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NOMENCLATURE

Greek Symbols
A = Total area of tangential inlets
Cie = Model constant in k- € equation
Coe = Model constant in k- € equation
CVv = Fuel volumetric calorific value
D = Characteristic length (exhaust diameter of swirl burner)
dc = The characteristics of an obstacle
dd = Diameter of the particle
De = Exit burner diameter
Ds = Burner sleeve diameter
ds = The fringe distance or spacing
Dy = Hydraulic diameter
Dinj = Axial air injector diameter
Dt = The inner diameter of tangential inlet
f = Oscillation frequency (vortex shedding)
fa = Doppler (shift) frequency
fs = Frequency shift in LDA system
g = Gravity
Gp = The generation of turbulence kinetic energy due to buoyancy
Gk = The generation of turbulence kinetic energy due to the mean
velocity gradient
Gg = Axial flux of tangential momentum
Gy = Axial momentum flux
H = Distance to the stagnation point
k = The mean kinetic energy per unit mass associated with eddies in

turbulent flow

= The integral turbulent length

1/s

Hz

Hz
m/s?
m?/s?

m?3/s?

kg-m/s

kg/m-s

m?3/s?
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N = The number of image pairs applied in the PIV tests -

P = The static pressure in. wc
Q = The total flow rate m3/s
r = The radial component of the swirl flow -
e = Characteristic radius (the exit nozzle radius of the tangential m
burner)
Re = Reynolds number -
Reft = Effective burner radius m
Ri = Richardson number -
ri = Radius of burner plenum m
S = Local swirl number -
Sg = Geometrical swirl number -

Sgcomb = Geometrical swirl number under combustion conditions -

Sgiso = Geometrical swirl number for isothermal conditions -
St = Turbulent flame speed m/s
S = Laminar flame speed m/s
S = The modulus of the mean rate-of-strain tensor in realizable k- ¢ -
Sk = User-defined source terms in k- € equation -
Se = User-defined source terms in k- € equation

Syi = The gravitational body force in i-direction kg/m.s
Sr = Strouhal number -
S, = Strouhal number as a function of the swirl number -
Sy = Geometrical swirl number -
Stk = Stokes number -

t =Time S
Tint = Relative turbulence intensity %
Tinlet = The inlet temperature of the fluid K
Toutlet = The outlet temperature of the fluid K
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u = Velocity components in x direction (axial) m/s
U = Mean velocity value m/s
Up = Average bulk burner exit axial velocity m/s
u = Mean velocity at burner exit nozzle m/s
U, = Fluctuating axial velocity m/s
U = Fluctuating tangential velocity m/s
u = Fluctuating velocity value. m/s
U, = The wall friction (shear) velocity m/s
Ui = Instantaneous velocity component m/s
URMS = Root-mean-square velocity value m/s
v = Velocity components in y m
V = Velocity vector m/s
VB.it = Vortex Breakdown critical conditions for appearance -
w = Velocity components in z (tangential) m
Wi = Wobbe Index MJ/Nm?
y = The tangential component of the swirl flow m
y* = The y mesh value at the wall m
Yum = The contribution of the fluctuating dilatation in compressible -
turbulence to the overall dissipation rate
Latin Symbols
(o] = Equivalence ratio -
B = Thermal expansion coefficient 1/K
Q5 = Represents the mean rate-of-rotation tensor viewed in a moving -
reference frame with the angular velocity
ALDA = The LDA laser wavelength nm
Pd = Seeding particle density kg/m?3
Wt = The turbulent (eddy) viscosity kg/m.s
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Heo = The turbulent viscosity value calculated without the swirl kg/m.s

modification

Mt = Dynamic viscosity of the fluid kg/m.s
)| = The laminar flame thickness mm
) = The unknown variable in the general transport equation -

a = Thermal diffusivity m2/s
Ok = Realizable k- € turbulence model constant -

O = Realizable k- & turbulence model constant -

U = Kinematic viscosity m?/s
p = Fluid density Kg/m?3
r = The diffusion coefficient in the general transport equation -
Tm = The flow time scale S

T¢ = The chemical time scale S

3 = The dissipation of the kinetic energy of turbulence m?/s3
0 = Angle between laser beems in the LDA system degree
Nk = The Kolmogorov length scale Mm
AT = Temperature difference K

Tj = Viscous stress component acts in the j-direction on a surface ~ N/m?

normal to i-direction

Ts = Seeding patrticle relaxation time S

9 = The stress tensor -
Subscripts

Act = Actual

e = Exit of the burner

eff = Effective

g = Geometrical

[ = Inner

stoicio = Stoichiometric
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t = Tangential

inj = Injection
pos = Positive
neg = Negative

Chemical Compounds

CsHs = Propane

CHa4 = Methane

CO = Carbon monoxide
CO2 = Carbon dioxide
H2 = Hydrogen

H20 = Water

H.S = Hydrogen sulfide
N2 = Nitrogen

NHs = Ammonia
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ABSTRACT

wirl combustors have demonstrated that they can effectively stabilise flames

across a wide range of operating conditions due to established, widely known but
not fully understood swirl coherent structures. Unfortunately, their use in lean
premixed (LP) modes as occurs with the introduction of alternative fuels, particularly
blends with a relatively high hydrogen content can result in unstable combustion. An
important such instability is a flame flashback which can cause considerable hardware
damage to the combustion system as well as significantly increasing pollutant levels.
Combustion Induced Vortex Breakdown (CIVB) and Boundary Layer Flashback (BLF)
which are a result of interaction between swirl structures and burner geometry is an
important modes of flashback instabilities because they can occur even when the
velocity of the combustible mixture is greater than the flame speed. This project is
part of the attempts to improve burner geometry and control swirl flows to increase
resistance to these modes of flashback.

This investigation used numerical and experimental methods to ascertain the effect
of arange of burner designs on flame flashback processes. Experiments were carried
out on a 150-kW tangential swirl burner operating in a premixed mode to demonstrate
practically the effectiveness of the flame flashback resistance methods techniques for
premixed fuels. The flow field characteristics were simulated by the ANSYS Fluent
code. The experimental work was carried out using a 1D LDA system which provided
the required measurements for the swirl flow.

