hydrogen

It is considered as the fuel of the future. It can be produced from a number of sources
such as water, hydrocarbon fuels, biomass, hydrogen sulphide, and chemical elements
with hydrogen. Because hydrogen is not available as a separate element, it is required
to be separated from the sources mentioned above. The process of separation requires
energy to do the disassociation, like water decomposition into O> and H> by passing a
direct current which drives electrochemical reactions. Hydrogen can be blended with
natural gas and other hydrocarbons in order to have less carbon dioxide, carbon

monoxide and unburned hydrocarbons emissions [28].

1.3.3 Liquefied Natural Gas (LNG)

It consists of natural gas (mainly methane, CH4) and it is produced by liquefying
natural gas taken from gas fields after removing impurities. This process leads to
condensation of the gas into liquid its volume 1/600th that of the natural gas.
Consequently it has much more energy density than receiving natural gas [29].
Although it comes from fossil fuels, an increase of energy density has a direct impact

on cost.

1.3.4 Ammonia NH3

Considered as a safe hydrogen holder, it has a high hydrogen content per unit volume,

which makes it a promising green energy storage. Furthermore, it can be produced

11



Chapter 1: Introduction

commercially by using synthesis methods. Its most advantageous feature is its small

CO2 production and high octane number [30].

1.3.5 P-Series

It is a family of renewable, non-petroleum liquid fuels that can be used instead of
gasoline. They are mixtures of natural gas, methyl tetrahydrofuran pentanes-plus and

butane. They are high octane number alternative fuels used in flexible fuel plants [31].

1.3.6 Dimethyl Ether (DME)

Also known as methoxymethane, it can be produced from natural gas, coal or biomass
by converting the syngas to methanol followed by methanol dehydration to dimethyl
ether. It is considered as a future energy option. It has been demonstrated that produces
lower NOx and SOx emissions than conventional diesel. Furthermore, it has
demonstrated an increase in efficiency with decreased in NOx and CO emissions
compared to methane when used in gas turbines [32].

Although the above mentioned alternative fuels seem to be promising for clean energy
requirements, switching gas turbines systems to be able to work on different fuels
instead of being limited to natural gas is challenging task. Many parameters must be
taken into consideration in ordered to make gas turbines capable of fuel-flexi
operation, consequently burning different fuel types safely and efficiently. For
example, the compressor is designed to work on certain margin of mass flow rate, thus
upon introducing different fuel means different density, hence the compressor required
to be able to work on various level of mass flow rate, higher or lower according to the
degree of dilution [33].

Moreover, controlling and balancing the amount of pollutants is also a difficult task,
high hydrogen blends, from one hand, can significantly reduce carbon-containing
pollutants. On the other hand, NOx emissions might be increased as result of working
at high temperature [34], hence controlling the combustion temperature is required.

Furthermore, most of the combustors can be subjected to different operability issues;
those issues are strongly affected by fuel properties [35]. The most critical combustion
issues are blowoff (when the flame detached from its stable operation and physically
blown out), flashback (the upstream flame propagation from the combustion zone to

12
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the premixing zone inside the combustor), combustion instability, and autoignition.
These undesirable operational issues are so complicated, especially in swirl

combustors.

Flame flashback has particular importance because it can cause considerable damages
to the system. Thus when introducing alternative fuel to gas turbines instead of natural
gas, many factors and operational parameters must be considered, some alternative
fuels have a considerably high flame speed such as syngas or high hydrogen blends,
thus they are more likely to initiate earlier flashback than natural gas, consequently
the operation stability map when using those alternative fuels is different than that of
natural gas. Therefore to achieve safe fuel switching process, a reasonable margin of

overlapping between two stable operational regions is crucial.

In conclusion, despite the high importance of using alternative fuels to operate gas
turbines to achieve low harmful emissions, many unpredicted issues can arise. Thus
many modifications and enhancements of gas turbines still in demand. One of the
crucial and urgent obstacle that facing such developments is the flame flashback. For
this reason, more additional studies and investigations in this area are still highly

valuable.

1.4 Power Generation Gas Turbines

Large scale power generation plants are prepared and developed to produce power,
especially electricity for public consumption. The efficiency of operation of such
plants depends mainly on the integration of the existing technology and

infrastructures.

Gas turbines played an important role in power generation sector since the second half
of the previous century and still considered as a very important part of the energy
market regarding large-scale power generation. The gas turbine is an internal
combustion engine in which the expanding gases emerging from one or more
combustion chambers drive a turbine. A rotary compressor driven by the turbine
compresses the air which is used for combustion. The power is taken either as torque

from the turbine or thrust from the expanding gases, figure 1.10.
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Figure 1-10. Gas turbine schematic [36].

In a gas turbine, the air is drawn into the intake by a compressor which is attached to
the main shaft. Air pressure and temperature will increase as air passes through the
compressor stage. After that, the air leaves the compressor and passes through the
diffuser which converts the kinetic energy to pressure. Then the air passes into the
combustor. Each combustor can be equipped with swirl burners where the fuel
pressurised by fuel pumps is then mixed with incoming primary air to form a fine

combustible mixture. Combustible mixtures are then ignited.

Upon completion of the igniting cycle, the igniters are shut off, leaving continuous
combustion at constant pressure. Inside the combustion chamber, the gases rise their
temperature and increase in volume. After leaving the combustors, the hot gases enter
the nozzle guide vanes which direct them at increased velocity into the turbine blades
causing the turbine discs to rotate. The output power of the turbine powers the

compressor and any remaining power is used to drive a shaft or from a high-speed jet.

1.4.1 Cycles and Materials

Thermodynamically gas turbine engines work according to the Brayton cycle.
Efficiency is function of pressure ratio over this cycle, the higher pressure ratio, the
higher overall system efficiency. Therefore, to achieve high operational efficiency
both compressor and combustor should be designed to work at very high temperatures
and pressures.

14



Chapter 1: Introduction

1.4.1.1 The Compressor

The compressor is responsible for raising the inlet air pressure to its maximum possible
value before feeding it to the combustor. This ratio of air consumption is about 68
times higher than that in the spark engine [37]. Combustor and turbine blades also
have to be able to withstand the exceptional operation conditions. For this reason, the
designing and manufacturing of gas turbine components mostly involve advanced
processing techniques. Thus with a higher cost of materials used in the final product
cost increases dramatically. Figure 1.11 [38] shows a gas turbine compressor. It is
obvious how advanced manufacturing technology is important in its production.

Figure 1-11. compressor rotor [38].

1.4.1.2 Gas Turbine Combustors

Even though there are a great variety of gas turbine engines, they have the same parts
in common. One of these parts is the combustor or combustion chamber. The main
function of the combustor is to burn combustible mixtures of fuel and pressurised air
to generate maximum heat release at constant pressure. The generated hot and
accelerated stream of flow gases is delivered uniformly to the turbine blades. Hence
the combustor (the most heat loaded component) is responsible for performing the

most difficult part of the combustion process.
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Therefore any combustor in any gas turbine has to achieve many requirements to be

able to do its tasks properly, [39]

e High-combustion efficiency, which can be achieved by complete combustion
of the fuel which leads to total conversion of chemical energy into heat.

¢ Reliable and smooth ignition in different operation environments (for example
stationary gas turbines or those used in aviation tasks).

e Operating at wider equivalence ratios.

e Minimum pressure loss.

e An outlet temperature distribution that is tailored to maximize the lives of
turbine blades and nozzle guide vanes.

e Low pollutant emissions.

e Easy maintenance and low-cost manufacturing, and

e Have good fuel flexibility (can work with different types of fuel).

1.4.1.3 Types of Combustors

Design and manufacturing techniques of gas turbine components have been changed
significantly over the years to meet variable demands and regulations such as their
duties, working efficiency and recently environmentally friendly regulations.
Introducing advanced engineering programmes like computational fluid dynamics
(CFD) and laser diagnostics contribute effectively in facilitating the design process.
Common combustor types are [40]:

e Can type combustor. It is a self-contained combustor that has its fuel
injector, igniter, liner and casing. Multiple cans can be arranged peripherally
around the central axis, and the resultant exhaust of all of them is used to
feed the turbine. The advantage of using can-type combustors is their easy
maintenance. However, their use has some disadvantages, such as the
pressure drop across one can combustor that can be higher than in other
combustors. Also because they weigh more than other types they are not the
preferred option for aircraft turbines.

e Can-annular. This combustor also has separated combustion zones
contained in separate liners with their fuel injectors. It is different from

annular combustors by having a common ring casing. Liner holes or tubes
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enable sharing between combustion zones. Consequently, air is allowed to
move circumferentially. This type has a more uniform temperature, which
is ideal for turbine blades. It does not need separate igniters for each can,
has less pressure drop than the can type and it is lighter. Nevertheless, it is
more difficult to maintain than the can type.

Fully Annular combustor. It is the most used type; it has a continuous liner
and casing in a ring. Its advantages are more uniformly in combustion,
lighter in weight, less surface area, uniform exit temperatures and less

pressure drop than the other types. Figure 1.12 shows the three types [41].

A1Y

Annular Can-annular |plet

Burner "cans" Annular Burner Liner

. Nozzle
Compressor Turbine

1414

Despite

Figure 1-12. different combustor configurations [41].

Combustor Features

tremendous technological development in designing and manufacturing

techniques of gas turbines, combustors have maintained some of its basic features and

characteristics. Those features are as follows:

Primary zone. Anchors the flame and provides adequate time to achieve
complete combustion. This can be done by a generation of toroidal flow,

which can produce perfect mixing and recirculation of hot combustion gases,
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consequently having continuous ignition. Most gas turbine combustors use
swirl burners to achieve this target.

e Secondary zone (Intermediate zone). The role of this zone is to accelerate the
passage of incomplete combustion products (CO and Hy) to the dilution zone
in order to complete combustion by injecting formidable amounts of air.
Moreover, the injection will achieve the temperature drop that will help in
preparing the gases before their entrance into the turbine [39].

In other words, the function of this zone is to oxidise CO into CO2, which

can be done by accelerating the dull forward reaction through creating a
generic lean equivalence ratio, keep the temperature at an elevated level,
providing the residence time required for complete oxidisation [40].

e Dilution Zone. Reduces the temperature of the combustion products and
improve mixing of the resultant exhaust gases to achieve acceptable
temperature distribution that maintains long operating life for turbine blades.
Figure 1.13 illustrates a combustor feature[40].

PRIMARY DILUTION
WALL JETS | JETS

AXIS OF SYMMETRY
SWIRLER PRIMARY SECONDARY | DILUTICN
ZONE ZONE ZONE

Figure 1-13. Combustor features (zones)[40].

1.4.2 Performance and Efficiency of Gas Turbines

Gas turbines have played the dominant role in power generation and propulsion for
several decades, thanks to their ability to work using different fuels. They have been

extensively employed in various applications starting from powering aircrafts,
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producing electricity, driving vehicles, trains and even for military applications.
However, performance and overall working efficiency seem to be crucial factors that
decide the suitability of each type of turbine. For example for aviation applications
performance requirements should take into consideration the operation conditions at
high altitudes such as a considerable drop in ambient temperature and even
aerodynamic stresses where inlet distortions due to variation in the angle of attack can

significantly affect the final performance [42].

Combustion efficiency has always been an important target for designers and
manufacturers because it is the important feature that addresses the system’s
performance. Obtaining high operation efficiency mostly depends on the combustion
processes. Nevertheless, achievement of complete combustion without unburnt
products or low level of pollutants is still a challenging task [39].
Generally the factors that affect combustion efficiency hence the performance are [39],

e Air ambient inlet temperature and humidity.

e Ambient pressure.

e Inlet and outlet losses.

e Fuel type.

e Change in blade surface.

e Hot corrosion of the material.

1.5 Global Awareness and International Efforts

Even though energy which is mostly produced by burning fossil fuels is the lifeblood
to sustain modern world life, many scientists and active climate protection
organisations have warned against the potential dangers of excessive greenhouse
emissions on the climate, consequently human’s life on this planet. In 1827 the French
scientist Jean-Baptiste Fourier was the pioneer in warning about greenhouse gas
effects while the Swedish chemist Svante Arrhenius was the first who calculated the
increase in concentrations of carbon dioxide and how it affects the global temperature
[43].

Scientists’ efforts have continued to address this issue. 1n 1957 Revelle and Suess [44]

argued that the CO> concentration in the atmosphere have increased by 10% due to

fuel combustion. 1n 1961 Charles Keeling identified a data curve which became
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known later as the Keeling curve. This curve shows that carbon dioxide concentration

in the atmosphere is rising steadily year by year [6].

Researches and reports have drawn the political attention on the problem, and it
became globally famous by the 1990s. Many international efforts have been made to
establish restrictions and control greenhouse emissions. The global efforts had a
breakthrough by setting up the Kyoto protocol in 1997. This protocol extended the
1992 United Nations Framework Convention on Climate Change (UNFCCC) and
admitted that global warming existed and was caused by human-made CO emissions.
The main target of the protocol aims to control the emission of main greenhouse gases.
The average target was cut about 5% relative to 1990 levels by 2012. However, this
target has not been entirely achieved due to lack of commitment of many countries
[45].

The importance of greenhouse gas emission threats has urged the European countries
to establish the European Union Emission Trading Scheme (EUETS) which is the first
and largest greenhouse gas emission trading scheme in the world. It was launched in
order to combat climate change. The implementation of EUETS policies resulted in a
reduction of greenhouse gas emission from big emitters about 8% based on 2005 levels
[46]. Nowadays the issue is being addressed and became globally known, and it is
predicted that the awareness about its potential dangers will increase considerably,
especially when thinking about recent disasters that happened as a result of climate
change. However, limited renewable energy resources, dependency on fossil fuels,
and economic constraint are factors predicted to contribute to have the same emissions

level at least for, the next few decades.

Thus in order to meet clean energy requirements as well as Kyoto and other
organisations regulations it is highly important to develop combustion systems to
achieve the maximum possible efficiency in addition to as much as low possible

carbon and other greenhouse gas emissions reduction.

1.6 Summary

Gas turbines are used in a variety of applications, mostly in power plants and the

aviation sector. Nevertheless, because of their huge consumption of fossil fuels, they
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produce a significant amount of harmful emissions that cause the atmospheric
temperature to rise due to greenhouse effects. Thus investigating their operation issues
to find suitable solutions can enhance their performance and increase efficiency while

lowering greenhouses gas emission.

1.7 Objectives

This thesis investigates swirling flame instabilities, especially flame flashback
mechanisms that inherently occurs in swirl burners which are extensively used in gas
turbine combustors. The potential effects of flashback on system hardware and
consequently the operation stability and working efficiency are strong motivations to
continue investigating this phenomenon and how to determine suitable treatments to
tackle flashback when using alternative fuels. Although there have been many studies
about swirling flame instabilities, the issues have not been totally diagnosed because
of the complex nature of this phenomenon. The main objectives of this project can be

summarised as follows;

e Determine the impact of different central fuel injector geometries on the flow
field characteristics downstream the burner mouth, consequently the

propagation of the combustion induced vortex breakdown flashback (CIVB).

e Investigate the effect of using axial air injection instead of central fuel injector
on flashback limits and hence burner stability operation map. The effect of air
injection position with respect to burner base plate will also determine. The
characterization will be based on the measurements of change in velocity and

turbulence downstream burner mouth.

e Investigate flashback resistance technique for both CIVB and BLF
simultaneously. This includes using both air injection and micromesh surfaces

for enhancement flashback resistance.

1.8 Thesis Structure

This thesis is divided into a number of chapters, which are as follow,
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e Chapter 1. An introduction that reviews the problems of global warming and
climate change additionally illustrates the basic principles of gas turbines and

alternative fuels for power generation.

e Chapter 2. A comprehensive review of all previous work in this area,
especially different flashback mechanism, as well as the combustion
technologies, fuel blends and lean premixed combustion.

e Chapter 3. All experimental equipment and setups used during the test

campaign.

e Chapter 4. Experiments and results of the impact of using different central
fuel injector geometries with different swirl numbers on the combustion

induced vortex breakdown are stated in this chapter.

e Chapter 5. This chapter describes the experiments of using central air streams
instead of the central fuel injector, analysing and investigating the flow field

characteristics and the nature of turbulence close to the burner mouth.

e Chapter 6. Characterization the effect of downstream velocity gradient on

flame flashback are mentioned in this chapter.

e Chapter 7. This chapter outlines experimentally how to reduce wall boundary
layer flashback arises due to central air injection.

e Chapter 8. Summary of discussions. This chapter highlights and discusses all

the obtained results comprehensively.

e Chapter 9. Conclusions and future work. This chapter summarized the main

conclusions of the study and the future work.
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Chapter 2

The gift of mental power comes from God, and if we concentrate
our minds on that truth, we become in turn with this great power.

Nikola Tesla

2.1 Introduction

There has been an exceptional and enormous technological progress on new
manufacturing techniques and performance characteristics of gas turbines since the 2nd
half of the previous century. This evolution has encountered many issues, some of these
related to availability and suitability of fuels, while others are linked to sophisticated
designing and manufacturing of components. Interestingly, since the end of the previous
century, another problem draw the attention of OEMs which is the concern of pollutant
products from gas turbines and their potential effects on global warming. The former
problem has enforced scientists and researchers to find out other manufacturing

techniques and combustion technologies to meet these environmental issues.

Combustion processes inside gas turbine combustors are complicated due to the mutual
interaction between physical features and chemical properties. Consequently, there has
been extensive research in this field in order to cover the lack of knowledge in the
complex area of fuel flexibility. Hence, important operational demands can be achieved
with higher combustion efficiency, more uniform exit temperatures and low emissions.
Lean premixed combustion has proved as a favourable technique that can fulfil some

objectives such as low emissions, especially for NOx reduction.

Furthermore, hydrogen or hydrogen blends and some syngases have been introduced
successfully as promising alternative fuels in lean premixed combustion in order to meet
high-performance requirements as well as less or no CO2 emissions. However, upon these

significant changes in combustion technologies, many new issues have appeared.
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Combustion instabilities have been considered as an inherent drawback in gas turbine
performance for swirling burners, their features and mechanisms have changed
accordingly by introducing new combustion technologies and new fuel types. These
undesirable problems represent special challenges for designers, producers, and
operators. Gas turbine combustors have received the most effort amongst other
components because it involves regions that can lead to flame flashback and blow off,

combustion instabilities, significant variation of temperatures and fuel substitutability.

2.2 Combustion Systems and Combustion Technologies

Generally, combustion systems can be classified according to the technology used. Hence
there are five types of combustion systems that are used in gas turbines;

2.2.1 Standard Systems

These systems are also known as stoichiometric combustion plus dilution. They are
characterised by high NOx levels but high performance. They are usually used in engines
that need an effective performance like aircraft engines [47]. In these systems, part of the
incoming air is used for complete combustion. The method of air injection is designed to
achieve toroidal vortices, and the fuel is injected at the central axis of such vortices to
obtain maximum contact, hence better mixing. Pilot flames are usually used to ignite the
mixture; then the hot combustion products can fulfil continuous ignition of the nearby
fuel-air mixture streams. The secondary or dilution air splits into two streams, one used
to obtain uniform temperature profiles by producing sufficient mixing, while the other is

used for liners cooling.

2.2.2 Catalytic Combustion Systems

This combustion technology uses catalysts in order to accelerate the desire oxidisation
reaction of fuel. Consequently, a considerable reduction of pollutant emissions especially
NOy are produced by lowering the reaction temperature. The catalyst process depends
mainly on inlet temperature and the type of mixture. The temperature should be equal to
the adiabatic flame temperature for lean hydrocarbon mixtures such as CHa, C3Hg since

higher temperature can change the materials. In the case of fuels containing hydrogen, it
is possible for catalytic temperatures to exceed the adiabatic temperature [48]. In general,

the temperature range should be between 725 K and 1050 K whereas at higher
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temperature the catalyst may yield decomposition [47]. The required inlet temperature is
usually obtained through air preheating. One of the favourable features of this system is
pressure loss around 2.5%, which is lower than that for standard combustors of 5% [49].
Moreover, the overall NOyx levels can be effectively reduced up to 5Sppm [50].
Additionally employing hydrogen in this technology can increase combustion efficiency,

and flame flashback can be controlled by lowering the combustion temperature [51].

2.2.3 Lean Premixed Combustion Systems

Diffusive flame combustors have been conventionally used in gas turbine engines for
power generation based on their reliable performance and acceptable stability
characteristics. However, the most disadvantageous feature of these types of combustors
is their high and unacceptable NOyx thermal levels [52]. The global concerns about the
unprecedented rise of pollutant emission levels have drastically led both designers and

manufacturers to switch to more environmentally friendly combustion technologies.

Lean premixed combustion has become the most promising technology for emission
reduction in gas turbine combustion systems [53-55], with NOy levels that reach less than
10ppm [39]. In this technology, high levels of excess air are provided to the reaction
which results in ®<1 or A>1 [56]. Local flame temperatures and residence time have a
direct effect on the mechanism of NOy formation in lean premixed mixtures. The majority
of the fuel in lean premixed combustors is burned at lower temperatures than conventional
combustors [57]. Lower flame temperatures mean lower nitrogen oxidation. However,
chemical reaction rates will become slower at lower flame temperatures. In other words,
lower flame temperatures require more time to complete the reaction to oxidise CO into
COz, hence, it is possible to have unburned hydrocarbons (UHC) as well as high levels of

CO emissions.

Therefore, lean premixed combustor should be designed o satisfy both CO and NOx low
emission requirements. This can be done through control of flame temperatures which is

a function of the working equivalence ratio, as can be seen in figure 2.1 [58].
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Figure 2-1 The effect of flame temperature on emissions [58].

Lean premixed combustion technology is widely used in swirl burners in different gas
turbine systems to obtain stable operation and reduce harmful emissions [11, 52, 59].
However, swirling flows are complicated systems due to the appearance of coherent
structures such as central recirculation zones (CRZ) and the precessing vortex core
(PVC). These structures have direct effects on the stability and operation of combustion
processes due to their nature [60] and lack of damping mechanisms compared to diffusive
flames [61-63]. Common combustion instabilities that can arise when using lean
premixed combustion with swirl combustors are blowoff, flashback, and thermoacoustic

combustion instabilities.

Operation under lean conditions may result in complete flame blowoff [64]. These
systems are also a prone to flashback an inherent drawback of lean premixed combustion
[65-69]. This phenomenon is more likely to increase with increasing hydrogen
concentration in the fuel blends [70-73]. Additionally, the low frequency produced from
swirl flow structures can be coupled with the natural frequencies of the combustion

system equipment producing resonance and damages [74-77].

In order to have low emissions and satisfy stable operation requirements represented by

good flashback resistance and broad lean blowoff limits, new enhancement techniques
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known as lean premixed prevaporised (LPP) have been developed successfully [78, 79].
However, the technique is restricted to liquid fuels. Hence it has been implemented to
investigate new biofuels that have a promising reduction in CO emission [80].

Considerable work is still required with gaseous blends.

2.2.4 Fluidized-bed Combustion Systems (FBC)

It is the combustion technology used to burn solid fuels. A granular or lumpy solid fuel
particles such as coal or woody biomass are suspended in hot bubbling fluid beds of ash
or other materials such as sand and limestone are burned with oxygen when a jet of air is
blown through the bed. The resultant mixture of gas and solids will lead to rapid heat
transfer and chemical reactions within the bed. The air required for combustion is usually
injected through porous holes at a high velocity to become airborne or fluidised. Using of
FBC systems in power generation has increased because of their competitive cost, more
environmentally friendliness, good fuel flexibility, high reliability and high efficiency
[81].

One of the important features of this technology is that fuel burns at a temperature range
between 750 — 900 °C, which is much lower than the threshold for NOx formation
temperature (1370 °C) [40]. Also, sulphur pollutants like sulphur oxide SOx can be
captured. This can be done when the flue gases are brought into contact with sulphur
absorbing chemicals like limestone. The use of Oxyfuel combustion technologies with
FBC systems can lower NOx and SOx levels around 50% and 90%, respectively [82, 83].
Although there are many advantages that outweigh FBC systems over the conventional
ones. Erosion inside the boiler, no uniform residence time of solids in the reactor due to
rapid mixing in the bed, difficulty in describing the flow of gas in the case of bubbling
beds of fine particles and fuel flexibility limitations are some disadvantages that stain

their performance [84, 85].