First hydrodynamic parameters were investigated with the intention of enhancing
resistance against CIVB flashback. Initially, by replacing the central fuel injectors by
axial air injection. The effects were assessed using ANSYS Fluent code. It was
confirmed that axial air jets had good possibilities for improving flame stability,
producing a wider range of stable operations than did central fuel injectors. In
addition, the increase in stability occurred with equivalence ratio and tangential inlet
velocity. The use of these air jets also promised lower maintenance costs because
the working environment of the combustor would not be so harsh. Unfortunately,
reducing the likelihood of CIVB can increase the likelihood of a different flashback
mechanism, Boundary Layer Flashback (BLF).

Thus, the second part of the research programme was to experimentally combine
techniques that increased CIVB resistance (e.g., using central air injection) while at
the same time evading BLF (e.g., by modifying the characteristics of the wall boundary
layer). The former technique was achieved by applying a scalloped riblet geometry to
the nozzle surface. Results confirm that combining these techniques is very promising
regarding achieving a wider range of stable operations, enabling swirl combustors to
burn a wider variety of fuel blends efficiently and safely.

Then the work was extended to investigate the effects of different burner nozzle
heights on the characteristics of the swirl flow. Finally, a new technique to reduce
Boundary Layer Flashback (BLF) using biomimetic engineering methods has been
established and tested. A stainless-steel woven wire mesh liner has been used with
different heights to modify the internal surface roughness of the longest smooth burner
nozzle. It was confirmed that inserting the mesh as a liner changed the structure of
the flow adjacent to the burner wall, increasing resistance to Boundary Layer
Flashback. It was demonstrated that the likelihood of Boundary Layer Flashback was
reduced by using the designed micro-surfaces, the shorter the woven wire mesh liner,
the better effect. It is suggested that by combining the different flow manipulation
techniques, there is the potential for increasing the fuel flexibility of GTs.
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CHAPTER ONE:

1 INTRODUCTION: UK ENERGY SECTOR STATISTICS AND
THESIS OBJECTIVES

“To raise new questions, new possibilities, to regard old problems from a new

angle, requires creative imagination and marks real advance in science”

Albert Einstein, German Physrcist (187 9-1955)

1.1 Introduction

his chapter starts with a presentation of global and local (UK) statistics
Tconcerning energy usage, energy resources and pollutants from energy
generating plants. In addition, relevant details of selected gas turbines (GTs) and
combustion technologies are also introduced. After that, a brief description of the
motivation for undertaking the present, work, followed by the aims of the project,
research questions to be answered, and research methods are presented. Finally, the
chapter ends with the layout of the thesis.

1.2 United Kingdom Energy Sector (UKES) in Brief

The United Kingdom energy sector (UKES) in particular, and the global energy sector
generally, are subject to systemic challenges in both generation and consumption,
represented by the unavailability of revolutionary new technology or fantastic new
energy resources except the fracking process and the using of shale gas in power
generation sector which is still controversial. In the UK, fracking and shale gas appear
to promise bountiful supplies estimated a possible a trillion cubic metres in the
Bowland Shale Formation, north-west England alone [1]. Fracking in the United
States (USA) doubled natural gas (NG) production in about ten years [2]. Significant
obstacles might be faced to maintain the current energy resources through and

beyond the current century.

As modern societies need ever-increasing amounts of energy from an ageing
traditional fuel supply (fossil fuel) and the slow growth of the renewable energy sector,
the near future will witness an international conflict among geologic depletion and

technological developments [3]. In the next sub-sections, all statistics and figures are
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for the UK only (except Figure 1-3) and exclude Crown Dependencies and Overseas
Territories to emphasise a reduction in unwanted emissions, increased efficiency to

reduce running costs and flexibility regarding the use of different fuel gases.

1.2.1 Energy Landscape

The UK economy needs a vast and continuous power supply. Learning from the
lessons of the past, it is necessary to develop new energy technologies to increase
efficiency and flexibility when consuming known resources [4]. In general, the
supplied electrical energy can be categorised according to its source and fuel. In the
meantime, different sources are using in the UK to meet the requirements of the day
and those range from fossil fuels, to low-carbon sources, to others [5]. In the UKES,
NG, coal and oil represent the carbon sources, while the low carbon sources are
nuclear and renewables such as wind, biofuels, solar photovoltaics (PV) and
hydro [6].

Historically, the primary public electricity supply in the UK was generated by
hydropower, but was soon displaced by coal as the primary fuel for power generation,
in 1950 the energy output from coal-based power stations was 97% of the total energy
production in the UK [7]. Coal continued to dominate power generation, but by 1970
oil had passed hydro to be the second largest source of energy, accounting for 16%
of all power generation in the UK. At this time NG made only a minimal contribution.
The early 1970s was a peak in oil use while the second peak in oil usage occurred
around 1990, see Figure 1-1 [8].
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Figure 1-1: Electricity supplied by fuel type in the UK from 1950 to 2008. Reproduced from [8].
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Post-1990, in the UK, it can be seen in Figure 1-1 a steady and rapid increase in gas-
fired power stations with the installation of efficient combined-cycle gas turbines
(CCGT) [8]. This was accompanied by a clear decrease in coal powered generation.
In 1999 gas usage exceeded that of coal [9]. The decline in coal-fired power and the
growth of gas have been the most marked characteristic in electrical power
generation, post 2000. Gas has represented the primary fuel for power generation in
the UK since the millennium and is seen as a clean and efficient fuel. In the first
quarter of 2018, the gas-based electricity generated about 40% of the total electrical
power produced in the UK [10].

Concerning nuclear power generation, in 1970, nuclear energy began its challenge to
the dominant position held by coal, increasing from 9% to 21% between 1970 and
1990, and rising to 28% in 1998. However, public apprehension fuelled by the
disasters at Chernobyl in 1986 and Fukushima in 2011 meant that as nuclear power
stations came to the end of their working lives, they were not replaced by the end of
2008. The percentage supplied by nuclear had dropped to 13% as shown in
Figure 1-1 [8].

The nuclear option might generate strong opinions but just how much energy does it
generate. In the meantime, there are 15 reactors left in the UK and by 2035 all these
will have been retired. So, what is next for nuclear in the UK? British Government
plans to have EDF Energy company build two EPR nuclear reactors (a third-
generation pressurised water reactor) at Hinkley Point in Somerset. This project will
be finished in 2025 as expected, and it will hope to bring about 7% of the UK energy
needs. However, it is still some doubts about what nuclear energy really looks like in
the future [11].

Due to the reduction in electricity demand caused by Covid-19 pandemic, the total
electricity generated in the UK decreased by 3.6% between 2019 and 2020. The
electricity generated from coal dropped a further 0.3 percentage points from 2.1% to
1.8%, continuing a long-term downwards trend. The share of electricity generation
from gas declined from 40.7% to 35.7%, while the percentage from nuclear decreased
from 17.4% to 16.1% as illustrated in Figure 1-2 [12].

Regarding renewable energy, wind, waste and hydro, following 2000, there was a
noticeable development in the generation and by 2008 renewable power was
contributing 5.5% of total electricity generation, return to Figure 1-1 [8]. Continuous

investments in this sector helped by governmental tax incentives and “feed-in”
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subsidies [13], meant renewable power provided 30.1% of the total electricity
generated in the UK in the first quarter of 2018 [10].

, 2020 i
2019 oil & Other St'rlui

Other Coal 21%  other ~
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Figure 1-2: Shares of UK electricity generated by fuel type in 2019 and 2020. Reproduced from
[12].

In 2020, the decline in electricity supplied from fossil fuels was enabled by increased
generation from renewables, which increased its share of generation from 36.9% in
2019 to a record 43.2% in 2020 [12], see Figure 1-2 and Table 1-1.

Table 1-1: Annual electricity generated from renewable sources in the years 2000 to 2020.
compiled from [12].

TWh

2000 2010 2018 2019 2020

Onshore wind 0.9 7.2 30.4 31.8 34.7
Offshore wind - 3.1 26.5 32.0 40.7
Solar PV - 0.0 12.7 12.6 13.2
Hydro 5.1 3.6 5.5 5.9 6.8
Landfill Gas 2.2 5.2 3.9 3.6 35
Other Bioenergy 1.7 7.0 31.1 33.7 35.8

Total Renewables 9.9 26.2 110.1 119.5 134.6

Table 1-1 shows the electricity generated from renewable sources in the years 2000
to 2020 [12]. The increase in renewables’ generation in 2020 came after unusually
high wind speeds and the increase in average rainfall during the year. Total wind
generation increased by 18% to a record 75.4 TWh thanks to exceptionally strong
wind speeds; within this, offshore wind generation rose by over 27% in 2019 to 40.7
TWh in 2020, surpassing onshore wind at 34.7 TWh. Wind generation was particularly
high during Quarter 1 of 2020, when storms Clara and Dennis hit the UK. Average
onshore wind speeds in 2020, at 9.1 knots, were 0.8 knots higher than in 2019. Hydro
generation increased by 15% in 2020, largely due to an increase in average rainfall,
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which was up by 23% on 2019. Generation from solar PV increased by 4.6% in 2020
as compared with 2019, following a small increase in capacity and average sun hours
(up 0.2 hours in 2020). Generation from bioenergy and waste (excluding landfill gas)
increased by 6.3% between 2019 to 2020 [12].

Finally, for a complete understanding of the UK power generation sector position
compared with the worldwide trend, an overview of the future global direction of the
energy generation sector needs to be briefly mentioned. To have a clear conception
about the global primary energy generation by fuel type and the shares of primary
energy in the next decades out to 2040, see Figure 1-3 [14]. This figure shows the
path of energy transition out to 2040 and what likely to happen for the energy sector
in the future not only in the UK but in the world. NG is the wave of the future of
electricity production in the globe with no other power source even close to matching
NG’s potential in the future. It is an on-demand energy source that essentially
decreases air pollution as compared to coal. A 45% increase has been expected in
global NG use by 2040. The expected growth in global NG power is attached to its
value in reducing air pollution rather than an anticipated cost as compared with the

other fossil sources [14].
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Figure 1-3: The transition of energy sector out to 2040: (A) primary energy consumption by fuel,
(B, C) shares of primary energy. Reproduced from [14].

However, government policies, social preferences and new technologies will change
how energy is generated and used in the future in ways which are difficult to predict
now. In any case, the gas-fired electrical power generation will continue as a major
contributor to the global supply and in that context, there is a need to ensure that the

gas turbines used are as efficient and as flexible as possible. This trend in power
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generation will be different in the UK as the government targets no gas power
generation and the renewables will become dominant in the energy market certainly
beyond 2035 [12].

1.2.2 Decarbonisation of Power Generation

The UKES is embarking on possibly its most significant step towards decarbonisation
to reduce greenhouse gas (GHG) emissions, which are widely accepted to accelerate
adverse global climate change. The goals also include (i) to secure energy resources
sufficient to meet required needs, (ii) to produce efficiently to meet the environmental
standards of the day and (iii) to ensure a reliable and affordable energy supply [15].
Both consumers and government are expecting the energy industry to play an
important and essential role in the path towards a low carbon economy.
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Figure 1-4: Proportion of UK energy supplied from low carbon sources from 2000 to 2020.
Reproduced from [12].

The marked increase in low carbon energy produced in the UK that occurred after
2008 has continued until now, as shown in Figure 1-4 [12]. The UK played an essential
role in the 2015 Paris agreement, which builds upon existing UK legislation that aims
to reduce the GHG 1990 emissions levels by 50% ahead of 2030 and 100% before
2050 [16]. In this international agreement, 195 countries have committed to work
together as a team to minimise the effect of the energy generation sector, to reduce
the GHG emissions and hence mitigate climate change. Following the Paris 2015
agreement, the UK participated in international efforts, and there have been

noticeable increases in carbon reduction targets. In 2020 the UK obtained 21.5% of
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its primary energy from low carbon sources, with 37% of this from bioenergy, 31%
from nuclear, and 18% from wind. From 2019 to 2020, the energy supplied from
biofuels increased by 3.9% and wind energy increased by 18% with capacity up by
2.5%, whilst solar was up by 4.4% reflecting increased capacity; however, the
supply of nuclear fell by 11% due to numerous outages at all 8 of the UK’s power
stations during 2020 [12].