2.3 Combustible Mixtures Types

The mixing process of combustible mixtures in gas turbine systems is different from
system to system, depending on many factors such as the required output power,
efficiency, operation stability demands, nature of duty and even environment protection

regulations. There are three mixing techniques used in gas turbines.
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2.3.1 Premixed Mixtures

In premixed mixtures, fuel and oxidiser are intimately mixed at a molecular level before
combustion is initiated. The mechanism of combustion is based on the propagation of the
flame front into the unburnt mixture. The equilibrium between a chemical reaction and
the amount of heat generated at the reaction zone determines the premixed flame structure
and its characteristics, flame propagation speed or the so-called burning velocity, which
is one of the characteristics that can address flame stability. In some cases, the burning
velocity may become so fast that causes a dramatic transition to detonation, i.e. when the
combustion wave moves at supersonic velocity with the possibility of severe damages by

an explosion [86].

Premixed mixtures are relevant to gas phase combustion, and it is not applicable with
liquid fuel droplets or solid particles. Until now it is commercially limited to natural gas
and a small fraction of other active components. Other fuels are usually burned using
diffusion systems or non-premixed combustion systems with special burner designs [35,
87].

2.3.2 Partially Premixed Mixtures

Partially premixed mixtures are used to achieve some operation requirements in certain
systems. In this method, part of the fuel or air is injected axially with a premixed blend,
or both fuel and air entered separately and mixed partially by turbulence [88]. Partially
premixed is used when it is required to have both the operation features of premixed and
non-premixed mixtures. It is utilized in some applications that need to reduce pollutant
emissions as well as have wider operation stability. Partial diffusion injection can affect
the process positively ensuring ignition at the injection plane in addition to a reduction of
pressure fluctuations [89].

2.3.3 Non-Premixed Mixture

In non-premixed or diffusive combustion systems, fuel and oxidant enter separately to
the reaction zone. This mode of mixing is used in some combustion systems like internal
combustion engines, turbojet afterburners, oil refinery flares and pulverised coal furnaces.
One of the important features of non-premixed combustion is the uniform temperature

distribution inside the furnace that allows low flame temperatures, consequently low NOx
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emissions. It can be achieved through mutual dilution between recirculated burned gases
and both fuel and oxidizer. Fuel and air jets are injected at high momentum into the
combustion chamber, hence allowing a considerable increase in chemical residence time
[90, 91]. In other words, the jet of gaseous fuel is mixed with sufficient quantities of air.
Hence all fuel can burn at a suitable distance from the nozzle [88]. High stability and

flame anchorage are also features of this technique.

However, despite some positive outcomes of using non-premixed combustion, soot
formation seems to be one of the undesirable features of this mixture [92, 93]. Soot
formation of a particular fuel is governed by physical and operating parameters. The
amount of soot formation in such systems can be reduced by using oxy-fuel combustion
and adding CO- to the fuel or oxidizer [83, 93, 94].

In order to achieve a deep understanding of non-premixed combustion systems, several
experimental and numerical studies have been developed. Some mathematical models
have proven to be the best tool for these investigations. The models are based on the
assumption launched by Burke and Schumann [95] that the mixture fraction is a
conserved scalar, hence the global properties of non-premixed combustion such as flame

length is predicted and all scalars can be related to the mixture fraction.

2.3.4 Stoichiometry Ratio

Fuel to air ratio (f/a) is a significant parameter used to characterise combustion; it is
expressed either in volume or mass basis. The ratio is referred to be stoichiometric when
the quantity of air is precisely enough to consume all of the fuel theoretically. The
stoichiometric reaction for any arbitrary fuel can be written as follow:

n n 7 n n 79
cmHn+(m+;) 02+(m+;[) (Z N;~mC0,+2 Hy0+ (m+z) (Z) N, (2-1)
Thus methane — air stoichiometric combustion reaction is
CH,+2(0,+3.76N,) = CO,+2(H,0) +7.52N, (2-2)

And stoichiometric fuel to air ratio is

Weight of the Fuel
FAR,; iy =2 L0 THE 2-
SLOICIO™ Woraht of the Air (2-3)
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And the equivalence ratio is

P= FAR 3¢
FARstoich

(24

Equivalence ratio refers to the state of combustion whereas,
When (@ = 1) ideal state will be satisfied
(@ < 1) Lean mixture conditions

(@ > 1) Rich mixture conditions

. . 1 .
However, some works use air access ratio (/2:;j ) to refer to the combustion status.

2.4 Swirl Burners

Swirl burners have been widely used in many industrial and technical applications for
decades; this includes gas turbine combustors, internal combustion engines, pulverised-
coal power station, refineries and process burners [74, 96]. Swirling flows have the ability
to control the combustion process through mixing improvement rates between the
reactants, reducing emissions with an increase of output power. Wider ranges of
operational stability represented by flashback and blowoff limits can be achieved
accompanied by high levels of turbulent flame speed and reduction of combustor size
using these flows [74, 97-100].

Historically, there has been a significant development in designing and manufacturing
swirl burners in order to meet operational requirements of combustion systems such as
duty nature, working environment, fuel cost, running efficiency, maintenance cost, and
recently low pollutant demands, therefore swirl burners used in the aviation sector are
different to those used in stationary gas turbines or marine propulsion systems. Swirl
burners can be used to burn different fuel types with different calorific values. Multi-inlet
cyclone combustors and swirl burner furnace systems have the ability to burn even poor

quality and low caloric value fuels (1.3-1.4 MJ/m®) without any supporting fuel [101].

2.4.1 Swirling Flow Characteristics

Swirling flows are characterised by their excellent flame holding with reasonably low
emissions levels. They depend on the aerodynamically formed central recirculation zone

(CRZ) which recirculate heat and active chemical species to the root of the flame and

31



Chapter 2: Swirl Combustor Characteristics and Combustion Instabilities of Gas Turbines

create low-velocity regions so that the flame speed can match the local velocity of the
unburned mixture [65, 74, 96, 102].

Vortex breakdown phenomenon represents the crucial factor in the formation of the CRZ
and determine its size and strength. The phenomenon initiates due to the formation of
flow stagnation points downstream of the swirl exit when swirling flow yield a sudden
expansion. Hence, there will be a considerable decay of intensity in the axial direction
leading to negative pressure gradients. Consequently, the flow will stagnate at a certain
point downstream resulting in the formation of a reverse flow region. This region is
characterised by rapid flow changes in the axial direction accompanied by a reduction in
the velocity of the approaching flow [74, 103]. Figure 2.2 illustrates the mechanism of
CRZ formation [74].
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Figure 2-2. Typical recirculation zone setup in the swirl burner [74].

The tangential velocity downstream burner exit follows a Rankine distribution, with a
steady increase from the central axis to a peak in the forward shear layer (forced vortex)
followed by a decay towards the walls (free vortex). This type of distribution continues

downstream with steady decay of velocity levels, figure 2.3 [74].

Aerodynamically, swirling flows yield both a vortex and axial-tangential movement

simultaneously. Furthermore, recirculation phenomena in any swirl combustor are

complicated due to their three-dimensional and time-dependent nature. Thus the

formation of the CRZ is governed by many factors such as swirl strength, burner
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configuration, equivalence ratio, flow field characteristics at the exit plane, etc. [96].
Swirling flows can also lead to the formation of three-dimensional unsteady vortex
structures. These structures rotate around the swirling central axis affecting the mixing

and subsequently the combustion process [104].
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Figure 2-3 tangential velocity profiles [74].

Moreover, these structures have the ability to produce low-frequency modes matching the
system’s hardware natural frequencies, hence initiating oscillations that can damage the
system. The precessing vortex core (PVC) represents one of these structures, arising from

the random form of vortices [74, 96].

Other swirling flow structures appear depending on the burner configuration. Central
body or central fuel injectors have been widely used in swirl burners in order to enhance
flame stability. However, the use of these configurations can result in a considerable
change of swirl structure characteristics downstream the exit plane. In these cases, outer
recirculation zones (ORZS) located between the corners of the combustion chamber and
annular jet or the high momentum flow region (HMFR) will appear. Shear layers (SL)
located between internal recirculation zones (IRZ) and the high momentum flow region
can be highly distorted [105-108]. Syred and Beér [102] found that cyclone combustors
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could have three large recirculation zones that provide a longer residence time for the

combustion of the reactants.

Swirl structures have been investigated extensively to achieve a deeper understanding of
their interaction. The relation between PVC and other structures, especially CRZs has
special importance due to their mutual coexistence. The presence of the (PVC) was firstly
reported by Syred and Beér [102]. They detected the existence of this three-dimensional
time-dependent structure by using pressure transducers. They found the PVC to be related
to the formation of the CRZ, its frequency, and swirl number. Sarpkaya [109] found traces
of the nature of the vortex breakdown, observing the possibility of the existence of two
PVCs precessing around the recirculation zone. However, the undesirable oscillations of
the PVC have motivated many researchers to investigate stability damping mechanisms
that can minimise the operation instabilities. Yazdabadi, et al. [110] found that by
changing the downstream configuration of the cyclone combustor, it is possible to reduce
the PVC frequency significantly. In addition the, PVC can be delayed or promoted by
these configurations. Other studies have proved the distortion of the PVC when changing
the nozzle [100, 111].

One of the most comprehensive studies that describe the correlation between swirling
flow structures is done by Syred [74]. The study correlates the formation of the central
recirculation zone (CRZ) and the precessing vortex core (PVC) with the burner geometry
and swirl number. The higher the swirl number, the stronger the CRZ. Nevertheless, there
is a lower limit of swirl to allow the generation of the vortex breakdown. Consequently,

the formation of swirl coherent structures normally starts between a swirl of 0.6 and 0.7.

Moreover, the study also indicates that the behaviour of swirl structures, especially the
PVC, becomes more complex under combustion conditions. In the case of combustion,
the method of fuel entry, the confinement level, and the equivalence ratio play important
roles in the occurrence and characteristics of coherent structures. For example, using axail
fuel injection can play an important role in the suppression of the PVC amplitude, while
the high level of confinement of the combustion chamber can alter the shape and size of
the CRZ considerably. This effect of confinement on the swirl structures has been also
proved by [100, 102, 105].
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Modern visualisation techniques have been used effectively to investigate different types
of swirling flows and coherent structures. Valera-Medina, et al. [60] recognised and
identified new structures of swirling flows by using different measurement techniques;
Hot wire anemometry, high-speed photography and particle image velocimetry studies
were carried out on isothermal flows with tangential swirl burner. The co-existence of the
PVC and CRZ, their shape and interaction depends on the burner geometry and flow
regime. Interestingly, a significant finding of this study was the recognition of a canal
formed by the PVC on the side of the CRZ which evidence the interaction between them.
Furthermore, the generation of a second central recirculation zone (CRZ2) with

confinement conditions was also demonstrated.

Many studies have proven the helical nature of the PVC, its centre precessing around the
geometrical centre of the combustor at a fixed frequency and geometrical features [60,
74, 112] as can be seen from figure 2.4 [74]. Although the PVVC promotes good flame
stability through increasing the turbulence intensity, hence better mixing of fuel and
oxidizer, its helical motion forced the flame stabilisation point to move at a certain
frequency and in consequence asymmetric heat fluctuations hence initiate flame
instabilities [113]. The main concerns about the effect of the P\VVC are manifested through
the possibility of coupling between its frequency and thermoacoustic oscillations that

could lead to severe damages to the system hardware.

Figure 2-4 Helical nature of the precessing vortex core [74].
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2.4.2 Characterisation of Flow Field

2.4.2.1 Swirl Number

Swirling flows can be generated by the following three methods [63, 105, 114]
1. Tangential entry (axial-tangential swirl generator),

2. Guide vanes (axial swirling vanes with flat or twisted blades),

3. Direct rotation (rotating pipe).

It is quite common that swirling flames are arranged and controlled by Swirl number.
Any change in its value affect the flame dynamics directly [63, 98]. Swirl number can be
defined as the ratio of the axial flux of tangential momentum to the axial flux of axial

momentum times the equivalent nozzle radius [105].

Axial flux of tangential momentum Gy

= = 2-
Axial flux of axial momentum XExit radius G.R, (2-5)
Where :
ngf;(puw+pu'w)12dr (2-6)
R ’
Gy= [, (ptP +pu? +(p-per?) )dr (2-7)

u: axial velocity [m/s]

u: fluctuating axial velocity [m/s]

w : tangential velocity [m/s]

w : fluctuating tangential velocity [m/s]
p . density [kg/m?]

r : Radius [m]

Ro : nozzle exit radius

Nevertheless, determining the swirl number by using the above equation seems to be
difficult because it requires an evaluation of all velocity and pressure profiles at different
conditions which may give a different swirl number for each point in the flow field [100,
115].
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Thus, according to Syred and Beeér [102] and Fick [111] neglecting pressure variations
across the flow (isothermal conditions), it is possible to evaluate a swirl number from the

geometry of the swirl burner as follows:

_ Rom R Tangential flow rate
£ A, Total flow rate

/? (2-8)

Where:
Ro : the exit radius [m]

Reff : the radius at which the tangential inlets are attached with respect to the central

Axis of the burner [m]

A: : the total area of the tangential inlets [m?]

For tangential swirl burner
Tangential flow rate = Total flow rate

RymR
= OAt eff (2_9)
However, determining the swirl number by the above equation has some drawbacks since
it is based on idealised assumptions of perfect mixing between axial and tangential
streams. Moreover, the swirl number may undergo significant decay downstream of the
swirl generation plane, since combustion conditions cause thermal expansion which leads
to significant increase in the axial velocity. Thus combustion swirl numbers can be

calculated by the criterion proposed by Syred and Beér [102],

Tintet
Sg, comb=35g, iso TIIZ . (2-10)
outlet
Where:
Sg,comb = the combustion swirl number [-]
Sg,1s0 = swirl number at isothermal conditions [-]
Tinlet = the inlet temperature of the fluid [K]

Toutlet = the outlet temperature of the fluid [K]
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Although there are difficulties when determining the swirl number during combustion,
some studies [98, 116] have used the Laser Doppler Velocimetry (LDV) to measure the
velocity profiles to evaluate the actual swirl number. Interestingly the calculated swirl
number was lower than that estimated from standard calculations based on geometrical
parameters. Experimental evaluation of swirl numbers is becoming more important in
determining the fluctuation of heat release and as a consequence more accurate diagnosis

of combustion dynamics and instabilities.

Swirl numbers can also be theoretically calculated by using equation (2-5) by calculating
the axial flux of tangential momentum and axial flux of axial momentum using Reynold
Navier-Stock equations under boundary layer assumptions. However, this method is
limited in applications with weak swirling flows [113]. Swirl generation efficiency
represents an important feature that characterises swirl combustor performance, and it is
a function of swirl number. It is defined as the ratio of kinetic energy flux of swirling
flow through the burner throat to the drop of static pressure energy between air inlets and
burner throat. Thus it varies depending on the swirl configuration or geometry. Efficiency
of axial —tangential swirl generators decreases to about 40% at S=1 while its value are

about 70-80% for radial-flow guide vane systems [114].

Swirl number is the crucial factor for the onset of the vortex breakdown and hence the
size and shape of the CRZ. Syred and Beér [102], Beer and Chigier [114] stated that the
required swirl number for the onset of the (CRZ) is S<0.6. Other studies [19, 117] found
that it is possible to obtain (CRZ) even at low swirl numbers. However, the swirl degrees

can be classified as follow[105]:

> Very weak swirl (S<0.2) in this case swirl strength and related velocities yield
rapid decay consequently the amount of generated adverse pressure gradient is
not sufficient to generate axial recirculation.

» Weak swirl (S<0.4) up to this swirl number the axial velocity profiles are in
Gaussian form, and the maximum velocity values are on the jet axis.
Nevertheless, these maximum values are displaced from the jet axis with swirl
number greater than 0.5 with formation of the recirculation zone [114].

» Strong swirl (5>0.6) at this swirl number the radial and axial pressure gradient
reach higher values, and as a consequence the flow cannot be overcome by fluid

kinetic energy, enabling the formation of the recirculation zone.
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However, determining the minimum swirl number or the so called (Scr) which is required
for the formation of the vortex breakdown and hence the swirl structures and set it as a
universal value for all swirling flows, seems to be a difficult task. Because it depends on
the particular flow features, which are different for all burner geometries [118].

2.4.2.2 Strouhal Number

It is a dimensionless number describing an oscillating flow mechanism. Thus it can be
used to characterise and analyse swirling flows, and it can be defined by the following
formula:

D

Sr=—
I Ub

(2-11)
Where:

f . Oscillation frequency (vortex shedding) [1/s]

D : Characteristic length (exhaust diameter of swirl burner) [m]

Uy : Average bulk burner exit axial velocity [m/s]

Strouhal number can be used successfully to describe flow unsteadiness and periodic
vortex shedding; it can be correlated with other dimensionless numbers such as Swirl and
Reynolds numbers to characterise the PVC [74, 97, 100].

2.5 Operability Issues of Swirl Combustors

All swirl combustors are designed to work efficiently, safely and reliably with reasonable
operability limits. This means the burner should have the ability to hold a flame at a
variety of equivalence ratios, different fuel types and different environmental conditions
(stationary gas turbines or aviation applications). However, most industrial combustors
have undergone some operational issue that can cause considerable degradation of their
performance and as consequence overall system efficiency. The common operability

problems of swirl combustors are as follows;

2.5.1 Blowoff

Blowoff means the flame is being detached from its stable position and physically blown
out. The most common reason that can cause flame blowoff is very lean mixtures or

robust combustion instabilities. Recently swirl combustors have been extensively
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employed with lean premixed combustion to reduce NOx emissions, which are required
to operate close to their blowoff limits, hence the strong possibility of being subjected to
this issue. This problem becomes significantly important, especially for aircraft engines.
Blowoff is a complicated phenomenon that involves interaction between chemical
reactions, flame propagation and flow dynamics [35, 119]. Blowoff phenomena have
been extensively investigated, and a variety of experimental techniques and numerical
simulations have been employed to achieve better understanding to prevent its occurrence
[19, 59, 119-127].

It is thought that blowoff is governed by the equilibrium between chemical kinetics and
fluid mechanics. Thus this relation can be described by using a Damkdhler number based
on a well-stirred reactor [35, 121] which represents the relation between residence time

and chemical kinetic time.

TZI
Da=—= (2-12)
TC
Where
7, . The period that reactants remain in the reaction zone or flow time scale [s]
7. .  The required time for chemical reaction [s]

Thus blowoff will occur if the residence time is shorter than the chemical time [40, 128].
The residence time is denoted by the ratio between the characteristic length (recirculation
zone), and the characteristic velocity scale, while chemical time scale represents the ratio
between thermal diffusivity, and laminar flame speed S. [129], thus blowoff can be

correlated with the Damkohler number as follows:

_d/Ub s d

Da=_-="= 7
2 AUref
/5L re

(2-13)

Where

Da : Damkohler number [-]

d : characteristic length (recirculation zone length) [m]
Up : average bulk burner exit axial velocity [m/s]

o . thermal diffusivity [m?/s]
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S. :  Laminar flame speed [m/s]

However, determining the characteristic velocity, the characteristic length and hence the
residence time is not simple. The characteristic velocity is a function of approaching flow
velocity Uy which may change with Reynolds number due to changes in burning gas
temperature while the characteristic length is a function of the recirculation zone shape.
Additionally, calculations of thermal diffusivity for a fuel of different blends is
sophisticated. Hence the evaluation of chemical time scale becomes more complex. This
investigation of the chemical kinetic is not sufficient to have a comprehensive
understanding about blowoff; fluid mechanics must be accounted too [40, 129, 130].
Nonetheless, blowoff trends of a wide range of fuel compositions can be determined by

using the Damkdhler number [33].

The relation between flame strain and blowoff can be used to predict the mechanism of
blowoff. Whereas flame strain occurs under certain levels of flow velocity gradients and
it can withstand limited levels of strain before extinction, this level is denoted by an
extinction strain rate Kex which is a function of the fuel composition, chemical time scale

and stoichiometry [121, 131], thus Damkohler number can be written as follows;

Kext
K

Da=

(2-14)

Kext : extinction strain rate [1/s]

K :flame stretch

Many mechanisms can be used to enhance flame resistance to blowoff. Swirl burners and
bluff-body techniques have been employed in many applications to achieve flame
stability. They can work as premixed flame holders, enabling mixing between
combustible mixture with hot combustion gases and promote the continuous ignition of
reactants [122, 123, 125].

The flame holding represents a crucial factor in flame stability. Consequently, many
studies have demonstrated different characteristics of flame holding and its effect on
blowoff limits by using bluff-bodies. Lieuwen, et al. [132] studied the effect of bluff-
body geometries. The team pointed out that vortex shedding results from the bluff-body

playing an important role in the ratio of gas expansion across the flame and hence the
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level of flame extinction, and as a consequence the blowoff mechanism. Roy Chowdhury
and Cetegen [133]correlated the turbulence level with strain rate; they found that strain
rate increased with increasing turbulence, consequently leading to localised extinction
zones along the flame surface. Chaparro and Cetegen [122] also indicated that blowoff

equivalence ratios are affected directly by upstream flow extinction.

Due to recent trends from using lean premixed combustion and alternative fuels,
introducing hydrogen or high hydrogen blends as alternative fuels have increased
significantly. Blowoff and flame extinction limits are directly proportional to the
percentage of the hydrogen content of a certain fuel. Many studies have proven that the
equivalence ratio at which blowoff occurs can be decreased by increasing hydrogen
percentage. Working at this conditions enables burners to operate at lower flame

temperatures consequently low NOy emissions [19, 134-136].

2.5.2 Autoignition

Under certain conditions inside the premixer such as high pressure or high temperature,
it is possible that the mixture ignites without an external energy source this occurs
especially in premixed flows an increase in temperature may be caused by early incidence
of chemical reactions of the mixture inside the premixer at high pressure and/or high
temperature. This results in considerable amount of heat generation leading to
spontaneous ignition. In general, autoignition is defined as the homogeneous ignition of

the combustible mixture upstream of the combustion chamber [35].

Autoignition is a serious issue that can stain the performance of gas turbines and can cause
considerable damage to the system. Thus it is crucial to predicting the ignition time of
each mixture to achieve more secure operation conditions. Autoignition time delay is
defined as the time interval between the injection of the mixture into the combustion
chamber and the onset of the flame. This time can be represented using Wolfer equation
[39].

t;=0.43P 1% exp(4650/T,,) (2-15)

Where
ti : the ignition time delay [ms]
P : the pressure [bar]
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Tm @ the initial mixture temperature [K]

Nevertheless, in addition to the effect of pressure and temperature, fuel composition plays
an important role in determining the autoignition time delay [33]. Natural gas or methane
is the favourable fuel for stationary gas turbines and has reasonably weak ignition
behaviour at low temperatures. However, this behaviour can be affected drastically when
adding higher hydrocarbon blends [137]. Recently, hydrogen has proved to be a clean
energy carrier, and it can be added to natural gas or methane to enhance some operational
requirement, as a consequence of its delay time, wide flammability limits, high energy
density and high laminar flame speed [138]. However, the percentage of hydrogen
addition significantly impact the autoignition mechanisms. The higher the hydrogen
concentration, the more the hydrogen chemistry dominates the mixture ignition, whereas
the non-linear relationship between logarithmic of ignition delay and equivalence ratio
becomes increasingly evident with increasing hydrogen fraction [139].

In swirl combustors, strong aerodynamic effects are directly linked to predicting
autoignition times. However, weak aerodynamic system designs make them more likely
to suffer flashback. Thus, ignition delay times of the fuel used and the local conditions
should be taken into consideration when designing the premixer to avoid autoignition
[33].

2.5.3 Flashback

Flashback is the upstream flame propagation from the combustion zone to the premixing
zone inside the combustor. It occurs when the flame speed exceeds the approaching flow
velocity [39]. Flashback is a main operability issue and an inherent instability problem of
lean premixed combustion systems which can cause the burner to overheat with
considerable damages to the system hardware and increase in pollutant emissions [68,

140, 141] as can be seen from figure 2.5.

Fuel composition represents an important factor affecting flashback mechanisms. This
effect is characteristic of turbulent flame speed St variations [33]. Thus introducing
hydrogen or hydrogen fuels to premixed combustion systems that use swirl combustors

have brought many concerns regarding flashback. More reactive gases than a natural gas
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such as hydrogen can present flame speeds about four times greater than those of natural
gas [118, 142, 143].