The latest data in a survey by BP of energy and carbon emissions showed that in the
group of highly industrialised nations (G8) the energy ratio is falling [14]. The energy
ratio is found by dividing temperature corrected primary energy consumption (primary
supply less non-energy use) by gross domestic product (GDP) at constant prices, with

the carbon ratio similarly calculated by dividing CO, emissions by GDP.

Figure 1-5 illustrates that both energy ratio and carbon ratio in the UK have dropped
steadily over the period of the survey, 1990-2020 [12]. This trend is expected to be
the same for the EU and continue until 2040, at which date the countries of the present
EU will consume the same amount of energy, in total, as they did in 1975. This was
possible due to continuous improvements in the efficiency of the energy sector [14].
Figure 1-5 shows that the energy ratio declined by around 2.5% per year, and the
carbon ratio dropping at a faster pace of just over 3.5% per year, despite the level of
GDP continuously increasing.
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Figure 1-5: Energy and carbon ratios in the UK from 1990 to 2020. Reproduced from [12].

These downward trends for both energy and carbon ratios are due to enhancements

in energy efficiency and the reduction in the relative importance of energy-intensive
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industries, such as steel. The additional improvement in carbon ratio has been
achieved due to using more renewables and carbon efficient fuels. Currently, the UK
leads the transition to a lower carbon economy and it is estimated to have the lowest

energy ratio in the EU [17].
1.2.3 Emission of Greenhouse Gases (GHGS)

Air pollution is a local, regional, and global challenge produced by the emission of
pollutants. It is a global dilemma as the air pollutants emitted in any one place may
be transferred within the atmosphere, sharing harmful consequences across the
globe. These pollutants can be emitted directly or can be formed through chemical
reactions with other contaminants and the environment that lead to a negative impact
on ecosystems and the health of individuals. Knowledge of the sources and
estimations of the effects of different pollutants released into the air aids the
development of policies and strategies to minimise air pollution generated by human
activities and hence diminish its impact on the environment and our health [18].In
2019, net territorial emissions in the UK of the basket of seven greenhouse gases
covered by the Kyoto Protocol were estimated to be 454.8 million tonnes carbon
dioxide equivalent (MtCO-€), a decrease of 2.8% compared to the 2018 figure of
468.1 million tonnes and 43.8% lower than they were in 1990 as shown in
Figure 1-6. Carbon dioxide made up around 80% of the 2019 total [19].
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Figure 1-6: UK territorial greenhouse gas emissions, 1990-2019. Reproduced from[19].

In the UK, the dominant sectors in terms of total emissions of GHGs are the transport
and the energy sectors, almost entirely through carbon dioxide (CO,) emissions. The
transport sector was the most significant source of emissions in 2019, accounting for
27% of total GHG emissions (mainly CO, emissions) in the UK. The transport sector
consists of emissions from road transport, railways, domestic aviation, shipping,

fishing, and aircraft support vehicles. About 8.14% of transport sector emissions in
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2019 came from civil aviation while road transport, in particular passenger cars, is by
far the highest emitter accounting about 70% of all GHG emissions from this sector.
The total emissions from the transport sector in the UK decreased only by around 5%
between 1990 and 2019, as increased road traffic has largely offset improvements in
vehicle fuel efficiency of both diesel and petrol vehicles. In the future, most fuels used
for mobility would require to be of a non-fossil source to achieve a decline in GHG
emissions. However, the use of liquefied natural gas (LNG) in lorries and shipping can
diminish emissions of different air pollutants [19]. Emissions from the energy sector
over the same period was equal to 21% of total GHG emissions in the UK and have
declined by 65.5% since 1990 due to changes in the energy policy in the UK, the
phasing out of coal-fired power stations. Carbon dioxide (CO,) being by far the most
prominent gas for this sector (94%). The main source of emissions from this sector
remains the use of coal and gas in electricity generation. Of course, the sources of air
pollution, include not only transport and energy generation, but also businesses and
residential which are sharing equally about 32% of the total GHG emissions in 2019
in the UK [19].

Air pollution statistics are required to support and justify the efforts of organisations
and governments in addressing major environmental issues such as air pollution,
tropospheric ozone destruction and GHGs to mitigate climate change effects. The
most well-known emissions were reported in the Kyoto Protocol [20], the first six are
GHGs: carbon dioxide (CO3), methane (CH4), hydrofluorocarbons (HFCs), nitrogen
oxides (NOXx), perfluorocarbons (PFCs) and sulphur hexafluoride (SFg), sulphur
dioxide (S0O;), non-methane volatile organic compounds (NMVOCs), carbon
monoxide (CO), ammonia (NHs), and particulate matter (PMio, PM25s) [21]. For every
GHG, a Global Warming Potential (GWP) has been specified to indicate its ability to
trap heat in the atmosphere and how long it exists in the atmosphere as compared to
CO; (used as reference). Accordingly, GWP-weighted emissions can be presented in
a million tons of CO: equivalent (MtCOze). GHGs with a higher GWP contribute more

to “warming the Earth” as they absorb more energy per unit mass [22].

1.2.3.1 Impacts of Air Pollution

The most significant impacts of air pollution on our ecosystems are acidification,
eutrophication, and ground-level ozone. Acidification is due to chemical reactions
between air, water, and pollutants NOx, NH3z and SO,. These reactions create acidic
droplets that accumulate in irrigation systems and the ground through the acidic rain,

impacting negatively on solil, plants, and constructions [6]. Eutrophication is producing
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by the nitrogen-based pollutants (NOx and NHs) and is due to the ability of nitrogen
to accumulate in aquatic systems which changes nutrient levels, boosting algae
growth in reservoirs and water channels which can de-oxygenate the water. Ground-
level ozone is formed by chemical reaction between NOx and NMVOCs that creates
ozone. A GHG, ozone (Os3) contributes to global warming and increases the damage

risk to plants, vegetables, and forests [6][18].

1.2.3.2 Statistics of Gas Emissions

Net CO, emissions in 2017 were estimated as equal to 80.4% of total UK
anthropogenic GHG emissions; 366.9 Mt, some 3.3% less than in 2016. Between
1990 and 2017, UK net CO; emissions decreased by nearly 40%, with the main
reason, once again, the reduction in the use of coal in power generation and increased
use of renewables [17][18]. Figure 1-7 shows the long-term reduction in the emissions
of air pollutants; NH4, NOx, NMVOCs, PMio, PM2sand SO; [6].
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Figure 1-7: Trends of emissions in the UK. Reproduced from [6].

It can be seen that between 2015 and 2016; NOx emissions reduced by 10%, SO-
emissions decreased by 29% to their lowest recorded level, and PMio and PM.s levels

dropped by 2% and both reached their lowest recorded levels. We see the emissions
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of NMVOCs was most pronounced, reached a peak in 1990 and have declined ever
since. However, there was an increase of about 3% in the level of NH3z emissions
between 2015 and 2016. These statistics demonstrate that the UK met the EU and
the international emissions ceilings as permitted under the EU National Emission
Ceilings Directive and the Gothenburg Protocol 2016 [6][23].

1.2.4 Overall Energy Consumption

The overall electricity consumption is the final energy consumption by consumers
excluding non-energy uses (not been used directly to supply energy). As depicted in
Figure 1-8 (A), since 2002, both actual and temperature corrected consumptions have
dropped by about 10% in the UK. The temperature corrected consumption is
consumption adjusted to exclude the effect of changes in the external air temperature
and to identify underlying trends. During 2002-2017, actual consumption varied year
on year (YOY), though temperature corrected consumption declined gradually
between 2002 and 2014, but in the three years 2014-2017 there has been a marked
upward trend [24].

Primary energy equivalent is the summation of the energy consumed by the user, the
energy consumed in transforming the primary fuel to electricity, any losses in
transportation, and any other losses in the system. Figure 1-8 (B) shows the long-
term fuel consumption in primary equivalents. It is clear that electricity consumption
rose to a peak in 2001 at 236,856 (ktoe). However, by 2017, primary energy
consumption has fallen by 19% to 192 (ktoe). The reduction in electricity consumption
was essentially because of lower gas consumption in the domestic sector due to the

warmer mean temperatures, specifically in the key heating season [24].
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Figure 1-8: (A) Final energy consumption, actual and temperature corrected; (B) Total
consumption in primary energy equivalents. Reproduced from [24].
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Table 1-2 indicates the data for electricity capacity in the UK per technologies from
1996 to 2016. The installed capacity in the UK has developed steadily between 1996
and 2016, from 73.6 GW to 97.8 GW. Overall, there has been a drop in conventional
steam power (includes coal, non-CCGT gas, oil and mixed/dual fired), outweighed
initially by an increase in CCGT and more latterly by the growth in renewables [25].
From Table 1-2, It could be observed that in 2016 the electricity capacity from CCGT
only is counting about 32% of the total electricity capacity in the UK.

Table 1-2: Electricity capacity in the UK from 1996 to 2016. Compiled from [25].

1996 2000 2005 2010 2015 2016
Conventional Steam 43.0 39.7 37.1 37.1 22.3 18.1
CCGT 12.7 21.1 25.9 34.0 31.7 31.8
Nuclear 12.9 12.5 11.9 10.9 9.5 9.5
Pumped Storage 2.8 2.8 2.8 2.7 2.7 2.7
Renewable 2.3 3.0 4.5 9.3 30.9 35.7
Total (GW) 73.6 79.0 82.1 94.0 96.5 97.8

1.3 Gas Turbine Engines

Combustion (gas) turbines are complex machines used in a wide area of applications
such as aviation, electrical energy generation, oil and gas industries, process plants,
marine and many others. The principle of operation is like that of the internal
combustion (IC) engine; they employ the energy of combustion to generate
mechanical power (rotational) that is used for different purposes. Modern GTs were
first promoted as aero engines but were rapidly used in land-based applications
including natural-gas-fuelled power plants. It took a long time to develop the high
standards of performance now available and make it a heavy-duty machine to
dominate the power plant industry. GTs were first used at the end of the 19th century;
however, simple cycle GT for power generation was first tested successfully in 1939

in a local power station in Switzerland [26].

GTs were first introduced into the power sector after the Second World War (1939-
1945). Until the 1980s most GT engines were relatively small and inefficient [27].
However, by 2017, GTs for power generation were receiving the greatest share of GT
investment compared to other applications. The conversion of power generation to
advanced gas-fired power stations is due to the continuing efforts to curb emissions
and will nurture the GTs market growth in the future. The same trend as presented in

Figure 1-9 is a forecast of Europe GT market size for 2024 [28].
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Figure 1-9: Europe GT market size (US$ Million), by application in 2017 and predicted for 2024.
Reproduced from [28].

Increasingly, network operators are giving dispatch priority to renewable energy. Due
to these industry changes, GT operators are taking on an additional new role:
switching from providing baseload to providing power at times of peak demand. Plant
flexibility is critical for on-call GT generation. GT plants that can be dispatched within
minutes are essential assets for balancing electric system loads and maintaining grid
reliability. As a result, renewable energy and natural gas are the big winners in the
race to meet the global demand for power over the next 25 years, according to the
2018 World Energy Outlook. The rapid growth in renewables (notably wind and solar
power) is changing the electricity supply landscape and how GTs are being called on
to generate to the grid. The modern power grid needs intelligent resources able to

ramp up and down swiftly, efficiently, and repeatedly [3].

1.3.1 Gas Turbine Components and Principles of Operation

Figure 1-10 shows the detailed cross-section of a typical land-based GT engine, [29],
GTs comprise two main sections: the gas generator with a high-pressure turbine (the
cold flow zone) on the left of Figure 1-10, and the power or low-pressure turbine (the
hot flow zone) on the right of Figure 1-10.