Swirl lean premixed flames are more likely to be subjected to flashback [140, 144, 145].
Swirling flows are complex and can interact with the flame in these systems causing flame
flashback [146].

Figure 2-5. System hardware damages due to flashback.

According to previous literature [65, 66], there are four types of flashback mechanisms,

2.5.3.1 Boundary Layer Flashback

This type of flashback was firstly described by [147]. They investigated laminar non-
swirling flow flashback, pointing out that the reason of flame flashback in the wall
boundary layer is due to the reduction of the approaching flow velocity near the wall in
such way that it became lower than the flame speed. Thus, they proposed the so-called
“Critical gradient” model. This model defines the flashback limits according to the
equilibrium between the wall-parallel boundary layer velocity u(y), where (y) represents
the wall - normal coordinate and the flame speed St (y) at a distance dg from the wall

which represent the quenching distance, as can be seen in figure 2.6 [148].
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uly) ou

Figure 2-6. mechanism of wall boundary layer flashback [148]

Thus the critical velocity gradient gc at the wall can be used as a measure of laminar wall
flashback limits and can be represented by the following equation;

_ou _Sk)
C g d,

(2-16)
gc : critical velocity gradient [1/s]

St(y) : flame speed [m/s]

dq : quenching distance [m]

The critical velocity gradient gc, in general, depends on equivalence ratio, fuel-oxidiser
Kinetics, static pressure, static temperature, wall temperature, the state of the boundary
layer and the geometry. According to equation (2-16), flashback can take place when the
velocity gradients at a distance dq from the wall, becomes lower than the flame speed.
Lewis and von Elbe [147] proposed the criterion of critical velocity gradient for laminar
poiseuille flow in tubes according to the following equation;

du

_ _4Up
Et= ar

= 2-17.
r=R; mr? ( )

r : the radial coordinate [m]
Rt : radius of the tube [m]
Uy : bulk flow velocity [m/s]

Although the above mentioned critical velocity gradient model in equation (2-16) is

considered as state of knowledge been intensively used to describe the physical situation
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of BLF, it does not take into consideration the flame flow interaction. Moreover the flame
speed could be considerably affected by heat transfer between flame and burner wall in
addition to flame stretch effects. Therefore, critical velocity gradient must be determined
experimentally for different fuels [53].

Turbulent flows lead to increase in flashback propensity, whereas the critical velocity
gradient increases during the transition from laminar to turbulent flow [149]. Many
studies have investigated different mechanisms to reduce or avoid wall boundary layer
flashback. Eichler and Sattelmayer [148] investigated flame flashback of hydrogen rich
mixtures on a flat plate by using Reynolds-average Navier Stock computations.
Interestingly, they found that there is considerable deviation of flashback results than
those in the case of tube burners and the effect of adverse pressure gradients on the
boundary layer structure, resulting in a totally different interaction between flame and
flow. This fact has also been proved by Eichler and Sattelmayer [67], who found that
flashback limits of wall boundary layer flashback are governed by flame tip quenching in
the backflow region. This region is continuously dislocated down the upstream direction
by laminar flames while it develops low-velocity structures close to the wall in the case

of turbulent flames.

Baumgartner, et al. [53] investigated the transient phenomena during the onset of BLF;
they found that for unconfined flames the flashback propensity is governed by flame
speed and heat exchange between the flame base, leakage flow and burner rim. The most
interesting finding of this study is that the adverse pressure generated from flame
backpressure, leads to retardation and reflection of the approach flow upstream of the
leading flame tip, at flashback conditions this flow reflection drive the subsequent flame
propagation. The study also revealed that for unconfined flames, the leading flame tip
propagates with some vertical offset from burner wall, this offset, in turn, lead to increase

the leakage flow of fresh mixture between flame and wall.

Recently Lin, et al. [149] proposed a methodology for correlating the flashback
propensity with turbulent flame speeds (St) for H: rich gases based on measurement of
critical velocity of the flame and flow as follows;

St

~(exy) 1%

Ec
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gc : the critical velocity gradient of the flame [1/s]

Le : Lewis number which represents the ratio between thermal diffusivity to mass
diffusivity [-]
dio : (un-stretched) laminar flame thickness [m]

The critical velocity gradient of the flow is represented by the following equation;

7 -
£=0.03955xU *xv 4 xd'l (2-19)

gr : the flow velocity gradient [1/s]
Uy : the bulk velocity at the combustor inlet [m/s]
v the kinematic velocity of the combustible mixture [m?/s]

d : the diameter of combustor inlet [m]

Thus, according to these relations, the flame stability depends on the balancing between

(gr) and (gc), whereas flashback takes place when (gc) exceeds (g).

2.5.3.2 Turbulent Core Flashback

Turbulent core flashback takes place when the turbulent flame velocity (St) exceeds the
local flow velocity in the core flow. Then the flame can propagate upstream in all the
zones of the burner that have lower velocities than the turbulent flame speed. Thus one
of the fundamental design parameters of new burners is how to ensure that flow fields do
not have strong local velocity deficits with axial flow velocities that must be higher than
the turbulent flame speed (St) [35]. Turbulent flame velocities depend on chemical

Kinetics, turbulent structures, length scales and velocity fluctuations.

Determination of turbulent flame speed has encountered many difficulties represented by
complex interactions between turbulence and chemistry [65]. In swirling flows, the
relation between turbulent flame velocity and level of turbulence fluctuation is crucial in
determining the flashback. The flame can propagate if turbulent velocity is higher than
characteristic turbulent velocity fluctuations, whereas the degree of turbulence fluctuation
in the mixing zone is governed by the swirl strength [35]. Furthermore, swirl flame
structures are highly wrinkled and corrugated. Thus flame surface increases considerably.

Consequently, this effect results in turbulent flame velocities being higher than the
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laminar value. According to this correlation between turbulent and laminar flame speed,
it can be concluded that the burners of low turbulence levels are more suitable for burning
fuels of high laminar burning velocities than high swirl designs to achieve good flashback
resistance [65].

Many studies about the determination of turbulent flame velocity have been published
Lipatnikov and Chomiak [150] found that the turbulent flame velocity increases with
decreasing Lewis number which depends on fuel composition. Kobayashi, et al. [151]
measured the turbulent flame velocity of gasification syngas flames burned with air
(CO/H2/COz/air flame) by using OH-PLIF and flame radiation. The results were
compared with those of (CHa/air flames). They found that the ratio of turbulent flame
velocity to the laminar value (S1/SL) of gasification syngas flames CO/H2/COx/air flame
are higher than that of CHa/air flames. Beerer, et al. [152] used Laser Doppler
anemometer (LDA) to detect the local flame displacement and hence determine the
turbulent flame velocity. They found the turbulent flame velocity for hydrogen/methane

flames in low swirl is a function of fuel composition and turbulence intensity.

Although, there is vast literature on different techniques and simulations to predict the
turbulent flame velocity of various combustion systems, there is still a crucial need to
have a more practical and robust methodology for investigating turbulent flame velocity
especially for Ho-fuels [149]. Consequently, designing combustion systems to have a
higher axial flow velocity, hence avoid turbulent core flashback, is still based on practical

experience.

2.5.3.3 Flashback due to Combustion Instabilities and Coherent
Structures

Combustion or thermo-acoustic instabilities inside the combustion chamber can cause

upstream flame propagation both in the turbulent core and boundary layer, consequently

flame flashback. These types of instabilities arise when unsteady or periodic heat release

couples with one or more acoustic modes of the combustor [62, 153]. It is possible for

these oscillations to interfere with the combustion system causing a considerable amount

of vibrations which lead to failure or collapse of the combustion system [52, 154].

Fluctuations in the combustor are attributed to different mechanisms, one of these
mechanisms is high pulsation levels, which cause a modulation of the flow field in the
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burner. This modulation flow velocity undergoes a periodic drop below the time average,
and large scales of vortices will be generated. If the frequency is low enough, there will
be upstream flame propagation [35]. Another cause of instabilities is equivalence ratio
perturbations which have a direct effect on a chemical reaction, flame speed and indirectly
on the flame area which in turns control the amount of heat release response [155, 156].
Inlet velocity fluctuation is also considered as one of heat release fluctuations,
Balachandran, et al. [157] found that heat release becomes nonlinear after a certain level

of inlet velocity amplitude.

Swirling flows and their coherent structures, especially the precessing vortex core (PVC),
also represent another source of unsteadiness or fluctuation. The (PVC) can trigger the
formation of radial eddies and alter patterns of lean and rich combustion which in turn
consolidate combustions oscillations [74]. The process of development of these
fluctuations inside the combustor is governed by a feedback cycle where heat release rate
fluctuations add energy to the acoustic field. Consequently there will be acoustic pressure
and velocity fluctuations propagating throughout the combustion chamber. These
fluctuations in turn trigger coherent structures and equivalence ratio oscillations leading

to further heat fluctuations closing to the feedback loop [62].

Protection of combustion systems from being subjected to combustion instabilities during
stable operation represents an urgent need from the point of view of high-performance
efficiency and elongating system life. Thus, it is required to have a suitable damping
mechanism that can mitigate or totally eliminate the effect of excitation mechanisms.
Combustion instabilities can be suppressed by either active or passive techniques. Some

common damping mechanisms used in industry are [158],

» Radiation when some acoustic energy is propagated to the far field.

» Convection of acoustic energy.

» Thermal and viscous dissipation which is done by either imperfect reflection of
acoustic waves due to boundary layer near rigid walls or by flow separation and
vortex shedding at the sharp edges.

» Energy transfer between acoustic modes. Combustion instability occurs at
different frequencies, and since nonlinear mechanisms allow for transferring
energy from unstable modes to other modes, thus this extraction of energy from

unstable mode has stabilising effects on the system.
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However, the degree of effectiveness of combustion instabilities controllers is different
from system to system. Some techniques perform differently with different combustion
conditions. Although a certain level of combustion instabilities suppression is possible,
more research is required for new systems to achieve a deep understanding of their
combustion dynamics, hence effectively control combustion instabilities in a more

generic way [159].

2.5.3.4 Flashback due to Combustion Induced Vortex Breakdown
(CIvB)

Combustion induced vortex breakdown has been identified as one source of sudden flame
transition and flashback in swirl combustors. This sudden transition can cause severe
system failure due to the risk of overheating of upstream burner positioned components.
This type of flashback is substantially different from the previous three flashback types.
It occurs primarily in swirl stabilised combustors without a centre body at stable operation
due to small changes in the flow field and the interaction of the turbulence and chemistry
at the tip of the central recirculation zone [65, 160, 161]. It can occur even if the flow
velocity is higher than the turbulent flame speed [162]. The earliest study that denotes
this phenomenon was done by Kroner, et al. [66]. The group investigated the flashback

limits for swirl burners with cylindrical premixing tubes without using centrebodies.

They found that the guenching effect of chemical reactants plays the dominatn role in
flashback limits. Another study [65] found that flame propagation is governed by mutual
feedback between chemical reaction and flow. In other words, flashback has high
sensitivity to the momentum distribution in the vortex core, whereas the chemical reaction
leads to variation in pressure boundary conditions at the inlet of the combustion chamber,
consequently, promoting the propagation of the vortex breakdown. The study has proved
the possibility of significant flashback resistance mechanisms when introducing axial jets,
however, altering swirl levels. The effect of the axial jet has also been investigated by
[163] who found that the increase in axial jet diameter leads to thicker vortex cores. Hence
the vortex breakdown will be shifted downstream and consequently stabilise the burner

operation window.

Vorticity transport equations have been employed by [141, 162, 163] to analyse the source
terms of azimuthal components of the flow field. They argue that the baroclinic torque
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produces a considerable amount of negative axial velocity in the vortex core which in
turn results in the CIVB flashback. They also correlated the phenomenon of stagnation of
the recirculation zone with the effect of changing the equivalence ratio of the axial
position. Based on their investigations the upstream flame envelope and the stagnation
point play the dominatn role in the onset of the CIVB. If the recirculation zone can pass
the stagnation point in the upstream direction, the volume expansion upstream of the
recirculation zone generates positive azimuthal vorticity consequently positive axial
velocity. Thus stable flame prevents the occurrence of the CIVB. However, upon further
upstream flame propagation (a further increase of equivalence ratio) baroclinic torque

will increase, thus the high possibility of CIVB occurrence increases as well.

Since swirling flows are characterised by high complexity turbulent flows, the CIVB
flashback cannot be only correlated to the balance between flow velocity and flame speed.
Thermal and fluid dynamic properties are also crucial to the stable reaction during
upstream flame propagation. The high stretch rates and heat loss in the reaction zone can
also cause extinction or flame quenching, whereas with increasing the stretch rate the heat
release becomes limited by reaction kinetics and as a consequence, disturbing the balance
between the generation of products and removal from the reaction zone. Kroner, et al.
[66] proposed a new correlation to define flashback limits. This correlation stated that
flame quenching occurs at a critical value of the quench parameter (Cquench) Which

represents the ratio between the characteristic chemical time scale (zc) and flow or mixing

time (zu)

TC

=2 Cquench (2-20)
Where
Cquench :  quench parameter [ - ]
T : chemical time scale = 5% [s]
a . thermal diffusivity [m?/s]
SL . laminar burning velocity [m/s]
And
T : flow time scale :g [s]
Where
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d . mixing tube diameter [m]

u . Characteristic or the mean axial velocity [m/s]

Thus, the quenching constant can also be defined as follows;

% = Cquench (2-21)

The above equation has been modified according to the Peclet number approach,

od SE.&#
U? :Cquench' La,_z ( 2-2 2)
Peu:Cquencll'P‘?‘S'L2 (2'23}

Where (Pey) is the flow Peclet number and (Pesv) is the flame Peclet number.

Thus, according to the above correlation flashback behaviour of a certain burner can be
characterised by using the quenching parameter, or in other words, by knowing the
quenching parameter or quench distance for a mixing tube, flashback can be avoided. The
above correlations have been further modified by Kroner, et al. [164], chemical time scale
has been defined according to the relation between the thickness of the reaction zone and
the transport due to thermal diffusivity. In this relation, the time scale is the measure of
residence of the hot reacting gases inside the reaction zone of thickness Jr where,

Se=+ (2-24)

L

Thus, chemical time scales can be defined according to the following equation,

TC:%? (2-26)
Almost all the above works showed that the stability regime close to the burner mouth is
a function of the interaction between flow field and heat release from the combustion
process. This interaction is governed by fuel type, composition, unburned mixture
conditions and local stoichiometry, which mean it is crucial to understand the effect of
fuel type and swirl burner geometry regarding their impact on the turbulence

characteristics close to the burner mouth.
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The fuel type or fuel blends play an important role in the CIVB flashback mechanism,
whereas using high hydrogen increase the onset of the CIVB. Several studies [33, 71,
143] stated that the behaviour of fuel mixtures could be considerably different from that
of individual constituents, while [73, 165, 166] showed significant differences in

flashback limits upon increasing the hydrogen content of the fuel.

Swirl flow characteristics and local equivalence ratios directly affect the interaction at the
burner mouth and hence the governing conditions of the CIVB flashback. There are some
studies have investigated the effect of swirl strength and mixing degree, Baumgartner and
Sattelmayer [167] found that the flashback mechanism is altered from boundary layer
flashback BLF to CIVB flashback with increasing equivalence ratios at low swirl
intensities. Sayad, et al. [72] found that CIVB flashback occurs at higher swirl numbers
than that of boundary layer flashback BLF. The effect of geometrical issues on CIVB
flashback has also been investigated, and many studies about the effect of changing
geometries on the enhancement of CIVB flashback resistance have also been
implemented. Central bluff bodies or lances are widely used in swirl burners to avoid

upstream flame propagation or CIVB flashback.

However, some works used axial injection to increase flashback resistance albeit the
possibility of working with partial premixing and swirl number reduction. Reichel, et al.
[70] found that high amounts of axial air injection reduce the defect in axial velocity,
which influences the vortex breakdown (VB) Position and consequently enhance the

CIVB resistance.

Other works, Konle and Sattelmayer [163] Have found that the increase in the diameter
of the central injector will increase the thickness of the vortex cores and strengthens the
axial flow velocity. Thus the vortex breakdown is shifted downstream producing better
flame stability. The findings have also been stated by [141, 145] who found that axial
injection results in wider vortex cores lead to lower pressure gradients hence baroclinic
torque reduction, and improving system resistance to CIVB flashback. Mayer, et al. [168]
found an improvement of the flashback resistance by using axial fuel injection when
compared to trailing injection where the trailing injection was done by adding rows of

injector holes placed along four trailing edges of a vanned type swirler.
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Lewis, et al. [11] studied the effect of axial injection of methane, air and carbon dioxide,
finding that the coherent structures changed significantly according to the type of gas
injected. Furthermore, they proposed a correlation between the reciprocal effect of the
high momentum flow region (HMFR) and the central recirculation zone (CRZ).
According to this relation, the CIVB flashback occurs when the CRZ is squeezed by the
high momentum flow region HMFR that evolves through the flow. Another study in this
context was done by Sattelmayer, et al. [87]. They found that using diffuser between the
burner mixing tube and the combustor can alter the flashback mechanism from CIVB
flashback to wall boundary layer BLF. Moreover, they stated that similar flashback limits
for BLF and that initiated by CIVB for certain swirl combustor could be achieved by
controlling its aerodynamics, and this represent the optimum condition in terms of
flashback resistance. Nevertheless, any deviation from the optimum leads to deterioration

of the flashback resistance of one of the two types consequently worsen flashback limits.

However, although many works have been implemented to have a deep understanding of
the CIVB flashback mechanism, there are still many unknowns. The effect of different
geometries and fuels on flashback phenomena are still generally predicted in a qualitative

Sense.

2.6 Fuel Blends Used for Gas Turbines

One of the significant features that characterise gas turbines is their high fuel flexibility.
They can consume a vast spectrum of fuels ranging from high to low-level quality.
Nonetheless, the concerns about the possible pollutant products that may generate from
burning these fuels and their impact on climate have represented a serious challenge for
fuel flexibility. Of particular interest to flashback, there are some specific fuel
compositions, generally the most common fuels and fuel blends used in gas turbines that
concern reserves underlying on flashback are,

2.6.1 Natural Gas or Pure Methane CHg4

Natural gas or pure methane represents the main fossil fuel used to operate gas turbines.
It is the cleanest of all fossil-based fuels, and it has lowest carbon intensity, emitting less
COz per unit energy than other petroleum derivate fuels. Furthermore, it is characterised
by high flexibility and abundance [169-171]. The lower heating value (LHV) and higher
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heating values (HHV) of pure methane are 48 and 55 MJ/kg respectively making it

suitable for firing many gas turbines.

Nowadays natural gas is the fastest-growing primary energy source and a vital component
of energy supply in the world. It has a considerable share amongst other energy resources
in the energy landscape, and this ratio is predicted to increase in the future [7], whereas
the global consumption of natural gas is predicted to increase up to (50%) by 2035 [172].
Natural gas mainly consists of 85%-95% methane and can include small quantities of
ethane, propane, butane, nitrogen, carbon dioxide and sulphur compounds. Natural gas
composition and purity can vary depending on many factors such as the production
region, season and climate [173]. The chemical composition of natural gas is given in
Table 2-1 [174].

Table 2-1 Chemical composition of natural gas.

Component Typical analysis (vol%) Range (vol%)
Methane 94.9 87.0-96.0
Ethane F 1.8-5.1
Propane 0.2 0.1-1.5
Isobutane 0.03 0.01-0.3
n-Butane 0.03 0.01-0.3
Isopentane 0.01 Trace to 0.14
n-Pentane 0.01 Trace to 0.14
Hexane 0.01 Trace to 0.06
Nitrogen 1.6 1.3-5.6
Carbon dioxide 0.7 0.1-1.0
Oxygen 0.02 0.01-0.1
Hydrogen Trace Trace to 0.02

2.6.2 Methane - Carbon Dioxide Blends

Carbon dioxide (CO2) usually added to methane (CHa) in order to reduce combustion
temperature and hence reduce the nitrogen oxides (NOx) emissions in addition to achieve
better flame stability especially flame flashback [11, 170, 175]. The specific content of
the fuel can be varied according to the operation conditions, in general, the percentage
ratio of CHgs is (50-75%) while for CO- is (25-50 %) [176].
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2.6.3 Pure Hydrogen

Hydrogen has been considered as a promising clean energy carrier for the future and plays
an important role regarding long-term sustainable energy supply. It characterises by high
heating value around 141 MJ/kg, high combustibility, easy ignition and significantly zero
or low level of harmful emissions to the environment compared with fossil fuels [87, 138,
177, 178].

Although its plentiful in nature, hydrogen is not found separately. Therefore its domestic
production still faces some serious obstacles regarding cost, safety storage and operation.
Moreover, its application is still restricted by geographic location, seasons and
surroundings [179]. In general, hydrogen can be produced by using different
technologies. Such as covering coal gasification with and without carbon capture and
storage (CCS), natural gas reforming with and without CCS, water electrolysis,
thermochemical water splitting with copper-chlorine (CU-CI) cycle, advanced nuclear
technologies, biomass gasification and solar hydrogen production technologies [179-
181].

2.6.4 Hydrogen — Hydrocarbon Blends

The unique characteristics of hydrogen represented by wide flammability range and high
flame speed lead to many difficulties in terms of security of storage, transportation and
combustion stability. Thus blending hydrogen with other hydrocarbon fuels represent a
suitable option that can attain low emission requirements, high output power and
reasonable stability margins [64, 182, 183].

Hydrogen is blended with different hydrocarbons in various proportions to produce the
so-called syngas fuel. Most common and widespread fuels are hydrogen-methane blends.
Those blends receive particular importance as alternative fuels used for gas turbine
operation. The proportion of hydrogen in the mixture ranges from 5% to 90% [143].
However, the most obvious challenge to use blends is their increasing the propensity to
flashback because of the considerable increase of flame speed [35, 71-73, 148, 149, 184].
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2.7 Summary

A literature review of some topics related to swirl combustor characteristics and
associated combustion instabilities such as blowoff and flashback, especially in the
context of various alternative fuels and different geometries, has carried out in this

chapter. It can be concluded that,

» Combustion technologies have been developed in order to meet minimum
pollutant level requirements while keeping high operation efficiency of gas
turbines. Lean premixed combustion using alternative fuels has proved as the

most promising technology in this context.

» Swirl combustors are widely used in gas turbines owing to their great stability
range of operability because of the unique nature of the generated swirling
flows.

The important feature of these flows is the central recirculation zone (CRZ)
which recirculates heat and active chemical species to the flame root, hence
promoting the combustion process by excellent flame holding with reasonably

low emissions.

» Despite their significant features, Swirl combustors are frequently subjected to
different types of combustion instabilities, especially when they employ lean
premixed combustion systems. These instabilities have arisen when using some
alternative fuels especially high hydrogen blends. Common operation
instability problems are blowoff, autoignition, combustion instabilities and
flashback.

» Flame flashback has been considered as an inherent operability issue in swirl
combustors that use premixed combustion. It can lead to severe damages in the
system hardware; flame flashback occurs through four mechanisms; wall
boundary layer flashback (BLF), turbulent core flashback, combustion

instabilities and combustion induced vortex breakdown (CIVB) flashback.

> (CIVB) Represent state of the art amongst other types of flashback, because it

can be initiated even at stable operation conditions and this mechanism is not
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yet completely understood. Thus more investigation is required to have a deep

understanding of this phenomenon and consequently find suitable techniques
that can reduce or totally annihilated this type of flashback.
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Chapter 3

Any sufficiently advanced technology is indistinguishable from
magic
Arthur C. Clarke

3.1 Introduction

Swirl combustors have particular importance in terms of performance and efficiency
for gas turbines. Thus the accurate determination of their operating characteristics is
considered a crucial factor in addressing many issues regarding their duties. However,
swirling flows are so complicated that despite enormous development in computer
softwares, precise approach still require a combination of numerical analyses with
experimental trials. Laboratory facilities should have almost similar features to those
of the real combustion systems in order to simulate their operation and consequently
the possible operation instabilities. Thus, in this work, a 150 kW tangential swirl
burner with other characterization systems has been used to study different flashback

mechanisms to enhance flame flashback resistance.