GT components are usually fixed on one continuous shaft or multiple shafts. The flow
domain within these two main stages is connected via the combustion system (the
combustors) while the power turbine is directly connected to the electrical generator
through the power shaft. An external drive starts the engine, in the stationary GT case
it is an electrical motor which drives the shaft connected to the high-pressure turbine
and the multi-stage axial compressor mounted on it. The starting system is
disengaged once the high-pressure turbine rotational speed approaches the self-
driving speed (about 50% of full speed) when the generated power is enough to run

the compressor and maintain the combustion process [29][30].
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Figure 1-10: Components of a GT (SGT-750 GT developed by Siemens): 1- compressor rotor, 2-
horizontal and vertical split casing, 3- guide vanes, 4- multi-stage compressor, 5- bearing and
balancing planes, 6- combustor, 7- multi-stage compressor turbine, 8- online monitoring, 9-
multi-stage power turbine. Reproduced from [29].

The compressor driven by the high-pressure turbine draws air into the GT,
compresses it, raises its temperature and feeds it to the combustion system at an
increased flow velocity [30]. Turbine speed depends on the manufacturing company
and the GT design, varying from 2000-10000 rpm. There are two general types of
compressors, axial and centrifugal. The first type is more common for their higher flow

rates.

Advanced combustors premix the fuel gas with the compressed air to produce a
homogeneous air/gas mixture before it is fed into the combustion chambers where it
is ignited by the ignition system and burns. Ignition systems for gas-turbine engines
consist of three main components: the exciter box, the ignition lead, and the igniter.
The exciter box sends high-voltage current to the ignition lead, which transfers the
high voltage to the igniter. The products of combustion are many times the volume of
the air/gas mixture due to the heat produced by the combustion process. The
expanding hot exhaust gases flow at high speed first through the multiple-rows of
blades of the high-pressure turbine and then through the lower-pressure power
turbine that drives the power shafts. The shaft of the power turbine is connecting to

the machine to be driven such as an electrical generator. The exhaust gases flow
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through a diffuser into the outlet casing, shown on the right of Figure 1-10, these are
at a temperature which can be higher than 750 K and can be utilised to generate

steam as part of an energy recovery programme [27].
1.3.2 Gas Turbine Combustion Chambers

GT combustion chambers are where the combustion process takes place and the
energy released to drive the entire GT. Modern GT combustion chambers consist of
two main parts, the primary cylinder and coaxial liner cylinder locating inside it. The
fuel-air mixture is injected inside the inner cylinder (the liner) by the burner nozzle
while a separate air flow is introduced between the two cylinders which acts to cool
down the liner of the combustor and in so doing experiences an increase in
temperature. The secondary air enters the combustion chamber(s) through dilution
air holes along the liner of the combustor to dilute the very hot combustion products,
reduce their temperature and hence minimise wear of GT burners and turbine blades
and extend hardware life. The combustion products expand and accelerate to form a
uniformly heated gaseous stream suitable for all GT operating conditions. In general,
GT combustion chambers can be classified according to the design of the GT, the
purpose for which the GT will be used and the space available for the combustion
system. There are three different types of the combustion chamber, tubo-annular,
annular and tubular. The two most common combustion chambers are shown in
Figure 1-11 [30].
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Figure 1-11: lllustration of two common combustor types: (A) tubo-annular combustion
chamber arrangement, (B) annular combustion chamber. (Rolls Royce plc.). Reproduced from
[30].
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GT combustors need to meet the following essential requirements: high-combustion
efficiency, reliable and smooth ignition, wide stability margins, low emissions,
minimum cost, low-pressure loss, GT turndown ratio and, most crucial, fuel flexibility.
Turndown ratio refers to the width of the operational range of a GT and is defined as
the ratio of the maximum capacity to minimum capacity. The implementation of the
turndown upgrade is designed to help increase efficiency for combined cycle plants
in part load operation with a reduced minimum part load with lower carbon monoxide

emissions and almost constant gas turbine exhaust temperature [31].
1.3.3 Gas Turbine Combustion Technologies

There are two main combustion concepts applied in GT combustion systems, the non-
premixed and the lean premixed. Both combustion systems are offered in both turbo-

annular or annular combustion chambers.

The first GT combustion systems employed a non-premixed, diffusion flame to
generate the required heat energy. In a diffusion flame, the fuel-air mixing process
and combustion happen at the same time in the primary combustion zone (PZ). In
general, this combustion system has been more flexible and used with fuel of all types
with widespread fuel concentrations. The rich primary combustion of non-premixed
flame produces a very high flame temperature (for methane burning in air, the
temperature will be close to 2500 K) as the fuel-air mixture is near stoichiometric. One
of the main drawbacks of diffusion flames is the generation of high levels of NOx
emissions due to the high burning temperature. On the other hand, the diffusion flame
can give stable and efficient combustion, wide operating envelopes and more
flashback resistance [30][32][33].

The second combustion technology (lean pre-mixed (LPM)) is shown in
Figure 1-12 (a, b). Today, most GTs operate with LPM staged flame technology aimed
at producing low levels of emissions because in a lean burn system the combustion
takes place at a relatively low temperature. GT combustors which utilising this system
are also known as Dry Low Emission (DLE) combustors. DLE combustors consist of
four main features: Fuel/air injection unit, stability device, pre-mixed zone and flame
stabilisation zone. In DLE systems, fuel and air are fully mixed before the PZ to
produce a homogeneous LPM mixture which passes to the reaction zone where the

combustion process takes place as presented in Figure 1-12 (a) [32][34].

DLE combustors provide adequate residence time and high turbulence for the fuel/air

premixing. A pilot fuel injector is locating in the PZ to keep the operation stable at
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partial load. The reacting mixture is diluted by air in the last section of the combustor
as in the conventional diffusion combustion system. An example of a typical DLE

combustor design can be seen in Figure 1-12 (b) [32][34].