3.2 Experimental Burner Rig Setup

A tangential generic swirl burner of a thermal capacity up to 150 kW, figure 3-1, has
been used to investigate different flame flashback mechanisms [100, 185]. The system
has two circular tangential inlets of 67 mm diameter each. The inlet area can be varied
by using different inserts (25-25), (50-50) and (70-70) respectively in order to achieve
variable swirl numbers. The system can also be used with three different nozzle
configurations varying the exhaust diameter from 62 to 76 mm. Air was provided by
a centrifugal fan via flexible hoses and two banks of rotameters to control the air flow

rate. Another bank was used for natural gas injection.

The burner baseplate is designed mainly to allow central fuel injection in order to start

burner operation. During stable operation, both air and gas are injected tangentially.
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Premixed gas injectors extend across the inlet ducts to allow adequate mixing. central
fuel injectors are extended from the baseplate through the centre of the burner plenum

opening just before the nozzle.

Figure 3-1. Experimental setup.

Swirl strength is an important factor to describe the performance of any swirl
combustor. This strength is represented by the swirl number which was described in
chapter 2. Determination swirl number by using equation (2-5) is difficult due to the
complexity of the flows. Thus a geometrical swirl correlation suggested by [114],
equation (2-9), has been used as an approach to defining the swirl number. The
approach considers the following assumptions:

1. Isothermal conditions

2. Constant static pressure across the exit

3. Constant density throughout the burner

4. Uniform axial velocity in the exhaust

Figure 3-2 shows the dimensions used for geometric swirl number calculations.
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Figure 3-2 Tangential swirl burner configuration.

3.3 Laser Doppler Anemometry (LDA)

Laser Doppler anemometry (LDA) is considered an effective measurement technique
for fluid dynamic investigations. The non-intrusive principle, directional sensitivity,
absolute measurements, high accuracy, high spatial and temporal resolution make it
suitable for reversing flow and high-temperature chemically reacting media
applications such as laminar and turbulent flows, aerodynamic measurements,
supersonic flows, liquid flows, combustion characteristics of gas turbines[186]. Thus
it has a good ability to determine turbulence mode parameters and consequently can
characterise different features of swirling flows effectively.

Like other laser applications, LDA needs seeding particles in order to trace the flow,

the type and size of those particles depend on the kind of measurement application.

3.3.1 LDA Principle of Operation

The principle of operation of the LDA is based on the well-known Doppler shift of
frequency between transmitting and reflecting signals. When naturally buoyant
particles are seeded within the flow, they scatter the light. Those particles are

illuminated by a known frequency monochromatic laser light. The scattered light is
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detected by photomultiplier tubes (PMT) which generate a current proportional to the
absorbed photon energy, figure 3-3. The difference between the incident and scattered

light frequencies is the Doppler shift [186].

Photodetector O

A

R S SRS SRSy SRS

Incident line wave

Figure 3-3 Doppler phase shift of light scattered by a moving particle [186].

The Doppler frequency is a function of the particle velocity V, the direction of particle
motion which is defined by an angle B, the light wavelength A, the orientation of the
observer which is defined by the angle a (the angle between the photodetector and
incident light wave). Thus, the Doppler frequency can be described according to the

following equation:

fd=%/ *cos,b’*sinizr (3-1)
It can also be measured directly by analysing the incident frequency fi, and the
observed frequency fo, where the difference between them is the Doppler frequency.

However, the Doppler shift is very small compared to the incident light frequency (fi).
Therefore this process has a high degree of uncertainty, and it is hard to have a direct
derivation of velocity. Thus many LDA systems use dual-beam configurations; this
configuration involves two coplanar laser beams with different directions intersecting
at one point in space [186, 187]. The point of intersection is the measurement volume,
and hence the particles that pass through this volume scatter the light from both beams

as can be seen from figure 3-4.

63



Chapter 3: Experimental Setup and Methodology

Figure 3-4 intersections of two incident beams forming a measurement volume [186].

The crossing of two beams results in the generation of the so-called interference fringe
patterns. Those patterns consist of alternating zones of brightness and darkness and
the distance between two sequential bright or dark fringes is known as the fringe

spacing (df) which can be determined by the following equation:

A
= Zsin( 9/ 2)

(3-2)

Where (0): the angle between two incident beams.

In this case, the intensity of scattered light varies with the intensity of the fringes when
a flow particles crosses the fringe patterns. Thus, as can be seen from figure 3-5, the
signal burst varies with the time scale. This fluctuation time scale is (%) , Where V is
the velocity component perpendicular to the fringe patterns, thus equation (3-2) can

be re-written as follows:

V 2v . 0
Ef —75117(}) (3'3)

This value (5) represents the Doppler frequency
f
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Figure 3-5 signal burst record as one particle passes through fringes [186].

Noticeably, determining Doppler frequencies by two beams systems is not dependent
on the position of the photodetector, compared to that determined by using equation
(3-1). However, the Doppler frequency is only a function of the magnitude of V
regardless the direction, in other words, positive and negative values of velocity lead
to the same Doppler frequency. This directional ambiguity can be corrected by making
the frequency of one of the beams shifted by a known value, fs. This value makes
fringe patterns move at speed Vs towards the incoming unshifted beam as can be seen

from figure 3-6, where

Ve=1:dy (34

Thus the frequency recorded by the photodetector is:

1=

4% sin(9) )| (3-5)

A single pair of incident beams can measure single velocity components perpendicular
to the bisector of the two beams. Hence to measure another velocity component, it is
possible either by rotate the laser probe by 90° or add a pair of beams intersecting at
the same point. However, each pair must have its own wavelength so that the burst
signals can be recognised by the filters. The most common lasers used for multi-

component measurement are blue, green and violet lasers. The measurement volume
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size and shape is determined by the intersection of all beams, and its shape is almost

elliptical.
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Figure 3-6 removing directional ambiguity by frequency shifting [186].

3.3.2 LDA Configurations

In this study, a BSA flow light LDA has been used. It consists of the following
components:

» A continuous wave laser generator Producing a monochrome, coherent,
linearly polarised, low divergence (collimator), Gaussian intensity distribution
laser. Mainly it is ND: Yag Laser

» Transmitting optics, including beam splitter, Brag cell and focusing lenses

> Receiving system consist of receiving optics, spatial filter, interference filter
and photodetector

» A signal conditioner that contains an amplifier filter

» Signal processor that includes spectrum analyser, correlator, counter and
tracker

» A Personal computer using BSA Flow software v5:20 DANTEC
DYNAMICS

» Traverse system

LDA can be set up in forwarding scattering mode where (difficult to align and
sensitive to vibration), or backwards scattering (which is easy to align). In this study
backwards scattering has been used. Fig 3-7 illustrates the backwards scatter

arrangement.
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Figure 3-7 backscatter arrangement [186].

3.3.3 Laser Doppler Anemometry (LDA) Settings

Instantaneous velocity components downstream the burner mouth have been measured
by Laser Doppler Anemometry (LDA). The LDA system was a one component
Flowlight LDA system (Dantec) operated in backscatter mode. The tangential velocity

component can be measured by turning the laser probe 90°.

The complex nature of swirl flows and the change in flow structure between isothermal
and combustion cases required using two different settings. For isothermal flows, it
was possible to acquire much more samples than that in the combustion case using a
larger control volume (probe volume). However, during combustion the swirl
structures impose different setting and strict control on the method to introduce
seeding to the burner plenum. However, introducing less seeding can reduce the
validity of results, while more seeding can lead to change in swirl flame structure or
even initiate earlier flashback through changes in the flame local temperature hence

affecting the residence time of the reaction.

The different settings of isothermal and combustion cases are illustrated in table 3-1.
The seeding particle used was aluminium oxide AL3O: of size ~ 10um. Velocity
measurements have been done at different positions Y =5, 15, and 25 mm downstream

the burner dump plane.
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Table 3-1. Laser Doppler Anemometry (LDA) settings

Parameters Isothermal Combustion
Wavelength(nm) 532 532
Focal length (hm) 500 500

Beam separation (mm) 38 38

Expander ratio 1 1.5

Number of fringes 48 48
Fringes spacing (um) 7.005 4.674
Beam half angle (deg) 2.176 3.262

Probe volume dx (mm) 0.3389 0.2262
Probe volume dy (mm) 0.3387 0.2258
Probe volume dz (mm) 8.919 3.968

3.4 Flame Photography

Almost all combustion processes have undergone dramatic and fast temporal and
spatial variations in their characteristics during very short periods of time, especially
flame flashback. Thus high-speed photography is considered as a proper technique for
investigation such combustion phenomenon. However, other imaging techniques even
that of low f/s can give some beneficial diagnostics about flame propagation. In this
work, Nikon D7200 digital camera has been used for flame imaging to detect some

flame flashback diagnostics that can support the investigations. This camera

characterised by the following characteristics;

Viewfinder (optical/LCD)
Native ISO (100-25600)

V V V V V V VYV V

Shutter (1/8000-30 s)

Resolution (24.2 megapixel)
Sensor size (23.5 X 15.6 mm)
Kit lens (27- 210 mm) zoom

6 fps (continuous shooting)
Extended ISO (100-25600)
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3.5 Summary

The above measurement instrumentation can be considered as vital in terms of
characterisation and verification of different combustion instability problems and in

particular, for the understanding of flame flashback propagation.

The 150 kW tangential swirl burner has been used for investigating different
combustion instability issues, especially blowoff and flashback. The configuration of
this burner utilises working at wide swirl numbers with different arrangements.
Moreover, the acquired data can be scaled up to be used with burners of highest output

power.

Laser Doppler Anemometry (LDA) has the ability for investigating small control
volumes and consequently provide an effective mean to have a deep insight and clear
vision about the instantaneous velocity components and local turbulences that play an
important role in flame flashback mechanisms.
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Chapter 4

Science walks forward on two feet, namely theory and
experiment...But continuous progress is only made by the use of
both.

Robert A. Millikan

4.1 Introduction

The global trend towards using alternative fuels that produce low harmful emissions
has increased significantly. However, use of these new sources of energy faces many
issues especially in terms of operational stability, with instability issues causing severe
damages to the system hardware. Consequently, the motivation to develop new
flexible combustion systems that meet the demands of switching to different fuels
accompanied with high-reliability operation has augmented. However, development

of these systems still faces many difficulties.

Swirl-stabilized combustion is the most widely spread deployed technology used to
stabilise and control combustion in gas turbines and numerous other systems.
However, the interaction of the swirling flows with the burner geometries is very
complex, and it has been proved that any change in the burner geometry can affect the
flow field inside the combustion chamber, close to the burner mouth and downstream
the combustion zone. Thus, most burners are provided with a central fuel injector that
centrally delivers well-known fuels allowing the stabilisation of the system previous
to operation under entirely premixed conditions. Moreover, the injector anchors the

central recirculation zone formed downstream of the nozzle [123].

However, swirl combustors can be subject to four different flashback mechanisms
[65]. Recently flame flashback due to combustion induced vortex breakdown (CIVB)

acquired particular importance because the possibility of its onset even during stable
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operation of the combustor or in other words when the flow velocity is higher than the
turbulent flame speed [35, 162]. Thus, the use of injectors can also affect the stability
limits of the system, especially propagation of flashback through changes of shape of
the shear layer. Generally, adapting the burner geometry to meet flashback safety
requirements is of particular interest in this context [188, 189]. However, the
characterisation of the flow and its impacts on the flame flashback propagation and
other swirling structures using different injectors has been briefly documented.
Therefore, this chapter focuses on obtaining data to support the study and demonstrate

the deterioration of the CIVB with these injectors.

4.2 Experiments and Diagnostics

The tangential swirl burner described in chapter 3 has been used during the
experiments. Seven central fuel injectors of different outside diameters (central fuel
injectors; 7, 12.5, 16, 18, 19, 21.3, 23.5 mm) and the same length (175 mm) were used.
Figure 4.1 shows the position of the injector inside the swirl burner. Experiments were
done using all these injectors, nozzles and inserts. Figure 4.2 shows different nozzle
configurations of 0.8D, 0.9D and a Quarl used to change burner exit diameter. By
changing the exit nozzles configuration and inserts, variable swirl numbers from 0.91

to 3.65 have been achieved. Table 4.1 illustrates all experimental conditions.

Central =
fuel Central injector

injector

Nozzle

Sleeve

Tangential
inlets

Figure 4-1 Central fuel injector inside swirl burner.
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Figure 4-2 Different nozzle configurations.

Table 4-1 swirl numbers for the different nozzles and inserts used.

Type of insert | 0.8D Nozzle | 0.9D Nozzle Quiarl Swirl number
25% yes - - 0.91
25% - yes 1.3
25% - - yes 1.12
50% yes - - 1.59
50% - yes 1.80
50% - - yes 1.98
70% yes - - 2.96
70% - yes - 3.34
70% - - yes 3.65

Two modes of fuel injection were utilised; a central injection mode where the fuel is

injected via the central injector, and premixed injection where the fuel is injected

through the tangential inlets just before the inserts, fuel always being natural gas.

To start the burner, firstly, a low fuel flow rate is injected axialy via the central fuel
injector, and once the diffusive flame is established, low air flow rates are injected

tangentially. Then a low amount of fuel is injected tangentially while central fuel
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injection is reduced gradually until it is totally shut. At this point, a stable swirl flame
is achieved under completely premixed conditions. From this point, flame flashback
Is achieved by increasing tangential fuel flow rate at constant tangential air flow rate,
upon increasing tangential fuel flow rate the flame base propagates slightly to be in
contact with the fuel injector for small size injectors, and in touch with the nozzle for
big size injectors, the flame still in this position for a period at constant @, after that it
propagates entirely inside burner plenum. Once the flame propagates against the
incombustible mixture towards the burner plenum, tangential air and fuel flow rates

are recorded.

The flashback is expected to be CIVB, whereas the minimum bulk velocity of the
unburned mixture at low flow rates is (2 m/s) which is much higher than the laminar
flame speed of methane (0.4 m/s). And it is not predicted the turbulence fluctuation is
too high to make turbulent flame speed exceeds the flow velocity. The blowoff limits
were measured by gradually reducing the tangential fuel flow rate, but maintaining the
air constantly flows through the tangential inlets. The blowoff point was determined
when the flame zone was visibly lifted from the burner mouth and blown off. The
stable operation region is to the right of blowoff points, and to the left of flashback
points. In order to check the accuracy of results, experiments were repeated five times,
showing deviations not greater than 5%. This method is repeated for another flow rate
values (higher than the previous one) until obtaining all flashback and blowoff results
for each fuel injector at a certain swirl number. All experiments for other swirl number

is repeated by the same procedure.

4.3 Results

Flashback trends are correlated according to the inlet tangential velocity where using
this correlation allows a comparable analysis between cases and reveals the effects of
outside central fuel injector diameters with different types of swirl burners. Moreover,
this approach allows a fair comparison between cases without considering the change
of Re at the burner mouth caused by the different injectors [185]. To make the data
more generalised, a dimensionless number () which represents the ratio of the outside
injector diameter to the inside nozzle diameter has been used for the analyses. Those

values are illustrated in Table 4.2.
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Table 4-2 Values of fraction 3 (Injector OD/Nozzle inside diameter)

Injector type 0.8D Nozzle 0.9D Nozzle Quarl
OD inmm D=60.8 mm D= 68.4mm D=75.0 mm
7.0 0.115 0.102 0.090
125 0.205 0.182 0.160
16.0 0.263 0.233 0.213
18.0 0.290 0.260 0.240
19.0 0.312 0.270 0.253
21.0 0.345 0.307 0.28
23.0 0.378 0.336 0.306

Figure 4.3 shows the flashback curves for different y using a swirl number of 1.12
(Quarl Nozzle). It can be seen that with the reduction of y the flashback curves move
to leaner regions in the inlet tangential velocity range (Win) of 2.0-3.5 m/s over an

equivalence ratio (@) ranging from 0.50 to 0.75.
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Figure 4-3. Effects of central fuel injector outside diameter on flashback limits, Quarl, swirl

Noteworthy, considering the flashback results of y=0.09 and x=0.016, as the trends
follow one curve and by visual observation, it appears that central recirculation zones
extend over the central fuel injector towards the baseplate for all tangential inlet
velocities. The flashback mechanism can be seen occurring radially from the outer
boundary of the CRZ to the radial aligned tangential inlets. This type of flashback has

been previously denoted by partial flashback [190]. Flashback resistance under these

number 1.12.
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conditions is weak because it depends on the relatively low radial velocity in the flat
swirl chamber. The effect of the injector diameter has an almost little effect regarding
CRZ formation.

However, as the diameter of the injector is increased, flashback limits generally
improve (providing wider burner stable operation) until ¥=0.253 where flashback
equivalence ratio has improved to ~ 0.6 over a wide range of tangential velocities. The
CRZ/burning vortex region still extend around the fuel injector but not always to the
burner baseplate and the flashback mechanism still appears to be a radial flashback in
the flat swirl chamber. Upon further increase of the injector diameter to ¥=0.280 and
¥=0.306 flashback resistance increases, while the location of the flame front and flame

stabilisation mechanism change significantly.

The CRZ is almost unstable at low tangential velocities, close to vortex breakdown,
leading to flame fluctuation and an early flashback. However, higher tangential
velocities stabilise the flow field, and the flashback mechanism has changed. This
occurs via the outer boundary layer between the shear layer and the nozzle wall. Now
two flames are formed, one stabilised on the central fuel Injector while the other on
the outer lip of the burner. Figure 4.4 shows the transition of flashback mechanisms

when injector diameter is increased.

Outer
boundary
layer

Figure 4-4. Flames close to a flashback in Premixed Swirl Burners with central fuel Injectors;
A) Flame burns in the boundary of the CRZ which extends down over the fuel injector to the
baseplate; B) Two flames formed, one stabilised by the central fuel injector, the other located on
the burner lip.
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It is worth mentioning here that although working at leaner conditions is important for
lean premixed combustion systems, movement of flashback curves to the leaner region
for the case of small injectors leads to a considerable reduction of stability map (the
blowoff and flashback curves became close to each other) hence more likely to subject
to blowoff and flashback, as can be seen from figure 4-5. This narrow operation area
is not favourable regarding the swirl combustors safe operation, any small change in

equivalence ratio or mass flow rate could lead to one of the instability cases.
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Figure 4-5. Small injector diameter leads to considerable reduction the of the stable operation
region; big diameter injectors keep wider stability operation region. Quarl, swirl number 1.12.

The change of annular passage area of the flow between the central injector wall and
inside wall of the nozzle plays an important role in this context. At small values of y,
(small central injector diameter) a large annular passage area is available. Thus adverse
pressure gradient across the combustion zone due to sudden density rise across the
flame front and hence the static pressure generated at the flame tip leads to a boundary
layer separation from the wall of the injector, consequently leading to upstream flame
flashback propagation. However, the interaction with the PVC may keep the flame
close to the injector wall and extend to the baseplate [146]. The significant pressure
difference generated due to the higher jump in density may also lead to increase the
baroclinic torque which in turns initiate negative velocity regions at the flame tip
leading to upstream flame propagation [144, 191].

However, upon increasing the central injector diameter, the passage area is reduced,

and hence the unburned mixture will have a slightly higher momentum which provides
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a better impedance to stagnation pressure and hence reduced boundary layer
separation and consequently upstream flame flashback propagation. Moreover, the
increase or reduction of the injector diameter at certain equivalence ratio can affect the
flow field velocity at the burner exit, hence the balance between the flow velocity and
flame speed. Consequently the flame flashback [192]. Figure 4.6 shows the difference
in flashback conditions based on the burner exit velocity (directly downstream the
nozzle) between a medium size injector diameter (¥=0.213) and a large size injector
diameter (x=0.306). It appears that for big diameter injectors flashback occurs at
slightly higher exit velocities than for the small diameter injector at approximately the
same mass flowrates. This suggests that small annular passage areas provide better
flashback resistance by providing the required matching between the axial flow
velocity and flame speed, as expected.
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Figure 4-6. Effect of annular passage area on flashback limits, Quarl, swirl number 1.12.

Moreover, the propagation and extension of the CRZ around the central injector at
small y values can lead to a considerable amount of heat dissipation. Whereas this can,
in turn, degrade the ability of the CRZ to recirculate the heat and active chemical
species to the root of the flame which is one of the important features of swirling

flames stabilisation. Moreover, long-term exposure of the central fuel injector for this

78



Chapter 4: Characterisation the Effect of Injector Geometry on Flashback Mechanisms

heat, especially in a practical operation like that in stationary gas turbines, will lead to
increase maintenance cost requirements because it has a negative impact in terms of
the central injector life spam [108] in addition to the possibility of increased pollutant

levels.

For lower swirl numbers 0.91, the flashback trends are still almost the same, Figure 4-
7. It appears that flashback curves located in tangential velocity ranges (Win) of 2.30-
4.30 m/s over an equivalence ratio (®) range from 0.50 to 0.70. The flashback limits
of the low injector diameter ranges (y= 0.115, 0.205 and 0.263) are located in the same
equivalence ratio while increasing injector diameter to y= 0.345 and 0.378 gives better
flashback trends in terms of stability operation. These results were evident in all the
analysis done for all swirl numbers and geometries which meaning that the mechanism
of flashback is similar for similar injector sizes. Interestingly, a critical of  is around
0.280 for S=1.12 and 0.320 for S=0.91. This suggests that flashback resistance is

improved with lower swirl numbers.
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Figure 4-7. Effect of central fuel injector diameter on flashback limits, 0.8 D nozzle, swirl
number 0.91.

However, in general, the flashback limits for this configuration occur at a slightly

higher tangential velocity than the previous one, Figure 4-8.
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Figure 4-8. Comparison of flashback limits for the two swirl numbers.

Fig 4-8 shows the flashback limits for two different central injector diameters at two
different swirl numbers. The sudden flow expansion for 0.8D Nozzle,(S=0.913) can
provide better pressure gradient conditions at the burner lip. For this condition the
CRZ can be accompined by an outer recirculation zone (ORZ) in addition to two
annular shear flow regions, the inner shear layer (ISL) located between the high
momentum annular flow region and CRZ, while the other is the outer shear layer
(OSL) between the high momentum annular flow region and ORZ. In this
configuration the flame stabilises on both the ISL and OSL, this aerodynamic
stabilisation can increase flame resistance to flame flashback propagation.
Nonetheless, other factors such as local straining of the flame by a high shear layer

may be consider as a crucial factor in flame stabilisation in this context [108].

However, when using the Quarl nozzle, (S=1.12) flashback occurs slightly earlier in
terms of swirl inlet tangential velocity, as the flow expansion becomes rather gradually
compared with a sudden expansion case. Thus, the flame stabilisation by the outer
shear layer becomes less pronounced , hence less aerodynamicly stable, and

consequently, more prone to flashback at higher inlet tangential velocities.
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4.4 Summary

Development and modification of combustion systems geometries are of special
importance to achieve many requirements regarding enhancement of gas turbine
performance. One of this demands is enabling swirl combustors to work at wider

stability margins especially upon introducing alternative fuels.

Thus, this chapter presents an experimental approach for the effect of changing the
outside diameter of the central fuel injector in swirl burner on flame flashback
propensity, especially combustion induced vortex breakdown flashback (CIVB).

A dimensionless number (y) which represent the ratio between the nozzle inside
diameter and the central injector outside diameter has been used to correlate results.
This correlation makes the result more global and can be applied regardless the burner
size. Results showed that this geometrical variation can affect the flashback
mechanism significantly. Reduction of the central injector outside diameter moves the
flame flashback limits to the leaner region. However, there is a limit for this reduction.
Flashback results for small size injectors give almost the same result and in general

very small injector diameter gives result to those without injector.

A considerable alteration in flashback mechanism has been observed in terms of CRZ
stabilisation, when using small diameter injectors generally the CRZ extends around
the central fuel injector towards the burner baseplate, this upstream, CRZ propagation
is considered as an undesirable flame propagation because it causes a considerable rise
in temperature around the injector which in turns lead to increase pollutant levels

accompanied with reduction of injector life and increase maintenance cost.

However, wider injector diameters provide better flashback resistance through
providing better CRZ stability. The flow stagnation point is shifted downstream
because of the slightly increase in the axial flow velocity due to the reduction in the
annular passage area. CRZ generally stabilizes on the inner and outer shear layers

downstream the burner nozzle and injector.

The results for the two swirl numbers are almost identical despite some differences in
terms of working at a slightly higher inlet tangential velocities for S=0.913. Moreover,
a critical value of  for a low swirl number S=0.91 is x = 0.320 which is higher than
that for other swirl number S=1.12, i.e. x = 0.280. The reason for this effect is low
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swirl numbers result in weak CRZ, hence less likely for CIVB propagation.
Consequently, the transition from CIVB to BLF delayed to higher equivalence ratios
and enables working at higher flowrates, contrary to higher swirl numbers, i.e. S=1.12
as the CRZ is bigger, hence more likely for CIVB propagation. As a result, early
transition to CIVB in terms of equivalence ratios is observed. It can be concluded that
flashback resistance is enhanced at low swirl numbers. Thus, determining this value
is of high importance in terms of burner design and hence operation stability

requirements.

Results evidence that using a central fuel injector as bluff body can significantly
annihilated the CIVB flashback to some extent. Nonetheless, when choosing central
fuel injector it is important to take into consideration that it is big enough to provide
central fuel for stability purposes and at the same time small enough to destroyed
CIVB.
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Chapter 5

The science of today is the technology of tomorrow.
Edward Teller

5.1 Introduction

Swirl combustors have been proven as effective flame stabilisers over a wide range of
operation conditions thanks to the formation of well-known swirl coherent structures
which provide low-velocity regions that enable flame anchoring. However, the
interaction between swirl structures incoming flow conditions and swirl burner
geometries is so complicated that any change in the later can considerably alter the

stability regime downstream the burner exit plane.

Using central injectors either as a central body or to inject fuel axially has been used
successfully to achieve good stability limits through transient conditions and hence
preventing upstream flame propagation. However, injecting either fuel or mixtures of
air and fuel axially can degrade the degree of mixing, consequently increasing
pollutant levels significantly [87]. Furthermore, employing bluff- bodies in gas
turbines does not achieve whole safe operation with risks subjected to different
flashback mechanisms including combustion induced vortex breakdown (CIVB) [35,
193]. In addition, centre bodies, bluff-bodies and central fuel injectors can undergo
material degradation due to harsh environments produced by high flame temperatures
caused by the surrounding of the central recirculation zone (CRZ) especially when
high hydrogen content blends are used [73, 194]. Figure 5.1 shows the effect of high

temperature on central fuel injectors.

Air injection can provide many solutions for different operational and maintenance
problems in the gas turbine sector. For instance, this technique can replace the use of
central or bluff-bodies which frequently are subjected to overheating conditions.
Moreover, air injection allows wide operation stability margins compared to stationary

fuel injectors since the diameter of air jets can be varied during combustor operation
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to meet stability requirements. Thus, this chapter describes the effect of using axial air
injection on flow field characteristics and how it can affect the lower instability limits
through altering the flashback mechanism produced by the induced vortex breakdown
flashback (CIVB).

Figure 5-1. Effects of high temperature on Central Fuel injectors under flame flashback
Conditions

5.2 Apparatus and Experimental Procedure

5.2.1 Air Injection Facility

The description of experimental setup has been mentioned in chapters 3 and 4.
However, a new configuration has been utilised to enable central air injection from the
burner plenum bottom instead of the central fuel injector. Thus the original baseplate
which contains the central fuel injector (Central injector) has been replaced by a new
one that allows axial air injection in addition to the fuel, Figure 5.2. The inside
diameter of the central air injector has been chosen to be 19 mm based on previous
results from chapter 4 where this diameter produced the region of transition of the
behaviour of flame flashback from wall boundary layer flashback (BLF) to
combustion induced vortex breakdown flashback (CIVB). Figure 5.3 illustrates this
considerable change of flame flashback mechanism due to the change of central fuel

injector diameter.
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Figure 5-2 Experimental setup.
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Figure 5-3. variations of flame flashback mechanism with injector outside diameter.

The air injector is fitted by external screws inside a cylindrical pipe connected to the
burner baseplate. This allows its vertical movement inside the burner plenum to have
different positions (X) with respect to the baseplate. Figure 5.4 shows the position of
the air injector inside the burner plenum.
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X=0mm X=29 mm X=48 mm

X=75mm X=110 mm X=150 mm

Figure 5-4. Different air injector positions inside Burner plenum.

Six different positions of the air injector inside the burner plenum have been
investigated. Table 5.1 illustrates those positions.

Table 5-1 Air injector positions with respect burner baseplate.

No X (mm) | From outlet (mm) notes

1 0 205 Air injection directly from burner baseplate
2 29 176 Downstream baseplate

3 48 157 =

4 75 130 =

5 110 95 =

6 150 55 =
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5.2.2 Obtaining Burner Stable Operation

The process of obtaining stable swirl flames without central fuel injector in relatively
high power laboratory tangential swirl burners is difficult, especially when the air is
injected at X=0 (air injection position parallel to the burner baseplate). The absence of
a bluff body complicates the mechanism of flame anchoring and hence central
recirculation zone (CRZ) generation. Moreover, the difficulty includes starting the
swirl burner without central fuel injection. Thus, many experiments have been done
to determine the proper procedure to start the burner and have stable swirl flames. The
first set of experiments was implemented at low flow rates to avoid the risk of
subjected to sever flashback that could lead to damaging of the system. The best-
obtained procedure for burner operation under these conditions was to inject fuel
firstly. This was done by shutting the air valve and enabling fuel injection through the
air injector pipe. Then the tangential premixed injection was started at low flow rate
with simultaneous decreasing of the central fuel injection. Once a stable flame is
achieved the central fuel was shut down. At this point the axial air injection can be
started with simultaneous increasing of the tangential premixed mixture until having

a stable swirl flame was observed.

However, the appropriate amount of air injected axially is also crucial in terms of the
ability of this axial jet to physically simulate not only the shape of the central fuel
injector but also act in the same way as a solid body. Thus, different amounts of axial
air injection at different tangential premixed mixtures have been investigated. The
most suitable axial air flowrate was 50 LPM, this value represents almost (3 — 10 %)

from the total volume flow rate of the burner.

In order to obtain stability limits, firstly blow off limits were determined. At stable
operation condition for a certain flowrate the tangential gas was reduced at constant
tangential and axial air injection until the flame was totally blown off. This procedure
was repeated for all flow rates. Flashback limits were evaluated using the same
procedure except the tangential gas was increased at constant tangential and axial air

injection until the flame propagated upstream and into the plenum.
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5.3 Results and Discussion

5.3.1 Burner Stability Operation Map Using the Central Air
Injection

Compared to actual injectors, central air injection affects the flashback trends
significantly. The use of the central air injection simulates the physical shape of a
central fuel injector allowing wider operation (0.55> ® <0.7) over a tangential velocity
range from 2.5 m/s to 7.5 m/s. While when using the central fuel injector as central
body the burner stability operation is narrower at lower equivalence ratios (0. 48> @
<0. 57) over a tangential velocity range 2.5 - 4 m/s after which no stable flame can be
achieved. Figure 5-5 shows the different stability limits of the burner when using air
stream injected from the bottom of the burner baseplate instead of a central fuel
injector. The stable operation region is to the right of the blowoff points, and to the
left of the flashback points. In order to check the accuracy of results, experiments were

repeated five times, showing deviations not greater than 5%.
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Figure 5-5. Difference in the stability operation when the air stream is injected from the
baseplate (X=0) and the use of a central injector, 0.8D nozzle, S = 0.9.

This impact of air injection has very important potentials regarding increasing the
output power and hence the total efficiency of the combustor, as seen from figure 5.5.
Using air stream enables the burner to operate at higher tangential velocity values

(almost three times greater than the case when using a central fuel injector to promote
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the stability operation) and higher equivalence ratios which in turn increase the overall
stability operation map.

Moreover, it appears that both blowoff and flashback limits of the air injection case
are located at relatively more constant equivalence ratios at variable tangential
velocities. This finding is important because flashback due to CIVB can initiate due

to an increase in equivalence ratio or mass flow rate fluctuation [160].

Additionally, this can reduce combustion instabilities that can arise from equivalence
ratio fluctuations, while this fluctuation is evident when the central fuel injector is
used. Moreover, it is possible to achieve the reasonable amount of tangential velocity
at relatively constant equivalence ratios while switching to a higher power and

maintaining constant equivalence ratios.

This effect of axial air injection on the burner stability map is still achievable at higher
swirl numbers (S =1.2,S =159 and S = 3.65) as can be seen from Figures 5.6, 5.7
and 5.8, which suggests the validity of using this flame stabilisation technique at even

higher swirl strength burners.
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Figure 5-6. Difference in the stability operation when the air stream is injected from the
baseplate (X=0) and the use of a central injector, Quarl, S =1.12.

The central air injection promotes flame stability by affecting the aerodynamic
characteristics of the flow field downstream the burner mouth. It reduces the defect in
the axial velocity at the tip of the recirculation zone which is one of the main reasons

leading to CIVB flashback. Figure 5.9 illustrates the effect of central air injection on
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the axial velocity at the central axis if the burner is used for variable flow rates under

isothermal conditions. All flow rate values of isothermal tests are illustrated in

appendix A
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Figure 5-7. Difference in the stability operation when the air stream is injected downstream
baseplate (X= 29 mm) and the use of a central injector, 0.8 D nozzle, S = 1.59.
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Figure 5-8. Difference in the stability operation when the air stream is injected downstream the
baseplate (X=29 mm) and the use of a central injector, Quarl, S = 3.65.
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Figure 5-9. LDA results, effect of axial air injection on the defect of axial velocity downstream
burner mouth X=0 mm, Y = 5mm (Isothermal condition).

This effect is almost the same at downstream levels Y =15 mm and Y = 25mm as can
be seen from figures 5.10 and 5.11
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Figure 5-10. LDA results, effect of axial air injection on the defect of axial velocity downstream
burner mouth. X=0 mm, Y = 15mm (Isothermal condition).

The effect of axial air injection on the centreline velocity defect became more evident
at low flow rates as the air injector was moved downstream the burner baseplate. As

can be seen from figure 5.12, with air injector position being at X =29 mm and figure
5.13 with air injector is located at X = 150 mm. It is worth mentioning here that the

closer the air injection position to the nozzle exit, the more symmetry of the velocity
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profile. This change of symmetry of swirl flow is because the axial air jet is
considerably affected by inlet tangential jets at X= 0 mm, whereas this effect is almost

disappeared at X= 150 mm, as the air axial air jet became entirely protected by injector
body and the sleeve.
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Figure 5-11. LDA results, the effect of axial air injection on the defect of axial velocity
downstream burner mouth X =0 mm, Y = 25mm (Isothermal condition).

However the change in axial velocity profile is almost the same at high flow rates as

can be seen from figure 5.14, this being a consequence of the weak CRZ at low flow
rates.

7
—=a— 400 LPM, No air injection
6 _
»
F;\ 'l \ —+— 600 LPM, No air injection
5 » e
- = "" £N —e— 800 LPM, No air injection
- 4 !.F ‘\.\ * L |‘
£ RN 5 i ---m--- 400 LPM,Air injection
o an_ 4 it
£ 3 AN I ‘,_f“ "alb 600 LPM, Air injection
o, l‘-l a ‘\A".T / i
g TN :’ ! ---e--- 800 LPM, Air injection
— '-*1 /i !
E 1 rJI P Ly t‘\‘
- .\% o “l "n .
0| =y L i"
N 44
-1 ‘od
-2
-1.6-1.3 -1.0 -0.7 -0.3 0.0 0.3 0.7 1.0 1.3 1.6
r/Ro

Figure 5-12. LDA results, the effect of axial air injection on the defect of axial velocity
downstream burner mouth, X =29 mm, Y =5 mm (Isothermal condition).
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Figure 5-13. LDA results, the effect of axial air injection on the defect of axial velocity
downstream burner mouth X =150 mm, Y =5 mm (Isothermal condition).
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Figure 5-14 LDA results, effect of axial air injection on the defect of axial velocity downstream
burner mouth at high flow rates X = 150 mm, Y =5 mm (Isothermal condition)

However, unlike the isothermal case, swirling flows under combustion conditions
yield dramatic changes. The recirculation bubble formed at the tip of the recirculation
zone can move further upstream under the effect of the heat generated that plays an
important role in the interaction between volume expansion and baroclinic torque

which in turn represent the crucial factors that promote flame stability in this region.
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Moreover, the pressure variations inside the burner plenum arise due to chemical
reactions downstream the nozzle. This can be another reason for this upstream shift in

the position of low or negative velocity regions [65, 162].

It is worth mentioning here that these dramatic changes in the flow field are not taking
place under isothermal conditions. Thus the axial velocity profile can change
significantly, although some differences in total mass flow rate between two cases, as
in the combustion case fuel mass flow rate is added. Figures 5.15 and 5.16 show the
difference in axial velocity profile between the two cases. This difference has also

been demonstrated previously by [163].

Under combustion conditions the effect of axial air injection on negative velocity
defect still the same as that of isothermal conditions for low flow rates (400 and 600
LPM). However, at a higher flow rate 800 LPM the effect is altered, this evinces of
propagation of the CRZ. The axial air injection pushes the CRZ down, and its tip
became parallel to the measurement level, while without air injection CRZ propagates
inside the sleeve. Hence measurement level became bounded by CRZ in less negative
velocity regions than that at the tip of the CRZ. Figure 5.17 illustrates this difference.

All flow rate values of combustion tests are illustrated in appendix B.
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Figure 5-15. LDA results, different axial velocity profiles isothermal and combustion conditions
at X=0mm Y=5 mm.
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Figure 5-16 LDA results, different in axial velocity profile between isothermal and combustion
at X=29 mm Y=5 mm.
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Figure 5-17 LDA results, the effect of axial air injection on the defect of axial velocity
downstream burner mouth X = 150 mm, Y =5 mm (Combustion condition).

5.3.2 Effect of Central Air Injection

Although injecting air axially from the burner baseplate enhances the stability map
significantly, the position of the central injector inside the burner plenum with respect
to the tangential inlets and burner nozzle has a particular importance regarding the

flow regime inside the combustor and hence the overall stability operation.
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Figure 5.18 shows the flame flashback trends for six different positions of the central
air injector with respect to the burner baseplate. When air is injected directly from the
burner baseplate X =0, the flame flashback margin is around 0.7 equivalence ratio over
inlet tangential velocities ranging from 2.5 to 7.5 m/s.

However, when the position of the axial air injector opening is parallel to the bottom
edge of the tangential inlets X=29 mm, flashback trends are affected significantly and
shifted to the leaner region. This is mainly because the axial air jet is subjected directly
to the high momentum tangential flow which in turns produces a considerable pressure
fluctuation, hence high turbulence intensity in this region as will be explained in

section 5.3.3 leading to flashback occurring at lower @.

Further downstream at X= 48 mm the flashback behaviour is similar to that of X=0
case at low flow rates of velocity at 2-3 m/s. However, upon increasing flowrates the
overall turbulence generated at the bottom of the burner sleeve produces an
aerodynamic flow fluctuation leading to earlier flashback compared with that of X=0,

and little bit richer than X=29 mm case.

When the air injection is located further downstream inside the burner sleeve at X=75
mm, the flame flashback trends recover and simulate the initial case at X=0 mm
despite some difference in the tangential velocity in the range of 3-4 m/s. This
behaviour is linked to the position of the air injector as it is protected from fluctuations

generated at the sleeve bottom.

Enhancement is observed at X=110 mm and stable operation became wider whereas
in this region both the air injection and burner physical body (central body) promote
flame stability. These stability limits are almost the same when the air injector opens
at X=150 mm. However, flashback trends move to a richer region at higher flow rates
(5 m/s tangential velocity), and no flashback is observed at higher flow rates, as can
be seen from figure 5.19. This outcome is of particular importance regarding

possibility of switching to a higher power operation.

97



Chapter 5: Effect of Axial Air Injection on Flame Characteristics and Flashback Resistance

8
- At AX=0mm
E 7 % A
— X *
s X ® XX=20mm
= X * *
2 % R 4
S % $ - -
2 s X . o P X=48mm
= X
% 4 % {A @X=75mm
g A : ::
z s %
by **. , ¢X =110 mm
2 “EIRE
Z 2 **

4X =150 mm
1
0.4 0.5 0.6 0.7 0.8 0.9 1
Equivalence Ratio (®)

Figure 5-18 flame flashback trends at different positions of central air injection S=0.9.
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Figure 5-19 Burner stability map, X=150 mm.

At a slightly higher swirl strength, S = 1.12 (when the Quarl nozzle is used) the effect
of air injector position is nearly the same as that of, S = 0.9 case. However, the
flashback trends of X = 0 mm and X = 29 mm have improved, moving to higher
equivalence ratios compare with that of low-swirl case. The sudden expansion of
burner exit nozzle reduces the local pressure at the exit plane. Consequently the region
of high turbulence fluctuations shifted downstream the bottom of tangential moving
from X =29 mm to X =48 mm, figure 5.20 illustrates the burner stability map when
a Quarl nozzle is used. Using Quarl nozzle (sudden divergent) leads to decrease local
pressure downstream burner mouth. Consequently the position of high turbulence

region is shifted from X=29 mm to X=48 mm.
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Figure 5-20. Flame flashback trends at different positions of central air injection S =1.12.

5.3.3 Effect of Turbulence Intensity on Flame Flashback Propensity

The mutual relation between combustion, heat transfer and turbulence is of high
importance in determining operation stability figures of any combustion system. Thus
understanding the interaction between those parameters is considered a crucial factor
in solving many combustion instability issues. In turbulent flames, the high level of
turbulence can increases the flame speed, consequently the possibility of flashback
initiation [152, 195, 196]. The relation between turbulence intensity and turbulent

flame speed is described as follows [35];

STOCSL+ U, (5‘1)

Where
St : turbulent flame speed [m/s]
St @ laminar flame speed [m/s]

u : velocity fluctuations [m/s]

According to equation 5-1, any increase in turbulence intensity will consequently be
followed by an increase in turbulent flame speed. Hence if this increment occurs at
some weak regions inside the swirling flow, especially in the tip of recirculation
bubble or the recirculation zone CRZ, there is a strong possibility of upstream flame
propagation caused by turbulence effects in the flame. Thus determining and
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correlating turbulence intensity with combustion instabilities, especially flame
flashback has significant potentials. However, methods of measuring turbulence

intensity mainly depend on the flow characteristics.

Swirl flows are three-dimensional time-dependent in nature. Thus they reveal dramatic
changes in their characteristics from one to another adjacent position inside the flow.
Therefore, such flow is considered as anisotropic [197]. Thus, in this study two
methods have been used to determine the turbulence intensity based on one -
dimensional LDA axial velocity measurements at different distances downstream the

burner mouth.

The first method can describe the instantaneous changes in turbulence intensity across
the swirl flows, especially in the shear layers, high momentum flow region and CRZ,
and consequently, correlate those changes with combustion instabilities. Turbulence

intensity in this method is calculated according to the following equation:

T, = tems (5-2)

u

Where;

Urms : the root mean square value in the axial direction measured by LDA
u : mean axial velocity measured by LDA

This method will be denoted by method A.

While for the second method turbulence intensity is determined by the following

equation:

Urms
L==" (5-3)

Uy : bulk flow velocity calculated by dividing the volume flow rate of air-fuel mixture
at the burner exit nozzle area. This method will be denoted by method B.
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5.3.3.1 Effect of Turbulence Intensity on Flow Field Characteristics,
(Isothermal Test, Method A)

Swirling flows undergo more complexity under combustion conditions. Thus the first

set of measurements has been done under isothermal conditions and then compared

with the combustion case. Experiments have been implemented to investigate different

flow rates at different conditions (with and without central air injection, different air

injector positions X and different distances downstream the burner mouth Y).

Figure 5.21 shows the effect of central air injection on turbulence intensity values

(Method A).
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Figure 5-21. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 400 LPM, X = 150 mm, Y =5 mm, method A).

As can be seen from figure 5.21, central air injection decreases the level of turbulent
intensity considerably. The turbulent intensity values fall by almost 45% than its
original values. This effect is of great interest in terms of overall flow stability. The
peaks of turbulence intensity values indicate the presence of shear layers that are very
close to the burner centre [152], which suggests that this testing position (Y =5 mm)
is almost at the tip of the recirculation zone where shear layers became close to each
other around the burner centre. Hence this represents a proper position for

investigation.

Although this high turbulence can improve mixing and promote stability especially at

low swirl numbers, it can initiate flame flashback under certain conditions, as the
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adverse pressure gradient generated by the swirl leads to significant variations in the
level of turbulence especially at the burner centerline which in turn provokes CIVB
flashback. However, introducing the central air injection eliminates turbulence
variations producing more uniformity in the velocity gradients. This effect is observed

at different flowrates as can be seen from figures 5.22 and 5.23.
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Figure 5-22. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 600 LPM, X = 150 mm, Y =5 mm, method A).
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Figure 5-23. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 800 LPM, X =150 mm, Y =5 mm, method A).
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However, this effect in the reduction of turbulence is less acute or disappears at slightly
higher flow rates as can be seen from figures 5.24 and 5.25. It seems to be a

consequence of the elongation of the CRZ, as in Figures 5.12, 5.13 and 5.14.

For low tangential flow rates, the ratio of central air injection is around 9%, while at
higher flow rates it is reduced to about 5%. Thus injection of 10 % of air axially seems
to be reasonable to achieve the movement of the CRZ further away from the outlet of

the burner.
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Figure 5-24 LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 1000 LPM, X = 150 mm, Y =5 mm, method A) Central air
injection effect reduces at high flow rates.
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Figure 5-25 LDA results, effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 1200 LPM, X =150 mm, Y =5 mm, method A) Central air
injection effect reduces at high flow rates.
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The effect of high tangential flow rates on the ability of using central air injection has
been observed at almost all conditions at different air injector positions (X = 110 mm,
X=29 mm and X =0 mm), as can be seen from Figures 5.26, 5.27,5.28, 5.29, 5.30,
5.31,5.32, 5.33,5.34and 5.35 .

However, for X= 29 mm and X = 0 mm the effect almost disappears at slightly
moderate tangential flow rate values (800 LPM). This due to high turbulence generated
in this region which arises when the air injector opening is set to be parallel to the

tangential inlets.

However, turbulence at 1000 LPM at the centre shows a reduction. Since shear layers
show high turbulence, it is likely that the CRZ has already entered the sleeve. The
same happens with X= 0. The results suggest that the resistance of the incoming flows
to the movement of the CRZ has been considerably reduced as a consequence of high
turbulence produced at the tip of the central injector, or that the turbulent speed at the
tip of the CRZ has been increased. Thus promoting the movement of the coherent
structure upstream the measuring point, beyond which the air injection start effect
again. At x= 150 and 110 mm the air injector yields less turbulence because it is

protected by the sleeve.
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Figure 5-26.LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 800 LPM, X =110 mm, Y =5 mm, method A).
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Figure 5-27. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 1000 LPM, X =110 mm, Y =5 mm, method A).
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Figure 5-28. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 400 LPM, X =29 mm, Y =5 mm, method A).
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Figure 5-29 LDA results, effect of central air injection on turbulence intensity values under
Isothermal conditions (Air flow rate 600 LPM, X =29 mm, Y =5 mm, method A).
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Figure 5-30. LDA results, the effect of central air injection on turbulence intensity values under

isothermal conditions (Air flow rate 800 LPM, X =29 mm, Y =5 mm, method A), Central air
injection effect reduces at moderate flow rates.
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Figure 5-31. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 1000 LPM, X =29 mm, Y =5 mm, method A), Central
air injection effect recovers at high flow rates.
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Figure 5-32. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 400 LPM, X =0 mm, Y =5 mm, method A).
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Figure 5-33. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 600 LPM, X =0 mm, Y =5 mm, method A).
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Figure 5-34. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 800 LPM, X =0 mm, Y =5 mm, method A), Central air
injection effect reduces at moderate flow rates.
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Figure 5-35. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 1000 LPM, X =0 mm, Y =5 mm, method A), Central air
injection effect recovers at high flow rates.
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Turbulence intensity values vary considerably upon changing the air injector position
inside the plenum; this variation has crucial effects regarding burner stability and the
mechanism of upstream flame propagation during flashback propensity. At low
tangential flow rates (400 LPM), injecting air directly from the burner baseplate
reveals higher turbulence intensity than the other two positions as can be seen from
Figure 5.36.
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Figure 5-36. LDA results, the effect of air injector position on turbulence figures, 400 LPM
tangential flow rate with central air injection, method A.