Double skin combustor

Fuel/Air mixing zone Main burner 4

- [ S Fuel supply
Combustion < =
air =l l
Reaction
Swirl A e
OB o o :
generator o

Pre-chamber

Fuel injection  Flame front .
Pioletburner Radial swirler

(@) (b)

Figure 1-12: GT combustion concepts: (a) pre-mixed flame, (b) pre-mixed combustion system
design. Reproduced from [30][32][33].

Compared with diffusion flame combustion, the DLE system has lean combustion
giving low NOx emissions. However, the main system drawbacks are dynamic issues
such as flame stability problems, the potential for flashback, and the need for careful

combustion tuning [32][34].

1.3.4 Gas Turbine Fuels and Fuel Flexibility

Modern low emissions GTs are sensitive to fluctuations in NG composition.
Throughout the EU, the growing dependency on NG imports is driving to extended
gas composition variation in the distribution system. Because of the increasing
diversification of NG supply, differences in the gas composition have the potential to
be very fast. It is anticipated that the variation in fuel composition a rising problem in
the next decades. Recently, the UK has imported increasing quantities of LNG, with
various compositions and combustion characteristics than a conventional NG. The
LNG contribution to the gas supply in the UK has grown from almost zero to higher
25% after 2008, and the Norwegian gas is also a significant contributor while the North
Sea gas production will maintain to decrease. LNG is expected to compensate any
shortfall in UK gas supply and could provide over 50% by 2030 [35]. Consequently,
developing fuel-flexible GT combustors is essential to achieve fuel flexibility and
variability in GT power plants, while minimising combustion emissions, combustion
dynamics and the impact on revenues and components life. Knowledge of local
emission regulations, fuel composition (hydrocarbon species, inert species,
contaminants, water vapour), and the principal combustion characteristics of the fuel

itself, are the main criteria for selecting the fuel for GT power plants.
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At present, DLE technology fundamentally focuses on NG as a fuel, and while there
is some variation across the EU, NG is mainly methane (CH,). However, concerns
about energy security have motivated the study of the effects of different fuel
compositions on GT combustors’ operability, and the use of other energy sources
such as landfill gas, syngas (from coal, biomass, and wastes), and gases containing
a high proportion of Hz, such as refinery gases. Theoretically, GTs, in general, are
capable of firing any combustible gas, but any given GT can allow only limited
variations in gaseous fuel composition and properties, as some gases will have
serious operability issues and may adversely affect GT component life. It is not only
the fuel gas composition and flammability limits that must be considered, all fuels
entering the GTs must be of a high standard (allowable ranges for physical properties,
constituents and contaminants [36]) to achieve stable and clean combustion across a
wide range of loads and operating conditions [37]. Figure 1-13 lists the compositions
of gaseous fuels that have been used in GTs for power generation [33].
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Figure 1-13: Range of gaseous fuel used in GT power plants. Reproduced from [33].

In addition to the gaseous fuel presented Figure 1-13, unconventional shale gas is
expected to dominate the world’s NG supplies. The shale gas composition (in
average) is as follows: 87% light hydrocarbons-CHs (C1), 7% C2He (C2), 2% CsHs (Cs),

1.5% CO, and 2.5% N [38].
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A primary parameter used to characterise gaseous fuel composition is the Wobbe
Index (WI), which gives a measure of fuel heat content. It is equal to the net volumetric
calorific value (CV) divided by the square root of relative fuel density (RD), for
methane the WI is typically about 50 MJ/Nm?3. The WI provides a direct comparison
of various fuels based on their heating value. However, fuels with different
compositions may have the same WI and hence the same heat value. Fuel
composition represents the second main parameter that directly affects GT operability

and emissions.

Variation in WI can lead to operational issues such as flashback, increasing NOx with
increasing WI, flame stability problems with reducing WI, part load and dynamics CO
issues, and GT de-load trips [35][39]. However, the WI does not address the
consequences of changes in other fuel features, such as combustion chemistry or
flame speed, that affect the stability of LPM GT combustion systems. If the WI
diverges from the designed conditions, a modification to the whole GT fuel system
could be required [34].

1.3.5 Gas Turbine Operation Challenges

Implementing modifications on GT combustors to achieve efficient combustion is
challenging due to the many operational issues such as instabilities, low reaction
rates, extinctions, mixing issues and reduced heat release [40]. The main operational
challenges to GTs are represented by the variation of Wl and fuel composition (fuel
quality), e.g., increasing the WI can lead to flame stability problems and incomplete
combustion. Addressing these issues is done by giving careful attention to the GT
combustion system design, to control sudden changes in the fuel quality, and stabilise

the combustion processes.

Combustion instabilities, also known as unsteady flow oscillations, have appeared
frequently in GTs and hindered the improvement of LPM combustors. These
oscillations may attain enough amplitude as to interfere with GT operation, and in
extreme cases, produce a system hardware failure because of dangerous levels of
vibration (and heat transfer) in the combustion chamber. Figure 1-14 (A, B) shows a
burner assembly damaged by combustion oscillations as compared to the new
burner [41].

Figure 1-14 (C) was associated with elevated levels of the higher hydrocarbons. For
the burner shown, GT manufacturers have increased flashback resistance to

eliminate this issue. Nevertheless, there is still the potential for flashback on some
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burners particularly with elevated levels of higher hydrocarbons or by adding
hydrogen (with its fastest flame speed of any gas) to the natural gas transmission

system [35].

Figure 1-14: Effects of high levels of combustion instabilities, (A) new burner assembly, (B)
damaged burner due to excessive combustion dynamics, (C) flashback damage. Reproduced
from [35][41].

In summary, better control over the fuel quality, and continuous modifications to GT
combustion systems using experimental and numerical investigations are essential to

eliminate GT operational issues.
1.3.6 Gas Turbine Emissions

One of the main challenges in the power generation sector is to meet ever more
stringent emission regulations. To satisfy future requirements of reduced emissions
from GT power plants, while maintaining satisfactory combustion stability and
performance, better knowledge of pollutant formation mechanisms is required. The
concentration of pollutants in the GT exhaust is directly linked to the operating
conditions (temperature and pressure) within the GT combustors, and to the
residence time in different combustion regions. Achieving effective gaseous fuel
mixing with the primary combustion air, and the subsequent admittance of secondary

air into other combustor zones have a substantial effect on the level of emissions [42].