However, at a slightly higher tangential flow rate (600 and 800 LPM) the effect has
changed. X= 29 mm position reveals higher turbulence intensity among other positions
as can be seen from figure 5.37 and figure 5.38. Moving to more higher flow rate
(1000 LPM) turbulent intensity values became higher at X= 110 and 150 mm than
other two positions as can be seen from figure 5.39. The results show how the CRZ
moves at different flow rates with different injectors, a consequence of different
turbulence at the tip of the CRZ structure.

Although determining turbulence intensity according to method A (based on local
axial velocity) can give a reasonable prediction about CRZ propagation, there are some
drawbacks of using this method. As the turbulence intensity could become infinity as
local axial velocity tends to be zero, thus correlation the results based on turbulence

intensity determined based on bulk flow velocity seems to be crucial.
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Figure 5-37. LDA results, the effect of air injector position on turbulence figures, 600 LPM
tangential flow rate with central air injection, method A.
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Figure 5-38. LDA results, the effect of air injector position on turbulence figures, 800 LPM
tangential flow rate with central air injection, method A.
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Figure 5-39. LDA results, the effect of air injector position on turbulence figures, 1000 LPM
tangential flow rate with central air injection, method A.
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5.3.3.2 Effect of Turbulence Intensity on Flow Field Characteristics,
(Isothermal Test, Method B)

Turbulence intensity measured according to bulk flow velocity gives the overall

turbulence profile, correlating root mean square velocity fluctuations of swirling flows

with bulk flow velocity. Results can be compared with other combustors regardless

differences in configuration or power output. Thus turbulence intensity figures of this

method have been represented according to the relation between (Urms/Up) VS. (I/Ro).

Figure 5.40, shows the effect of air injection on the turbulence intensity values at low
flow rates (Method B). It appears that the central air injection reduces the amount of
turbulent intensity by about 25%. Moreover, a variation of turbulence intensity in the
shear layers became more uniform and less intense. Higher values of turbulence
intensity is located at the boundary of the central recirculation zone. Those values may
have crucial effects on the propagation of the CRZ previous to the CIVB flashback.
Thus by tackling this high turbulence fluctuation around the CRZ, it is possible to
govern some flashback mechanisms specially CIVB.

0.7

—&— No central air injection

0.6 L
—a— Central air injection

-1.5 -1 -0.5 ] 0.5 1 1.5
r/Ro

Figure 5-40. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 400 LPM, X = 150 mm, Y =5 mm, method B).

This effect is also acute at slightly high flow rates, as can be seen from Figures 5.41,
5.42,5.43 and 5.44. Nevertheless, this effect is reduced with increasing tangential flow
rates as the CRZ move to the measuring position.
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Figure 5-41. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 600 LPM, X =150 mm, Y =5 mm, method B).
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Figure 5-42. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 800 LPM, X = 150 mm, Y =5 mm, method B).
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Figure 5-43. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 1000 LPM, X =150 mm, Y =5 mm, method B).
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Figure 5-44. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 1200 LPM, X =150 mm, Y =5 mm, method B).

The effect of the position of air the injector on turbulence intensity figures is also
evident when using this method. Figures 5.45 and 5.46 show this effect at low flow
rates 400 LPM and 600 LPM respectively.
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Figure 5-45 Effect of air injector position on turbulence figures, 400 LPM tangential flow rate
with central air injection, isothermal conditions, method B.

It appears that as the air injector opens closer to the burner baseplate e.g. X = 0 and
X=29 mm, turbulence increases considerably. This observation has also been evinced
in figure 5.36 method A. For this reason at these positions no stable flame was obtained
at 400 LPM flow rate. However, they have almost the same flashback trends at 600
LPM (air tangential flowrate of 2.8 m/s at ® = 0.65).
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Figure 5-46. LDA results, effect of air injector position on turbulence figures, 600 LPM
tangential flow rate with central air injection, isothermal conditions method B.
For the third position, since it has lower turbulence intensity values, it enables the
burner lit at low flow rates at almost 1.6 m/s inlet tangential velocity and increases the
stability margin at slightly higher flowrates (600 LPM, inlet tangential velocity 2.8
m/s). The flame flashback is delayed to @ = 0.7 compared to the previous two positions
as can be seen from figure 5.18. For higher flowrates 800 and 1000 LPM, figures 5.47
and 5.48 respectively. Despite some increase in turbulence intensity at X= 110 & 150
mm positions compared with those of X=0 & 29 mm, they still produce high flashback
resistance due to a combined effect of both air injection and bluff body effects, which

is not available for X= 0 and X = 29 mm positions.
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Figure 5-47. LDA results, the effect of air injector position on turbulence figures, 800 LPM
tangential flow rate with central air injection, isothermal conditions, method B.
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Figure 5-48. LDA results, the effect of air injector position on turbulence figures, 1000 LPM
tangential flow rate with central air injection, isothermal conditions, method B.

5.3.3.3 Turbulence Intensity Combustion Tests (Method A)

Although swirling flows yield dramatic changes under combustion condition as
mentioned previously, turbulence intensity profiles revealed the same trends as in most
isothermal conditions. Axial air injection also has a high impact on turbulence
intensity values as can be seen from figure 5.49. However, turbulence intensity values

under combustion conditions are much lower than isothermal cases.
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Figure 5-49. LDA results, the effect of central air injection on turbulence intensity values under
combustion conditions (Air flow rate 400 LPM, X =150 mm, Y =5 mm).
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This effect has been noticed at different flow rates as can be seen from Figures 5.50,
5.51 and 5.52.
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Figure 5-50 Effect of central air injection on turbulence intensity values under combustion
conditions (Air flow rate 600 LPM, X =150 mm, Y =5 mm).
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Figure 5-51. LDA results, the effect of central air injection on turbulence intensity values under
combustion conditions (Air flow rate 800 LPM, X =150 mm, Y =5 mm, method A).
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Figure 5-52. LDA results, the effect of central air injection on turbulence intensity values under
isothermal conditions (Air flow rate 1000 LPM, X = 150 mm, Y =5 mm, method A).
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Correlation of turbulence intensity values between air and without air injection cases
is available just for X = 150 mm, because it is not possible to lit the burner for the
other three positions without air injection. However, data acquired for this position
reveal the same effect of axial air injection on turbulence intensity as that of the cases

under isothermal conditions.

The effect of the air injector position is also clearly pronounced during the combustion
tests. Figure 5.53 illustrates the effects of changing air injector positions on turbulence
intensity values. The first and second positions, X = 0 and X =29 mm, undergo high
turbulence values. Thus early flame flashback occurs at low tangential flow rates at ®
= 0.65 as mentioned before.
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Figure 5-53. LDA results, the effect of air injector position on turbulence figures, 600 LPM
tangential flow rate with central air injection, Y =5 mm, method A, combustion conditions.
However, at X=150 mm position turbulence intensity values are reduced considerably.
Hence flashback resistance can be achieved until ®=0.7 at the same tangential velocity

level 2.8 m/s.

Moving to higher flow rates 800 LPM, tangential velocity 3.74 m/s figure 5.54 some
changes on turbulence intensity are observed. Nevertheless, X= 29 mm still has the
highest value, while for X=0 mm, the strength of turbulence decreases, showing the
movement of the CRZ at different conditions.
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Figure 5-54. LDA results, the effect of air injector position on turbulence figures, 800 LPM
tangential flow rate with central air injection, method A, combustion conditions.

A significant enhancement has also proven for X=110 and 150 mm flashback figures
as they moved from ®= 0.65 to ®=0.77. At 1000 and 1200 LPM, figures 5.55 and 5.56
show the variation of turbulence as the CRZ moves across the flow field. It is a
consequence of an improvement of flashback resistance by pushing the CRZ out of
the sleeve, reducing turbulence and having a geometry capable of annihilating the
CIVB.
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Figure 5-55. LDA results, the effect of air injector position on turbulence figures, 1000 LPM
tangential flow rate with central air injection, method A, combustion conditions.
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Figure 5-56. LDA results, the effect of air injector position on turbulence figures, 1200 LPM
tangential flow rate with central air injection, method A, combustion conditions.

5.3.3.4 Turbulence Intensity Combustion Tests (Method B)

Turbulence intensity measured based on bulk flow velocity shown the same trends as
that of isothermal conditions regarding the effect of central air injection when

changing the air injector position and the tangential mass flow rates.

Figure 5.57, shows the effect of the central air injection on turbulence intensity profiles
at a low tangential flow rate (400 LPM). Turbulence intensity has decreased
considerably upon injecting air axially at these tangential flow rate values. The
maximum amount of reduction is mainly around the burner central axis with
approximately 50% than that without air injection. However, near to nozzle boundary,

almost no effect has been perceived.

This effect still obvious at even higher flow rates as can be seen from figures 5.58 and
5.59. Although the central air injection increases the turbulence intensity at the
boundary of the shear layers almost 12 %, it still affects in producing considerable

reduction at the burner central axis. This decrease is nearly 35%.
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Figure 5-57. Effect of central air injection on turbulence intensity values under combustion
conditions (Air flow rate 400 LPM, X = 150 mm, Y =5 mm, method B).

Thus despite small increments of turbulence intensity values, the huge reduction in the
centre can be effectively observed as the CRZ has been pushed downstream. However,
there is a less effect on the central turbulence of the system. Figures 5.57 to 5.59. There
IS an acute reduction of the turbulence at the tip of the recirculation bubble, possibly

consequence of a leaner combustion and axial incoming flows.
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Figure 5-58 Effect of central air injection on turbulence intensity values under combustion
conditions (Air flow rate 800 LPM, X =150 mm, Y =5 mm, method B).
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Figure 5-59 Effect of central air injection on turbulence intensity values under combustion
conditions (Air flow rate 1000 LPM, X =150 mm, Y =5 mm, method B).

For both cases, isothermal and combustion it appears that central air injection pushes
the tip of the central recirculation zone (CRZ) downstream. Introducing non-swirling
flow in the burner central axis leads to increase the radius of the vortex core, whereas
wider vortex core results in lower radial pressure gradient, consequently reduce the
baroclinic torque and thus prevent the conditions of formation recirculation bubble at
this region which is one of the main reason that provokes CIVB, consequently promote
better flame flashback resistance, this effect has also proved before in previous works
[35, 87, 160].

It has also previously elucidated that keeping the vortex core radius as constant as
possible in the axial direction or at least decreasing with streamwise direction is
recommended to achieve good stability conditions [145]. Thus, to achieve constant
vortex core radius, the central air injection should still effective at a certain distance
downstream burner centre, as can be seen from Figures 5.10 and 5.11 that central air
injection still effective at Y=15 and 25 mm respectively, hence it can ensure large

vortex core radius.

Nevertheless, the degree of axial air injection effect on axial velocity defects is less
than that of Y = 5 mm, which explains why it is important to have constant
(axial/tangential) flow rate ratio. In other words, the amount of central air injection

must be proportional with increasing the amount of tangential flowrate as mentioned
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before. For instance, at low flowrates, the amount of axial air injection is around (10%)
to achieve the required effect regarding flame flashback resistance. However, at high
flowrates, the ratio is decreased to almost (4 %). Thus keeping axial to tangential flow
ratio at about 8-10 % is essential to achieve the desired stability operation.

5.3.4 Flame re-Stabilisation

The high potential flame flashback resistance of axial air injection can provide an
excellent flame re-stabilisation technique. Thus this effect can be considered as a great
outcome regarding avoiding the consequences arises when combustion system
subjected to different flame flashback mechanisms, such systems especially that
fuelled by high turbulent flame speed fuel like pure hydrogen or high hydrogen blends
can operate more safely if central air injection is used as flame stabiliser technique.

Figure 5.60 illustrates this effect, upon increasing tangential gas flow rates at a
constant central air injection, the flame starts propagating upstream with the collapse
of coherent structures (CRZs, PVC, shear layers and HMFR) as can be seen from
figures 5-60 -a, b, c. However, high momentum of the axial air injection at the central
axis allows the flame to stay for a period inside the nozzle, figure 5-60 -d, and e.
noticeably, at this stage the central air flow prevents flame flashback into the burner.
Consequently, central core flame propagation is prevented probably by the distortion
of the combustion induced vortex breakdown flashback (CIVB). Upon a small
increment of axial air flowrate, the flame re-stabilises again and swirl coherent

structures re-formed, figure 5.60 f-i.
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Figure 5-60 effects of axial air injection on flame re-stabilisation.

5.3.5 Summary

The demands for having more reliable combustion systems regarding operation at a
wide range of stability margins and avoids undesirable flame flashback mechanisms
still represent urgent priority importance for gas turbines sector.

Although traditional techniques that were used previously and even now to protect
combustors from combustion instabilities can ensure safe operation under different
conditions, they also have some undesirable consequences, using central fuel injectors
or bluff bodies as flame stabilisers increase the maintenance coast and the need of
replacing such injectors after a period due to degradation. Moreover using central fuel
injection can increase the pollutant level significantly. Thus this chapter proposed the
validity of using axial air injection as a flame stabilisation mechanism and the effect

of this technique on flame characteristics.
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The key results can be summarised as follows:

1. Wider stability operation region can be achieved when using axial air
injection compared with the case when central fuel or bluff body is used to
promote flame stability. This finding is very important in terms of switching
to another fuel, especially hydrogen or high hydrogen blends that have the
higher flame speed that makes the blow off and flashback limits very close
to each other which in turns impose some changes in system combustor

hardware to make it able for switching [59].

2. Central air injection can significantly reduce the defect in the axial velocity
near the burner centerline, this in turn lead to produce wider vortex core.
Whereas wider vortex core results in the lower pressure gradient,
consequently reduce the baroclinic torque which is one of the parameters
that initiate upstream flame propagation, hence promote better flame
flashback resistance.

3. Central air injection can significantly affect the flow field characteristics
downstream of the burner dump plane, this effect is mainly represented by
the considerable reduction of turbulence intensity values, and since turbulent
flame speed is proportional to the turbulence fluctuations, its values will, in
turn, reduce to a considerable level, hence decrease in the flame flashback
propensity. This variation in turbulence intensity is also important in
switching to different fuels, whereas the switching process requires a change
of mass flow rate at constant output power due to the difference in fuel
heating values. Thus increasing or decreasing mixture flow rate can lead to
some variation in turbulence intensity, this variation can be avoided by using
central air injection through affecting turbulence intensity level or even

compensate the change in mass flowrate.

4. The effect of central air injection on flame characteristics and hence flame
flashback depends on the (axial/tangential ratio), at low flow rate axial air
injection effects are significantly evident. However upon increasing swirl

tangential flowrate this effect start to decrease, thus keeping constant ratio is
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important. The amount of reduction in swirl number should be taken into
consideration, a higher amount of axial injection can degrade the swirl

strength considerably.
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Chapter 6

The true sign of intelligence is not knowledge but imagination
Albert Einstein

6.1 Introduction

In most practical combustion systems the achievement of high flame flashback
resistance depends on flame stabilisation downstream burner nozzle, which depends
on the equilibrium between flame speed and incoming flow velocity at the reaction
zone both in magnitude and direction. This equilibrium, in turn, is a function of
different parameters such as burner configuration or geometry, the degree of mixing
(premixed, partial premixed or diffusive), fuel type, initial conditions of the mixture

(pressure and temperature) and working conditions inside the combustion chamber.

This flow field balancing is quite simple to attain in diffusion flows. However, in swirl
flows the situation becomes so complicated because of the complex nature of these
premixed flows. This complexity stems from the generation of different coherent
structures and mixing parameters. The structures reveal considerable variation
between each other in terms of having significant differences in magnitude and
direction to the flow field velocity. For instance, the central recirculation zone CRZ
may have high-velocity values in flow field in the opposite direction of the flow
(negative direction) which is one of the important features of swirl flows. Moreover,
other structures such as shear layers can undergo flow stagnation (zero velocity region)

due to the interaction between the high momentum flow region and the CRZ.

According to Lewis and von Elbe [147] when velocity gradients in the boundary layer
sublayer became very low or lower than the flame speed in this region, a flame
flashback occurs via the sub-layer. Although, this hypothesis is for wall boundary
layer, moreover, the velocity gradient approach seems to be a useful tool to describe
flame flashback via central core or combustion induced vortex breakdown (CIVB) and

how can these types of flashback be affected by the variation in velocity gradient.
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6.2 Results and Discussion

6.2.1 Effect of Air injection Position on the CRZ Propagation

The effect of air injector position on axial velocity and turbulence generated at the
burner exit plane has been discussed in chapter 5. However, it seems that the air
injection position does not affect the flow field characteristics close to the burner
mouth, but also it can considerably change the shape and size of the swirl coherent
structures, especially the CRZ. Figure 6-1 shows this effect under isothermal

conditions.
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Figure 6-1. LDA results, the effect of air injection on the position and characteristics of the
CRZ, isothermal conditions, X= 150 mm.
From figure 6-1 it is apparent that the axial air jet is pushing the CRZ, as the CRZ
without air injection is very close to burner mouth, and its tip is almost parallel to the
inside nozzle wall. Under combustion conditions, the existence of the CRZ in this
position can easily affect the flow field characteristics, the balancing between heat

release generated at the tip of the CRZ and the cooling due to the coming flow can
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promote the baroclinic torque which can finally lead to CIVVB. Contrary, the air jet is
pushing the tip of the CRZ downstream to Y/D = 0.2. This distance is enough to
achieve the required balancing between volume expansion and baroclinic torque at the
tip of the CRZ hence reducing the possibility of initiation of the CIVB.

As previously mentioned in Chapter 5, high turbulence near burner mouth can lead to
the increase of turbulent flame speed and as a consequence initiate flame flashback.
The root mean square of velocity fluctuation, which reflects the turbulence level,
seems to be affected by the axial air injection not just close to the burner exit plane,

but also in all downstream flow domain, figure 6-2.
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Figure 6-2. LDA results, the effect of air injection on the amount of turbulence generated
downstream the burner exit plane, X=150 mm.

It obviously appears that axial air injection reduces the turbulence level considerably
in all the flow field domain. Without air injection, the maximum turbulence level is

located close to burner mouth and on the boundary of the bottom of the CRZ, at the
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shear layer. Root mean square velocity fluctuation is about 1.4-1.7 m/s. However,

RMS values at the same region using axial air injection is around 1.0 m/s.

This change in turbulence profile could also attribute to the effect of air injection on
the type of the generated vortex breakdown; axial air injection can lead to suppress the
flow field, consequently change the type of the vortex breakdown from bubble to cone
type [198]. It has proved that bubble vortex breakdown exhibits a local defect in axial
velocity values in its upstream plane, while cone type vortex breakdown does not,

hence the latter is preferred for flashback safety requirements [70]

The position of the air injector also has a high impact on the CRZ position and the
turbulence profile downstream. However, this depends on the ratio between the
tangential to axial flux momentums. Figure 6-3 illustrates the difference in CRZ

characteristics at two different air injection positions, X=150 and 29 mm.
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Figure 6-3. LDA results, the effect of air injection position on the position of the CRZ,
isothermal conditions.
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From figure 6-3 it can be seen that when air injection opens at X=29 mm downstream
the burner baseplate, the size of the CRZ becomes smaller. This reduction of the CRZ
size results in a slightly wider shear layer or high momentum flow region than that of
the X=150 mm.

The existence of a wider shear layer or high momentum flow region close to the burner
mouth can lead to an increased turbulence level at this region, consequently increasing
the local turbulent flame speed at a small area, and hence provoke CIVB. The effect
of air injector position became more obvious when considering the change in
turbulence level downstream and close to the burner mouth. Figure 6-4 shows the
RMS figures for two air injector positions, X= 150 and X=29 mm.

X=150 mm (With air injection) RMS [m5s]
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X=29 mm (With air injection)
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= 038

e i i

1.8 1.5 -1.2 0.9 06 0.3 O 3 06 09 1.5 :
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Figure 6-4. LDA results, the effect of air injection position on the turbulence level downstream,
isothermal conditions.

From figure 6-4 it can be observed that when air injector is positioned at X=150 mm,

turbulence intensity levels are noticeably lower in all the flow field domain than those
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at X=29 mm. Moreover, when considering the region between r/Ro= 0.3 to 0.9 at
X=29 mm position, which is very close to the burner mouth, it appears that the RMS
values are about 1.7 m/s compared to RMS= 1.0 m/s in the same region for the X=150
mm position. Although the difference in RMS values between the two cases is not too
high, this can produce a considerable change in turbulent flame speed values.

Additionally, it is important to mention here that this measuring position is at Y=3 mm

downstream the burner mouth, as it was practically difficult to get closer to the burner
mouth due to the reflection of one of the laser beams. Thus it is hypothesised that this
region of high turbulence extended towards the burner exit plane or even more inside

the nozzle at X=29 mm.

6.2.2 Effect of Air Injection on the Axial Velocity Gradient

According to the isothermal findings, it appears that air injection can affect the CRZ
position and all the flow field characteristics downstream the burner exit plane. Thus
to get more insight the investigations were also carried out under combustion
conditions to determine the effect of change of velocity gradients inside the CRZ close
to flame flashback. The comparisons and correlation are based on the measurements
of the flow field velocity downstream the burner mouth by using LDA with and
without central air injection. These measurements have been done at almost the same
equivalence ratios, ® = 0.59 for the case without air injection and ® = 0.60 for the
case with air injection, while the air inlet tangential flow rate input at 800 LPM. The
central air injection used was 50 LPM which represent about 5% of the total flow rate.
This ratio ensured the required effect of flame stabilisation, and in the same time, it

avoids reduced swirl strength as mentioned in chapter 5.

The matrix of the measurement domain downstream the burner mouth has been
divided into 21 points in the axial direction (r/Ro) and 8 points in a vertical position
(Y/D). This domain ensures the total inclusion of the flame region, as can be seen from
figure 6-5. The test were repeated five times until the deviation was not greater than

5% in the axial velocity values, to ensure high accuracy results and avoid uncertainties.

Figure 6-6 shows the effect of axial air injection on the CRZ position downstream the
burner exit plane. As discussed before in the isothermal investigations, under

combustion conditions the axial air injection also has a considerable effect on the
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position and size of the CRZ. It can be observed from figure 6-6 when no axial air
injection is used that the CRZ propagates upstream and almost enters to the nozzle.
This position leads to critical stability conditions. The heat release distribution with
respect to the flame position in this region can easily initiate the formation of the
recirculation bubble at the tip of the CRZ, as a consequence onset of the CIVB [163].

]

i

]

]

-—=
B = B
B e

Figure 6-5. Measurements matrix.

While under the effect of axial air injection the CRZ is shifted downstream, thus
reducing the possibility of quick formation of the recirculation bubble under the effect

of the interaction between flame and heat release from the burner wall.

Although axial air jets can push the CRZ to a quite safe stability position regarding
good flame flashback resistance, they reduces the size of the CRZ, hence producing
weak swirl strength. Thus, to avoid this obstacle a proper balance between the amount
of axial injection and swirl strength is highly important to achieve both good stability
limits and swirl numbers. This effect will be discussed briefly in section 6-3.

Figure 6-6 also illustrates that axial air injection can significantly reduce the amount
of the defect in the axial velocity values downstream the burner mouth. Thus it is
evident that the negative velocity region with air injection is less pronounced with

axial air injection. This lead to conclude that axial air injection not only pushes the
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central recirculation zone but also reduces negative axial velocity values in the vortex

core that can initiate upstream flame flashback or CIVB.
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Figure 6-6. LDA results, the effect of air injection on the CRZ position downstream burner
mouth, combustion conditions.

Since the velocity values change when the air is injected axially, it is predicted that
velocity gradients change as well. Although higher variation in velocity gradient
values is one of the important features of swirling flows due to the existence of
different coherent structures that have different velocity values and directions, this
significant difference may promote sudden upstream flame propagation, especially
CIVB. It was reported before that moderate increasing of axial velocity in the
streamwise direction characterises the optimum velocity distribution for flashback
resistance [145]. In other words, moderate axial velocity gradient is beneficial to
improve CIVB flashback resistance. Moreover, the axial air jet at the burner axis can
affect the mean axial pressure gradient, this in turn enables suitable conditions for
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axial velocity to match the turbulent flame speed and hence allows stable flame. Figure

6-7 shows the difference in velocity gradient profiles when axial air injection is used.
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Figure 6-7. LDA results, the effect of air injection on the velocity gradient downstream burner
mouth (combustion conditions).
From figure 6-7 it can notice that the change in velocity gradient when air injection is
used is smoother than the case when no axial air injection is introduced to the flow.
Thus this variation in axial velocity gradient under the effect of axial air injection is

crucial to avoid upstream flame propagation, especially at the burner axis. The positive

or moderate velocity gradient in this region can play an important role in pushing
downstream the recirculation bubble generated at the tip of the central recirculation
zone. Herein this variation in velocity gradient provides considerable resistance
against the opposing induced force in the main flow, leading to a positive change in
azimuthal vorticity, consequently tackling the CIVB. The velocity gradient values are
depicted to have a clear comparison for each (r/Ro) position at different (Y/D)

positions. The main focus here is on velocity gradients inside the CRZ.
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Figure 6-8 shows the difference in velocity gradients for two cases, with and without
air injection for r/Ro= 0.0. It is obvious that the use of air injection leads to almost
constant or step velocity gradient. On the contrary, without using central air injection,
the variation in velocity gradient values is noticeably sharp. Thus this dramatic change
in flow field makes the system less reluctant against upstream flame propagation and

this region, in particular, less resistance to CIVB.

0.05

0.04 =

flaf 3

0.03 = g
0.02 g
0.01

(dwdy)*10°3 (1/s)

-0.01 A A

-0.02

YD

# Air injection A No air injection

Figure 6-8. Comparison of change in velocity gradient values in the axial direction (with and
without air injection) at r/Ro = 0.

However, at r/Ro= 0.13 and 0.26 the effect of air injection is reduced as can be seen

from figures 6-9 and 6-10.
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Figure 6-9. Comparison of change in velocity gradient values in the axial direction (with and
without air injection) at r/Ro = 0.13.
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Figure 6-10. Comparison of change in velocity gradient values in the axial direction (with and
without air injection) at r/Ro = 0.26.

At r/Ro=0.39 and r/Ro=0.78, figures 6-11 and 6-12, the effect almost disappears and
becomes similar to that without air injection. This is attributed to flow stagnation at

the boundary of the CRZ due to the existence of the shear layer.
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Figure 6-11. Comparison of change in velocity gradient values in the axial direction (with and
without air injection) at r/Ro = 0.39.
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Figure 6-12. Comparison of change in velocity gradient values in the axial direction (with and
without air injection) at r/Ro = 0.78.

At r/Ro= 0.90 and 1.04, which lie outside the CRZ region, the variation has changed.
Air injection cases reveal slightly higher velocity gradient values, figures 6-13, and 6-
14. This effect could be the consequence of the increase in positive axial velocity at
the burner centre that enforces flame to propagate via the nozzle wall, i. e. boundary
layer flashback (BLF) as mentioned in chapter 5 section 5.3.4, and illustrated in figure
5.60.
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Figure 6-13. Comparison of change in velocity gradient values in the axial direction (with and
without air injection) at r/Ro = 0.9.
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Figure 6-14. Comparison of change in velocity gradient values in the axial direction (with and
without air injection) at r/Ro = 1.04.

6.2.3 Effect of Velocity Gradient on Axial Velocity Values Close to
Flashback

The equilibrium between local flame speed and local flow velocity is the crucial factor

in maintaining flame stabilisation. Velocity gradients is the key features that promote

this equilibrium, Cheng, et al. [199] proposed a good correlation between velocity

gradient in the axial direction and turbulent flame speed,; this correlation is suitable for

low swirl numbers
Uyp- ﬂj(Xf'XO)ZST (6-1)
dy
Where:

Uy : Bulk flow velocity [m/s]

%’ : Velocity gradient in streamwise direction [1/s]

Xt : Leading edge position of the flame brush [m]

Xo : the reference point of the divergent flow or the stagnation point at the tip of
recirculation bubble [m]
St : Turbulent flame speed
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The validity of this equation depends on the accuracy of measurements of velocity
gradient (dU/dY), the measuring positions need to be as close as possible to each other.
However, the size of the probe control volume must be taken into consideration.

According to the above equation by controlling velocity gradients, it is possible to
control turbulent flame speed, and hence central air injection that can affect velocity
gradients. As a result, it can also affect local turbulent flame speed values. Considering
figure 6-8, at positions Y/D = 0.24 to 0.60, the case without air injection reveals
negative velocity gradients that according to equation 6-1 will lead to an increase in
turbulent flame speed. Furthermore, the sharp increase in velocity gradient values
downstream cause a significant increase in turbulent velocities. The higher turbulent
velocity values and sudden change along the downstream axis can promote sudden
upstream propagation of the recirculation bubble, consequently, increasing the

possibility of provoking CIVB flashback.

Contrary the case with air injection shows velocity gradient values at the same
positions being positive, consequently, decreasing turbulent flame speed. The
variation in these values along the downstream axis is almost constant. Hence no
considerable change in turbulent velocity values is observed. This fact explains why
central air injection can provide high flame flashback resistance and enable wider
equivalence ratios. This significant effect of central air injection on velocity gradient
has a direct effect on the upstream movement of the CRZ and hence the onset of the
CIVB.

The effects mentioned above of change in axial velocity gradient values can be
explained when considering the amount of change in axial velocity values when
increasing equivalence ratios from stable to flashback conditions. Figure 6-15 shows
the change in axial velocity values when increasing equivalence ratio from stable
operation (®stable) to that close to flashback conditions (®rg) without air injection,

while figure 6-16 illustrates the case when air injection is used.

From figure 6-15 it can be seen that the axial velocity has changed by approximately
0.5 m/s when the equivalence ratio is increased towards flashback conditions. This
change in velocity refers to the change of the CRZ position with respect to the
measurement level. In other words, the high-velocity gradient at the central axis leads

to a sudden jump of the CRZ towards the incoming flow.
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Figure 6-15. Change in axial velocity values during the transition from stable to flashback
conditions, X= 150 mm, Y = 5mm, no central air injection, air inlet tangential flow rate 800
LPM.

However, when the axial air is injected at the central axis the amount of change of
axial velocity values is very low, although the change in equivalence ratio from
(Dstavle) to (Ors) in both cases is almost the same, figure 6-16. This finding is attributed

to the moderate velocity gradient under the effect of axial air injection.
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Figure 6-16. Change in axial velocity values during the transition from stable to flashback
conditions, X= 150 mm, Y = 5mm, with central air injection, air inlet tangential flow rate 800
LPM.
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The profiles of kinetic energy in an axial-tangential plane also demonstrate this effect.
The two dimensional kinetic energy has been determined according to the following

equation;

Ke=0.5. [u?+w?)
Where:

Ke: the turbulent kinetic energy (m?/s?)

(6-2)

u’: fluctuating axial velocity, RMS in axial direction [m/s]
w" : fluctuating tangential velocity, RMS in tangential direction [m/s]

Figure 6-17 shows that when no central air injection exists, increasing equivalence
ratio to ®rp results in an increase in turbulent kinetic energy values, from 0.4 m?/s? at
stable operation to 1.7 m?/s?. This change in turbulent Kinetic energy at the nozzle
dump plane indicates the propagation of the CRZ, whereas higher turbulent Kinetic
energy in swirls flows associated with boundaries or interaction regions of swirl

structures.
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Figure 6-17. Change of turbulent Kinetic energy during the transition from stable to flashback
conditions, X= 150 mm, Y = 5mm, no central air injection, air inlet tangential flow rate 800
LPM.

Contrary, for the case using central air injection, although the values of turbulent
kinetic energy are higher than those with no air injection, there is no change in
turbulent Kkinetic energy values when equivalence ratio is increased towards (®rs),

figure 6-18, which reveals that the CRZ is still downstream the burner dump plane.
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The effect of axial velocity gradient is also observed at higher inlet air tangential flow
rates. Figure 6-19 shows a comparison between the axial velocity values at stable and
close to flashback conditions under high inlet tangential flow rate of 1000 LPM with
central air injection. It is quite clear that variation in the axial velocity values at the tip
of the CRZ are not very high. Hence this proves that central air injection still prevents
sudden jumps of the CRZ. Turbulent Kkinetic energy profiles at this flow rate also

demonstrate this fact as can be seen from figure 6-20.
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Figure 6-18. Change of turbulent Kinetic energy during the transition from stable to flashback
conditions, X= 150 mm, Y = 5mm, with central air injection, air inlet tangential flow rate 800

LPM.
9
8
7
- 6
5
g 4
£ 3
1
2]
z 9 \
E 1 a
Z 2
-3
-4
-1.5 -1 -0.5 0 0.5 1 1.5
r/Ro
—i— Stable operation, central air injection @ = 0.69
—ik— Close to flashback conditions, central air injection ® = 0.74

Figure 6-19. Change in axial velocity values during the transition from stable to flashback
conditions, X= 150 mm, Y = 5mm, no central air injection, air inlet tangential flow rate 1000
LPM.
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Figure 6-20. Change of turbulent Kinetic energy during the transition from stable to flashback
conditions, X= 150 mm, Y = 5mm, with central air injection, air inlet tangential flow rate 1000
LPM.

Although there is the difference in some values, the effect of axial air injection on the
axial velocity gradient is evident. The change in axial velocity during the transition to
flashback conditions has been observed at the other air injector positions, i.e. X=0, 29

and 110 mm which are almost the same of those of X =150 mm.

However, results without air injection at these positions are not available because it
was very difficult to start the burner without air injection. Figures 6-21, 6-22 and 6-23
show the change in axial velocity values during the transition from stable to flashback

conditions.

It is important mentioning here that as the position of the central air injection gets
closer to the nozzle exit, the velocity gradient becomes more moderate, hence the
change in axial velocity values is less pronounced, consequently reducing the distance

that the CRZ moves in the upstream direction.

The change in turbulent kinetic energy when moving from the X = 0 mm to the X=29
mm, X=110mm and X= 150 mm positions elucidate this variation in the location of
the CRZ. At X= 0 mm the figures of turbulent kinetic energy reveal that the
measurement is at the tip of the CRZ, while, at close to flashback conditions the lower
Kinetic energy values indicate that measurement levels were positioned inside the

CRZ. Further pilot positions, i.e. X=29 mm and X= 110 mm showed that the axial
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velocity gets closer indicating further pushing of the CRZ, and finally at X= 150 mm
is the optimum position for produce the required axial velocity gradient, consequently

best CIVB resistance.
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Figure 6-21. (a) Change in axial velocity values (b) Change of turbulent kinetic energy, during
the transition from stable to flashback conditions, X=0 mm, Y = 5mm, central air injection, air
inlet tangential flow rate 800 LPM.
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Figure 6-22. (a) Change in axial velocity values (b) Change of turbulent kinetic energy, during
the transition from stable to flashback conditions, X=29 mm, Y =5mm, central air injection,
air inlet tangential flow rate 800 LPM.
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Figure 6-23. (a) Change in axial velocity values (b) Change of turbulent kinetic energy, during
the transition from stable to flashback conditions, X= 110 mm, Y = 5mm, central air injection,
air inlet tangential flow rate 800 LPM.

6.3 Effect of Axial Air Injection on Swirl Strength

Swirl strength linked to swirl number is a crucial factor in the formation and
characteristics of swirling coherent structures. This criterion depends on the ratio of
tangential to the axial flux of swirling flows. Introducing axial jets into the vortex core
can significantly degrade the swirl strength, high amount of axial injection could also
lead to a decrease in swirl numbers to a lower degree below the required for vortex
breakdown generation which is necessary for the formation of the swirl coherent
structures. Moreover, such axial jets can suppress the PVC in such a way that affects

its interaction with other swirl structures. Thus, to achieve the desired benefits of using
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central air injection with a high swirl to promote flame stability requirements, it is
highly important to make an appropriate balance between axial and tangential flow

rates of swirling flows.

Although geometric swirl numbers are used to characterise the swirl strength, they can
change locally according to the ratio of (tangential/axial flow rates). Thus this numbers
can vary when a considerable amount of axial injection is used. Therefore the local
swirl number for isothermal conditions where density is assumed to be constant was
determined by equation (2-8) based on burner geometry, inlet conditions and
neglecting pressure variations [102]. Table 6-1 shows the local swirl number at
different flow rates with axial air injection. Figure 6-24 shows the effect of increasing
the inlet tangential flow rates at constant axial air injection on the size and

characteristics of the CRZ.

Table 6-1. Local swirl numbers.

owrae | Afon | Q| Qo | Lol
(I/min)

400 50 0.006 0.007 0.725
500 50 0.008 0.009 0.758
600 50 0.01 0.010 0.782
700 50 0.011 0.012 0.799
800 50 0.013 0.014 0.813
900 50 0.015 0.015 0.823
1000 50 0.016 0.017 0.832
1100 50 0.018 0.019 0.839
1200 50 0.02 0.020 0.846
1300 50 0.021 0.022 0.851
1400 50 0.023 0.024 0.855
1500 50 0.025 0.025 0.859
1600 50 0.026 0.027 0.863
1700 50 0.028 0.029 0.866

As can be seen from the figure 6-24, at low inlet tangential flowrates 800 LPM, the

axial air injection considerably affects the axial velocity values in the CRZ. However,
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very low-velocity gradients could have an impact on the formation of the vortex
breakdown. Upon increasing the inlet tangential flowrate to 1200 and 1600 LPM, the
CRZ becomes more robust and coherent and significant variation in axial velocity

values is achieved.
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Figure 6-24. Effect of axial air injection on the CRZ size and axial velocity defects. Isothermal
conditions.

6.4 Summary

Central air injection has proved to be much advantageous regarding enhancement of
flow field structures in such way that promotes highly flame flashback resistance. The
existence of central air injection not only affects the turbulence intensity values
downstream the burner nozzle, but also it extends further downstream, and
significantly affects the axial velocity gradient especially across the CRZ. This
downstream velocity gradient even for small values is extremely important in terms
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of controlling the CRZ position and hence to avoid the formation of the CIVB. The

main results and outcomes of the effect of changes in the downstream axial velocity

gradient can be summarised as follow:

1.

Injecting small fractions of air axially can significantly affect the downstream
flow field axial velocity gradient. This was mostly observed inside the CRZ.
The maximum change in axial velocity gradient was observed at the central
axis of the burner. The effect of air injection in this context is producing
considerably moderate axial velocity gradients compared to those for the no
air injection case.

The variation in axial velocity gradient when air injection is used is reduced
when moving outwards radially. It almost disappears at r/Ro= 0.26, 0.39
respectively and became almost the same of that without air injection. These
positions represent the region of CRZ boundary and where the shear layer
exists.

Outside the CRZ the situation is changed inversely. The air injection case
reveals a velocity gradient higher than that with air injection. This effect was
assumed as the high momentum axial air injection enforce the flame to
propagate mainly in the annular region close to nozzle boundary, as shown
previously in figure 5-60.

Since the axial air injection decreases or moderates the axial velocity gradient
it affects the axial velocity values and hence it promotes the propagation of the
CRZ when increasing equivalence ratios to rich conditions. The axial velocity
measurements at Y/D = 0.08 proved this fact.

Turbulent kinetic energy in an axial-radial plane also demonstrated the effect
of axial air injection on the CRZ position.

The position of the axial air injector is very important regarding the amount of
change in the axial velocity gradient, hence the CRZ propagation,
consequently the formation of the CIVB. X=150 mm position is the optimum
position that can change axial velocity gradients considerably.

Velocity gradient model is not only suitable for investigating boundary layer
flashback, but also it seems to be vital in detecting CRZ propagation,

consequently determining the CIVB conditions.
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9. The ratio of axial to tangential inlet flowrates is very important in determining
local swirl numbers, consequently the shape and size of the CRZ, which plays

an important role in terms of stability limits.
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Chapter 7

An experiment is a question which science poses to Nature, and
a Measurement is the recording of Nature’s answer
Max Planck

7.1 Introduction

Although using the appropriate diameter of central fuel injector or central air injection
can considerably tackle upstream flame propagation through the central core,
especially CIVB, some drawbacks can arise, the system could be more likely subjected

to wall boundary layer flashback (BLF), especially at higher tangential flowrates.

Large diameter fuel injectors enforce the outer shear layer to propagate radially
outwards and to stabilise on the nozzle lip, Figure 7-1a. In most practical applications
this contact between flame and nozzle lip have some consequences represented by life
degradation of nozzle material due to continuous high temperatures in addition to the
possibility of increasing pollutants level. At high equivalence ratios, the outer
boundary layer between the shear layer and nozzle wall starts an upstream propagation
via low-velocity sublayer leading to a flame flashback.

High momentum axial air injection also performs the same function of the central fuel
injector, i.e. the high resistance against central upstream flow breakdown propagation
imposes radial propagation of the flow. Hence the outer shear layer locates on the
burner rim or inside the nozzle, Figure 7-1 b. Despite using central air injection can
maintain a stable flame slightly longer than that of using central fuel injectors,

boundary layer flashback can onset when increasing equivalence ratios.

Thus this chapter describes the appropriate techniques to reduce the possibility of
boundary layer flashback when central fuel injectors or central air injection are used

as flame stabilisation techniques.
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(a) Central fuel injector (b) Central air injection

Figure 7-1. Effect of using central fuel injector and central air injection on the outer boundary
layer propagation.

7.2 Nozzle Surface liner for Enhancement of Flame
Flashback Resistance

Flame flashback via wall boundary layer depends on many parameters such as the
flow field characteristics, equivalence ratio, pressure, temperature, wall temperature,
confinement type, the state of the boundary layer and the geometry of interior liners
in the burner nozzle [69, 148]. The geometry of the nozzle wall plays an important
role in upstream flame propagation during boundary layer flashback, i.e., the
interaction between nozzle wall and flame can affect directly the amount of heat flux

which consequently changes the wall quenching distance [200].

Furthermore, the interaction between nozzle wall surface and the parallel flow
generates a viscous drag which produces an adverse pressure gradient, consequently
promoting velocity gradient. The degree of wall roughness is of particular importance
in this context as it promotes the amount of heat transfer, hence decreasing or
increasing the shear wall stress. Consequently, the velocity distribution mode and the
difference in Reynold stresses, especially in the sublayer. The contribution of the
effect of the surface type on the mean velocity profile and hence the wall turbulent
boundary layer usually is described by a roughness function which represents the
difference in normalised velocity distribution between smooth and rough
surfaces[201].
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The direction of flame movement with respect to the wall is also important when
considering its effect on flame flashback mechanism and its quenching position. From
one hand, when the flame front is parallel to the wall, the quenching mechanism is
called Head-on quenching (HOQ); on the contrary when the flame is perpendicular to
the wall the mechanism is called side-wall quenching (SWQ)[202].

However, in swirling flows the flow directions are very complex compared to other
flow types, as the existence of coherent structures and their interaction with each other
make the analyses and prediction of wall boundary layer characteristics a seriously
challenging task. These flows are extremely affected by the variation of flow
streamlines and the adverse pressure gradient downstream all directions (axial,
azimuthal and radial). Therefore the flame direction with respect to the wall during
boundary layer flashback (BLF) cannot be simply studied for a certain direction, and

the predicted movement will depend on the inside linear geometry of the nozzle.

Although most of the swirling flows are turbulent, the flame-wall interaction is
considered laminar flow due to the considerable reduction of flow velocity in the
adjacent region to the wall that results from viscous friction. Thus, most hypotheses
about boundary layer flashback are based on laminar flame speed. However, this
correlation can be adopted for turbulent flows as well. Microsurfaces of different
geometries can positively increase the boundary layer flashback resistance. Those
surfaces have high potentials in reducing drag effect in the wall adjacent region.
However, their ability in dealing with drag forces depends mainly on their

configuration and the drag force.

Two different configurations have been used to determine their effect on boundary
layer flashback (Two woven steel grids or micromesh of size 50 um, 150um). The grid
makes a liner; the liner thickness was scanned by Shared Labs Europe LTD [203].
Figure 7-2 shows the geometry and dimensions of the liner, and figure 7-3 shows the

position of the micromesh inside the burner nozzle.
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Figure 7-2. The geometry of the Microsurfaces.
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(b)

Figure 7-3. Position of the microstructures inside the burner nozzle, (a) 50 pm micromesh (b)
150 pm micromesh.

7.3 Results and Discussion

The experimental procedure is similar to that of chapter 5. The difference here is based
on investigating the effect of an inside surface into the burner nozzle for studies on
boundary layer flame flashback. Two different geometrical grid configurations were
used, figure 7-3, those grids can change the flow field characteristics and hence
boundary layer adjacent to nozzle wall. This change can provide the required flashback
resistance. The effect of the geometrical shape of those grids has been analysed using
numerical simulation by other authors, the details of the numerical approach and
results are illustrated in [204].
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Stability limits for different grids were determined under different configurations with
the central fuel injector, and with and without central air injection at various inlet
tangential flowrates. Central air injection was kept at 50 LPM which accounts for 10%
of the total mass flow rate as mentioned before in chapter 5 to avoid swirl strength
degradation. The burner inlet tangential velocity has been used to illustrates the flame
flashback trends, as this allows a fair comparison between cases without considering
the change of Re at the burner mouth and enables comparison with different size
burners. Blowoff and flashback limits were determined by the same procedure used
in chapter 4 and chapter 5. Experiments were repeated five times until a deviation not
greater than 5% in tangential velocity was achieved. The stable operation region is to

the right of the blowoff points, and to the left of the flashback points.

During LDA measurements the main concern with using different grid sizes was the
possibility of seeding can block the grids during the test, thus after each test a new
piece of grid material is used. The velocity profile and turbulence intensity

measurements were carried out at 5 mm downstream the burner mouth.

To achieve a complete understanding of the effect of wall microstructures surfaces on
flame stability it is vital to ensure that flame flashback mechanism is kept as mainly
BLF. Thus two techniques have been used to enforce flame propagation via wall

boundary layer, i.e. central fuel injector and axial air injection.

7.3.1 Central Fuel Injector Method

For a central fuel injector, the outside diameter was 23 mm, this ratio of this diameter
to the nozzle inside diameter is y = 0.378, this ratio is enough to ensure BLF as proved
before [205] and explained in figure 5-3. While air injection is proved to be a more
efficient in preventing upstream flame propagation through the central core, hence
high resistance against CIVB consequently the flashback mechanism is mainly BLF
as explained in details in chapter 5. Figure 7-4 shows the difference in flame flashback
trends when using central fuel injector as a flame stabiliser or bluff body with no liner

and that when the 50 um grid used as linear for nozzle wall.

157



Chapter 7: Enhancement of Flashback Resistance against Boundary Layer Flashback

9
g 8
= 7
Z
E 6
I
=5
=
R .
0
g 3 ',_—H
2 2 =
=
1
0
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Equivalence Ratio (@)
—f— Blow off (U—TFlashback, no Grid
- Flashback, Grid 50 pm —i— Stable, Grid 50 pm

Figure 7-4. The effect of using the 50 pm Grid microsurfaces on the stability of operation.

As can be seen from figure 7-4, when no grid is used, the stability operation region is
located at @ ~ 0.45-0.65, and the maximum tangential velocity that can be achieved is
almost 4 m/s. This could be attributed to the limitation of nozzle surface resistance to
boundary layer flashback at high tangential velocities. Higher values of tangential
velocity lead to outward radial propagation of the CRZ which in turn pushes the high
momentum flow region closer to the wall. Due to the lack of damping mechanism

against BLF, flashback can occur earlier.

Contrary when the micromesh is imposed (50 um grid) the change in drag force, and
hence downstream velocity gradient will positively support the BLF resistance, for
this reason, a flame flashback occurs at slightly higher equivalence ratios. Moreover,
at higher flow rates the potential flame flashback resistance provided by the

micromesh consolidates the flame stability, and no flashback is observed.

With the existence of the micro-grid surface, the sudden variation from high axial
velocity values at the central axis of the nozzle to the low-velocity region near the wall
is reduced, consequently lower gradients in the velocity values at the boundary layer
region near to the nozzle wall are achieved. Thus the velocity gradient on the

immediate vicinity of the wall became lower enough than the critical value.
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Moreover, this change in velocity gradient will directly reduce the pressure gradient
generated at the tip of the flame. As previously documented the adverse pressure
gradient created by the flame backpressure causes deflection and retardation of the
axial approaching flow, which in turn accelerates upstream flame propagation [53].

It is difficult to directly measure the flow field characteristics in the adjacent region
close to burner nozzle wall because of the difficulty of laser access. Thus the
turbulence profile and hence the velocity gradient measured at 5 mm downstream this
region at the burner exit plane, is a useful tool that can also describe the effect of the
micromesh properties on flame flashback resistance. Figure 7-5 shows turbulent
intensity figures for two configurations, without using microsurfaces and with the grid.
The change in drag force in the adjacent to nozzle leads to a decrease in the turbulence
fluctuation compared with that when no grid being used. Consequently, this reduction
in turbulence decreases the local turbulent flame speed, hence promotes good
flashback resistance.

The effect mentioned above of the micromesh on turbulence intensity values revealed

the considerable variation in flow field velocity and hence the axial velocity gradient.
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Figure 7-5. The effect of using 50 pm Grid microsurfaces on turbulence intensity.
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The effect of using another micromesh configuration (150 um) on flame flashback
trends is almost the same for that of 50 um regarding equivalence ratios range.
However, this configuration led to flame flashback late up to 5 m/s of tangential

velocity range, figure 7-6.

This difference in flashback trends suggested that wider micromesh configuration has
less effect on velocity gradient and other flow field characteristics close to the nozzle

wall.

L] W s th & a9 G v
il

Inlet tangential velocity (m/s)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Equivalence Ratio (@)

== Blow off (—Flashback, no Grid
- Flashback, Grid 150 pm —d— Stable, Grid 150 pm

Figure 7-6. The effect of using 150 pm Grid microsurfaces on flame flashback trends.

7.3.2 Air Injection Method

Axial air injection has proved its potentials for flame flashback resistance, as explained
in details in chapter 5. However, this resistance is mainly against CIVB, as it has been
visually observed that the high momentum axial jet at the central axis enforces the
flame to propagate via the nozzle wall boundary. The phenomenon experimentally
demonstrated in chapter 6 by investigating the variation of axial velocity gradient
downstream nozzle wall under the effect of axial air injection. Thus another flashback
damping mechanism for wall boundary layer is also required. Figure 7-7 shows a

comparison between two configurations.
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From figure 7-7a it can be observed that at a tangential velocity of 1.8 m/s, blow off
and flashback curves are very close to each other leading to a narrow stability region.
Upon increasing equivalence ratio and tangential velocity, the stability map became
wider. However, there is still some limits over which the flame cannot be still stable,
and flame flashback is observed. The last conditions where flashback is observed

were, tangential velocity = 6 m/s, ®=0.83, beyond these values no flashback is

observed.
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Figure 7-7. Effect of using; a) air injection and; b) air injection with micromesh grid for flame
stabilisation purposes, respectively.
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When the grid is used for additional stability support figure 7-7b, significant
improvement in flashback resistance is achieved. The flame flashback is observed for
inlet tangential velocity ranging from 2 to 2.8 m/s; beyond this limit, no flame
flashback occurs, and operation is stable for higher equivalence ratios and high

tangential flowrates.

This finding is interesting for switching to higher power operations at constant
equivalence ratio or switching to another fuel blend which might have stability
operation regions overlapping with the original fuel stability margin. Moreover, the
high BLF resistance at high flowrates is very important in protecting the nozzle inside
walls due to harsh environment conditions represented by high temperatures when the

flame comes in touch with the nozzle walls.

7.3.3 Flame Flashback Resistance Technique for both CIVB and
BLF Simultaneously

Based on the previous results, it appears that the two flame flashback resistance

mechanisms, i.e., air injection and microsurfaces are working together to achieve

highly flame flashback resistance for BLF and CIVB. Figure 7-8 illustrates flashback

resistance scenarios when increasing equivalence ratio from stable operation (®stable)

to flashback conditions (®rs).

Figure 7-8a represents stable operation where the flame is anchored downstream the
nozzle. The equivalence ratio is increased by increasing the tangential gas flowrate at
constant tangential and axial air flowrates; the flame is still stable for a period at
constant equivalence ratio, then it starts to move forward and backwards, mainly via

burner central axis which refers to the CIVB conditions, figure 7-8b.

However, the axial air injection pushes the flame downstream to its initial stable
position. Further increase of the equivalence ratio initiates more flame propagation as
can be seen from figure 7-8c. Nevertheless, the high momentum axial air injection is

still coherent enough to prevent upstream propagation via central core.

The process of outer boundary layer propagation is now observed from one side of the
flame, figure 7-8d, and 7-8e. Finally, all the annular shear layer became totally in

contact with nozzle surface or the grid, figure 7-8f.
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Figure 7-8. Flashback resistance scenario for CIVB and BLFB simultaneously.
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7.4 Summary

Achievement of overall flame flashback resistance is considered a highly difficult task
especially for combustors fed by different fuel blends, as different blends have a
different stability limit and hence different flame flashback trends. Increasing flame
flashback resistance against one flashback mechanism could result in some drawbacks

for other mechanisms impedance.

Thus enhancement system performance to have high flashback resistance for both
CIVB and BLF requires proper management for the interaction between combustor
geometry and flow field aerodynamics. However, controlling such interaction is such
a complicated process and needs accurate experimental and numerical investigations
to obtain the most practical and reasonable configurations that can fulfil flame stability

requirements.
The main outcomes of this chapter can be summarised as follows:

1. Using central fuel injectors or axial air injection to improve flame flashback
resistance against CIVB could lead to increase BLF, whereas such stabilisation

techniques enforce the flame to propagation via wall boundary layer.

2. Increasing resistance against boundary layer flame flashback needs
enhancement of the surface characteristics of the nozzle interior wall in such a
way that those geometrical modifications lead to increase the velocity gradient
close to the nozzle wall to be higher than critical velocity gradient, hence avoid

being overcome by turbulent flame speed in this region.

3. Two woven steel micromesh configurations 50 pm and 150 pm have used to
investigate their effect on velocity gradient and hence flame flashback trends;
those surface modifications have been analysed and investigated numerically
by other work.

4. Results showed that micromesh configurations have very good potentials in
terms of increasing flame flashback resistance, this observed visually and
through increasing operation stability margins compared with nozzle base case

(nozzle wall without micromesh).

5. Using both air injection and micromesh configurations increase the stability
limits considerably, stability margins increased both in equivalence ratio and
inlet tangential velocity, this observed for both micromesh 50 and 150 pm.
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However, 50 um reveals slightly better performance. This outcome is vital for
combustor systems that require increasing their power while keeping constant
equivalence ratio. Moreover, such technique provides the possibility of

switching from one fuel to another.

6. From an industrial point of view using such techniques is considered as a
commercial solution to protect swirl combustors from CIVB and BLF at the

same time.
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Chapter 8

For every fact, there is an infinity of hypotheses
Robert Maynard Pirsig

8.1 Summary of Discussions

Flame flashback is one of the combustion instabilities that occurs when flame
propagates from its stable desired position downstream burner nozzle towards the
premixing zone. This undesirable phenomenon represents a serious threaten for the
operation stability of swirl combustors, and it can cause severe damages to systems

hardware, consequently degrading the commercial performance of such systems.

Fuel blends characterised by high flame speeds such as high hydrogen content blends
are more likely to be subjected to different flame flashback mechanisms. This problem
is considered a serious obstacle in the way of development of gas turbine combustors
to switch to a different fuel, whereas using low pollutant blends becomes an urgent
desire for low emission requirements. Therefore, to address and understand different
flame flashback mechanisms, intensive research and investigations are required. The
studies should focus on both the system hardware modifications and flowfield

manipulation.

This study has investigated and demonstrated the feasibility of various techniques for
flame flashback resistance in gas turbines swirl combustors. The interaction between
combustion system hardware and highly complex swirling flows is the key feature that
should be taken into consideration for the proper methodologies to tackle various

combustion instabilities.

Thus, this study targeted the effects of fuel central fuel injector geometries on flame
flashback mechanisms, starting with the combustion-induced vortex breakdown
flashback (CIVB). Then the research was expanded to investigate the effect of axial

air injection when it physically simulates the central fuel injector. The effect was

167



Chapter 8: Summary of Discussions

investigated and demonstrated via characterisation of changing velocity profiles and
turbulence intensity which were measured with the aid of a 1D - LDA system. Finally,
the effects of the nozzle inside surface or geometry on boundary layer flashback were
also characterised.

The most important findings and conclusions of this study are listed below.

» Although they have high flame stability potentials based on the formation
of the so-called coherent structures, swirl combustors are frequently
subjected to different combustion instabilities. Employment of such
combustors to work with lean premixed mode could increase the

possibility of these undesirable instabilities.

» Flame flashback which is the upstream flame propagation from a
presumably stable operation position towards the premixing zone is
considered an inherent instability problem in swirl combustors working on
premixed conditions. The main consequences of this phenomenon are the
possibility of the system being subjected to severe damages in addition to

increasing pollution.

» Flashback can occur in four mechanisms: wall boundary layer flashback
(BLF), turbulent core flashback, acoustic combustion instabilities and
combustion induce vortex breakdown (CIVB).

» CIVB is considered as one source of sudden flame transition and
flashback in swirl combustors, especially in the absence of a centre-body
or axial injection. This type of upstream flame propagation can initiate
even if the fresh mixture velocity is higher than flame speed. The
phenomenon is attributed to small changes in the flow field and interaction
between the turbulence and heat release by chemical reaction at the tip of
the CRZ.

> Despite intensive studies about flame flashback mechanisms.
Investigations on the CIVB are still limited. Whereas this type of
flashback represents state of the art research compared to the other three

types, the first time that this phenomenon was explicitly observed and
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documented was in 2003 by [65, 66]. Since then many hypothesis and
theories have been implemented experimentally and numerically in order
to achieve more insight understanding on this characteristic flame
flashback mechanism. Nevertheless, there is still some ambiguity
surrounding the factors governing the CIVB and more investigations in

this area are still important and urgent.

> In this study, two techniques have been used to determine their effect on

the CIVB, central fuel injectors or centre bodies and axial air injection.

» Central fuel injectors, when used as centre bodies, can affect the flow field
characteristics downstream the burner nozzle and suppress the CIVB

providing a considerable resistance against it.

» Using the dimensionless number (%) which represents the ratio of the
outside injector diameter to the inside nozzle diameter, and the burner inlet
tangential velocity may make the results and correlations more global and

capable of being applied on any swirl burner regardless its size.

» The injector outside diameter can significantly affect flame flashback
limits; i.e., at a geometric swirl number Sg=1.12, the reduction of (y)
moves the operation stability limits to the leaner region. However, there is
a limit for this reduction, any reduction beyond (3= 0.09) does not change
in flashback limits. At small () or small injector outside diameter, the thin
vortex core extends over the fuel injector to the baseplate for all tangential
inlet velocities. Flashback can be seen to occur as a radial flashback from
the outer boundary of the CRZ, to the radial aligned tangential inlets.
Flashback resistance here is weak because it depends on the relatively low
radial velocity in the swirl chamber. The CRZ formation is less affected

by the injector diameter.

» Increasing injector diameter, i.e. increasing (¥) up to 0.253 improves
flashback limits and provides wider stability operation. At these () values
the CRZ/burning vortex region still extends around the fuel injector but
not to the baseplate.

169



Chapter 8: Summary of Discussions

» Bigger injector diameters (x) 0.280 and 0.306 enhances flashback
resistance further. The flame front position and stabilisation mechanism
are considerably changed. For these configurations, CRZ is significantly
affected by inlet tangential velocities. Low tangential velocity leads to
unstable CRZ, hence early flashback. However, high tangential velocities
result in better flow stabilisation, with the flashback mechanism now
occurring via the outer boundary layer between the shear layer and the

nozzle wall.

» Reducing the geometric swirl number to Sg=0.9 does not change the
trends significantly. The effect of the injector diameter is still almost the

same.

» Visual observations revealed that increasing () lead to change the type of
flashback mechanism. At low values i.e. low injector diameters the
flashback mechanism is CIVB, while with higher values enforce flame
propagation via wall i.e. BLF. Thus, there is a critical value of (y) for
flashback transition from CIVB to BLF. This value is y= 0.280 for
Sg=1.12 and = 0.320 for Sg=0.9.

» The proper selection of a central fuel injector diameter can improve
flashback resistance in conjunction with optimisation of swirl number at a
level beyond initial vortex breakdown, i.e. (S>0.7). This finding can be
used for design purposes. When selecting an injector diameter, it must be
taken into consideration the required central fuel injection to start burner
operation. Moreover, its effect on flame flashback transition from CIVB
to BLF is important too. Good geometry selection is the one that can make
the desired balance between those flashback mechanisms [87].

» Although central fuel injectors or bluff-bodies have a good potential
regarding flame flashback resistance, they also have some drawbacks in
this context. Even with the appropriate selection of injector diameter, it is
difficult to achieve the entire safe operation, as the risk of being subjected

to different flashback mechanisms, especially CIVB, still exists. Operation
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stability limits for swirl burners with certain injector diameter are different
from those when using the same injector but with a different fuel. Certain
injector diameter could have good resistance against the CIVB for certain
fuel type. However, the same injector may have porn resistance when

different fuel is used.

» Central fuel injectors could undergo life degradation due to significant
high-temperature levels as they will be in contact with the flame under the
effect of the CIVB. This effect could be increased when high hydrogen

content blends are used. Consequently, the maintenance cost will rise.

» Central fuel injection for flame stability demands may lead to increase

pollutants level and degradation of the mixing degree.

» Axial air injection, when used for flame stabilisation requirements instead
of central fuel injectors, can provide many solutions for problems that can

arise when central fuel injectors are used.

» Axial air injection jets simulate the physical shape of the central fuel
injector can lead to a considerable variation in the stability map. They
produce wider stability operation, and the stability limits increase both

regarding equivalence ratio and inlet tangential velocity.

» The possibility of change the air jet diameter can give more flexibility of
operation. It is worth mentioning here that central fuel injectors do not

have this feature.

» The obtained wide operation region enables the burner to work at higher
power than that when the central fuel injector is used, hence it is possible
to increase power to higher levels at constant equivalence ratio, whereas
this is difficult for burners using central injectors due to the limitation of

their stability map.

» The high resistance against flame propagation by the axial air injection
promotes the possibility of flame re-stabilisation under flashback

conditions. The slightly increasing of axial air injection pushes the CRZ
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downstream and prevents the flame from propagating towards the burner
plenum, while this is impossible to achieve when the central fuel injector

is used.

» The defects in axial velocity at the central vortex core that leads to CIVB
can be reduced significantly when axial air injection is used. This jet also
leads to a wider vortex core, consequently lower pressure gradient, hence
reducing baroclinic torque effects which are considered as one of the

factors the provoke CIVB.

» Axial air injection has a tangible effect on all flowfield characteristics
downstream burner mouth. This is represented by the considerable
reduction of turbulence levels, hence reducing of local turbulent flame
speed. Thus this reduction of turbulent flame speed, especially close to the
burner exit plane, will enable the upcoming fresh mixture to compensate
the velocity defect at the tip of the CRZ providing the necessary velocity

balance at this region.

» The air injector position with respect to burner base plate is crucial

regarding stability operation and turbulence intensity.

> Injecting air directly from the burner baseplate (X=0) keeps the coherence
of the flow and is less affected by the inlet tangential flow. This allows the
burner to work under reasonable conditions, with the flashback retarded

to @ = 0.7 over inlet tangential velocities ranging from 2.5 to 7.5 m/s.

> Injecting air at further downstream position (X=29 mm), the air stream
became directly subjected to the high momentum tangential flow which in
turn produces pressure fluctuations and high turbulence intensity in this

region, leading to flashback occurring at lower ©.

» Injecting air from other downstream positions (X=110 and 150 mm) leads
to significant decrease in the turbulence level and hence better flashback
resistance, consequently wider stability operation margins. The reason for
that is at those positions the air injector became protected by the burner

sleeve and hence is less affected by the inlet tangential flow. Moreover,
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the flashback resistance for the last two positions is promoted by both the

air injection and the injector body.

» Using air injection instead of central fuel injectors can significantly reduce
the maintenance cost required when central injectors are used. Moreover,
for fuel switching requirements, the wider stability operation map allows

wider areas for fuel switching.

» Axial velocity and turbulence intensity measurements in the axial
direction by LDA based on instantaneous and bulk flow velocity seem to
be useful tools to investigate the effect of different air injection positions

on flashback limits. Both techniques give approximately the same results.

» Flow field measurements under the effect of air injection by using 1D
LDA reveal a considerable change in turbulence level and velocity
gradient not just close to the burner mouth but also for a significant
distance downstream. This was evident when pushing the CRZ away from

the burner exit plane with interest reduction of turbulence intensity.

» The amount of central air injection with respect to inlet tangential flow is
very important and should be chosen carefully. This amount has a direct
effect on the size and velocity values of the CRZ and other coherent
structures. Thus, the ratio of axial injection should be proportional to the
tangential flow according to the required swirl structure. From one hand,
high axial injection could reduce the swirl strength to be lower than S=0.6
which is the minimum swirl number required for vortex breakdown. On
the other hand, very low axial injection could reduce its potential for flame
stabilisation.

» The PVC is affected by the amount of axial injection. The high axial
injection can suppress the PVC, and hence reduce the frequency of
oscillation which in turn reduce the acoustic combustion instabilities.
Moreover, axial air injection can alter the generated vortex breakdown

from bubble to cone type which is better for stability.
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>

Axial air injection at the burner central axis produces a positive axial
velocity gradient that promotes CIVB resistance. However, the positive
gradient at the centre leads to negative velocity gradients near the nozzle
wall, which in turn result in BLF. This effect has been visually observed
whereas axial injection and big diameter fuel injectors enforce flame

propagation via wall boundary layer.

In order to achieve the required benefits from using axial air injection, its

consequences on BLF must be taken into consideration.

Using micromeshs proved their potentials for BLF resistance. The
structure changes the behaviour of the boundary sublayer in such a way
that the fresh mixture velocity is still high even near the wall which in turn
increases the velocity gradient greater than a critical value that can

overcome by turbulent flame speed.

The geometry and size of the micromesh are important. Fine micromeshs
with grid size 50 um give better results than coarse ones with a grid size
of 150 pm.

The effect of using a micromesh can be observed visually. The effect leads
to an increase of the operation stability map in both cases, with and without
air injection. The optimum conditions were when using the two techniques

together, the axial air injection and micromesh surfaces.

For industrial requirements the use of air injection and micromeshes for
flame stabilisation requirements seems to be useful from the commercial
point of view, the availability of air and possibility of commercial
production of such microsurfaces consolidates that. However, there is still
considerable research required for prediction of the manufacturing cost of

same advanced micromeshs.
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Chapter 9

Success is a science; if you have the conditions, you will get the
results
Oscar Wilde

9.1 Conclusions

The main conclusions of this study can be summarised as follows;

» Central fuel injectors, when used as centre bodies, can affect the flow field
characteristics downstream the burner nozzle and suppress the CIVB,
providing a considerable resistance against it. Increasing injector outside
diameter alter flame flashback mechanism from CIVB to BLF.

» Axial air injection jets, when used for flame stabilisation requirements instead
of central fuel injectors, can provide many solutions for problems that can arise
when central fuel injectors or bluff bodies are used. They produce wider
stability operation regions than that of central fuel injectors. The main effect is
pushing the CRZ downstream the nozzle and hence avoid high turbulence that
can lead to flame flashback.

» Using both air injection and micromesh configurations increase the stability
limits considerably. They provide good flame flashback resistance against BLF
and CIVB.

9.2 Future Work

The outcomes and findings of this study could open new horizons of flame flashback
resistance techniques. Some other relevant investigations that could not be covered

by this study need to be taken into consideration.
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9.2.1 Central Fuel Injectors

Despite many studies on the effect of central fuel injectors or bluff-bodies on the

performance of swirl burners, this area of study still needs more investigations.

» The geometry of central fuel injectors may have an effect on flame stability
different from that of circular types. Thus it is important to investigate other
geometry configurations such as square, rectangular and triangular, whereas
such geometries could change flow field and the interaction between swirl

coherent structures, consequently alter the stability operation map.

» The type of material of central fuel injector may have a considerable effect on
the flame stability. The heat exchange between flame and injector material can
play an important role in this context. The amount of heat absorbed by the
injector and transferred to the downstream coherent structures may affect the
mechanism of the bubble formation at the tip of the CRZ that leads finally to
CIVB. It has previously demonstrated that volume expansion due to heat
release at the tip of the CRZ is crucial in flame propagation and the onset of
the CIVB [163].

9.2.2 Axial Air Injection

Research on the use of axial air injection for flame stability are very limited. Thus this
technique and its potentials can be considered as state of the art. Therefore more

investigations are still important and urgent to achieve a clear view of it.

» Determine the effect of variable air jet diameter on stability limits;

» Investigate the effect of axial air injection using different fuels, especially
high hydrogen blends;

» Study the effect of preheating or cooling, pressurised or atmospheric air, on

flame stability and swirl structures.

» Use of other gases to inject axially instead of air or mixes of those gases with
air at different mixing rates investigating the impact of those on flame

stability.
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» Determine experimentally and numerically the difference in turbulent flame
speed values with and without air injection to see the effect of variation in

velocity gradient generated by axial air injection on flame speed.

» Study the effect of air injection on the concentration of combustion products

and correlate that with pollutant products.

» Since this study was based mainly on one-dimensional measurements of
swirling flow structures, three-dimensional studies using 3D LDA or PIV are

encouraged.

» Study of the PVC at different turbulence values (X positions) to define the
impact of turbulence intensity on the structure. Similarly, the impact on the
former using micromeshs is required to acknowledge the impact of the

stabilisation mechanisms on the PVC.

178



Appendix A

Test conditions, chapter 5 (isothermal)

Tangential air flowrate

Axial air flowrate

Average bulk exit axial

(I/min) (I/min) velocity (m/s)
400 50 2.45
600 50 354
800 50 4.63
1000 50 5.72
1200 50 6.81
400 0 2.18
600 0 3.27
800 0 4.36
1000 0 5.45
1200 0 6.54
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Appendix B

Test conditions, chapter 5 (combustion)

Tangential | Tangential | Axial air | X D Average | Power

No air gas flowrate bulk (Kw)

flowrate flowrate (I/min) | (mm) ex_it

(/min) (I/min) axial

velocity

(m/s)
1 600 41 50 0 0.59 3.77 22.78
2 800 52 50 = 0.57 4.92 28.90
3 1000 68 50 = 0.60 6.10 37.79
4 800 56 50 = 0.61 4.94 31.12
5 1000 72 50 = 0.64 6.12 40.02
6 800 52 50 = 0.57 4.92 28.90
7 800 55 50 = 0.60 4.94 30.57
8 1000 72 50 = 0.64 6.12 40.02
9 1200 78 50 = 0.58 7.24 43.35
10 1200 82 50 = 0.61 7.26 45,57
11 1200 80 50 = 0.59 7.25 44.46
12 1200 85 50 = 0.63 7.28 47.24
13 600 41 50 29 0.59 3.77 22.78
14 800 52 50 = 0.57 4.92 28.90
15 800 55 50 = 0.60 4.94 30.57
16 1000 66 50 = 0.58 6.09 36.68
17 1000 70 50 = 0.62 6.11 38.90
18 1200 77 50 = 0.57 7.24 42.79
19 1200 80 50 = 0.59 7.25 44.46
20 800 53 50 = 0.58 4.92 29.45
21 800 55 50 = 0.60 4.94 30.57
22 600 45 50 110 0.64 3.79 25.01
23 800 53 50 = 0.58 4.92 29.45
24 800 66 50 = 0.72 5.00 36.68
25 1000 71 50 = 0.63 6.11 39.46
26 1000 79 50 = 0.70 6.16 43.91
27 1200 86 50 = 0.64 7.28 47.80
28 1200 94 50 = 0.70 7.33 52.24
29 400 27 0 150 0.63 2.32 15.00
30 600 36 0 = 0.56 3.46 20.01
31 800 50 0 = 0.58 4.63 27.79
32 800 54 0 = 0.63 4.65 30.01
33 1000 73 0 = 0.68 5.84 40.57
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34 400 31 50 0.64 2.63 17.23
35 600 45 50 0.64 3.79 25.01
36 800 53 50 0.58 4.92 29.45
37 800 60 50 0.66 4.96 33.35
38 800 66 50 0.72 5.00 36.68
39 1000 69 50 0.61 6.10 38.35
40 1000 78 50 0.69 6.15 43.35
41 1000 83 50 0.74 6.18 46.13
42 1200 80 50 0.59 7.25 44.46
43 1200 86 50 0.64 7.28 47.80
44 1200 100 50 0.74 7.36 55.58
45 800 50 66 0.72 5.00 36.68
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