There are a wide variety of emissions from GT power plants; however, the primary
pollutants are NOx, CO and UHC. There are three pathways for NOx formation; (FBN)
fuel bound NOx nitrogen (appears from the oxidation of the already-ionised nitrogen
contained in the fuel like coal), prompt NOx (formed from oxidation of the nitrogen
molecules in air and fuel in the fuel-rich conditions and becomes NOx during
combustion) and the more dominant thermal NOx generation (controlled by the
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nitrogen and oxygen molar concentrations and the temperature of the

combustion) [43].

FBN is an important consideration for liquid fuel but does not really exist for gaseous
fuel. However, with the increasing demand to lower the CO, emissions worldwide,
pure ammonia (NHs3) combustion or co-combustion with a conventional fuel is an
alternative solution in GTs. The major challenges with the use of NHs as a fuel are
lowered heat flux and increased NOx emissions. Therefore, special techniques to
reduce NOx emission are essential for GT combustors which burn NH; [44]. For GT
combustors burning liquid fuel FBN formation can yield (0.5-10 ppm) of NOXx
depending on the fuel nitrogen content. Prompt NOx formation can happen under fuel
rich conditions. NOx is formed essentially by the thermal (Zeldovich) NOx formation
mechanism, which starts to form at temperatures above 1700 K. Above this threshold,
the thermal NOx formation will increase exponentially [32][33]. However, CO follows
the opposite behaviour and occurs at relatively low temperatures with lower reaction
rates and limited oxidation of CO to produce CO,. UHC emissions are a consequence
of rich combustion as the fuel will not be fully burned with the excess ejected in the
exhaust gases. Figure 1-15 shows the pollutants CO and NOx in ppmv emitted from

GT combustors as a function of primary temperature and equivalence ratio (@) [30].
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Figure 1-15: The effect of flame temperature on emissions. Reproduced from [30].

It appears that while low flame temperature is desirable for NOx reduction, the CO
formation shows a sharp increase. It is also observed that UHC emissions in GTs
follow the same general trend as CO emissions. As a result, for low emissions, GT

combustors should work within the range of equivalence ratios (@), where the CO,
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UHC and NOx emissions are maintained within the boundaries required by current

legislation [45].
1.3.7 NOx Control Technologies

Energy industries in the UK contribute about 20% of the total NOx that is emitted in
2020 [46]. GTs employ the Brayton Cycle with a burner to raise the temperature of
gas following compression and before expansion within the turbine. GTs essentially
use reducing high burning temperature and decreasing residence time methods to

minimise NOx emissions [43].

There are many technologies used for low NOx emissions from GT engines: lean pre-
vaporized premixing applied for liquid fuel, lean direct injection (LDI) , variable
geometry VG (constant equivalence ratio), lean premix combustion system (LPM),
rich—burn quick-mix lean—burn combustion (RQL) (see section 2.4.1 for more details),
water or steam injection, catalytic combustion and staged combustion with multi-steps
of fuel injection or air added in series or parallel (see section 2.4.3 for more details).
The addition of particles to air flow entering the GT would accelerate the erosion of
turbine blades. As a result, sorbent particles can be introduced to flow after it leaves

a GT after the expansion to control the NOx [45].

The well-known NOXx control systems for modern GT power plants to keep NOXx
emissions at under 5 ppm (the optimistic value [47]) are DLN (dry low-NOx which
burns the fuel gas near its lean limit) or DLE combustion systems. The use of DLN
and DLE increase the bulk of the system. The NOx control technique chosen for a
given GT will depend on the size (volume and mass) of the NOx control technology
being acceptable. For instance, a GT used for land-based power stations does not
have the limitations on weight and volume as, for example, applications like marine
propulsion. See Table 1-3 for the most important NOx control technologies employed

for GTs in the meantime [43].

Table 1-3: NOx control technologies used for GTs. Compiled from [43].

NOXx control principle Technologies Efficiency

Natural gas reburning (NGR), low NOx burners
Reducing peak temperature (LNB), inject water or steam, reduced air preheat, and 70-85%
catalytic combustion

Oxidation of NOx with

: Non-thermal plasma reactor (NTPR) No data
subsequent absorption

Reducing residence time and

Air staging of combustion and inject steam 70-80%
peak temp.
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Table 1-3: Continued.

NOx control principle Technologies Efficiency
Fuel reburning (FR), low NOx burners (LNB),
Chemical reduction of NOx selective catalytic reduction (SCR), selective non- 70-90%

catalytic reduction (SNCR)

Using a sorbent Sorbent in ducts 60-90%

Removal of nitrogen Ultra-low Nitrogen fuel No data

1.3.8 Turbulent Reactive Flows in Industrial Processes

Most reacting flows in industrial applications are turbulent, e.g., in engines,
turbomachines, GT burners and many others. Turbulence in GT combustion
represents a regime where the flow is disturbed and excited by random fluctuations
in pressure, velocity and temperature. These fluctuating components have a big
influence on flame shape, flame behaviour, and stability of the reacting flow inside the
GT combustors as they are very sensitive to flow fluctuations. The appearance of
turbulence in the flow allows an increase in the burning rate as it leads to an
enhanced, turbulent, flame speed. This behaviour is essential for industrial purposes
since the output power density is proportionally scaled with the combustion rate.
However, too much turbulence should be avoided as it can produce flame instability
or quenching, in addition to many other operational issues. As a result, the aim of GT
original equipment manufacturers (OEMs) and researchers is to use the turbulent
characteristics of reacting flows to achieve optimal performance from GT burners
regarding a balance of power generation, pollutant emissions and efficiency. This
suggests more investigations are needed for a better understanding of turbulent
combustion, where both numerical simulation and experimental enquiry will be

necessary.

1.4 Motivation

A fundamental difficulty facing the decarbonisation of the energy supply chain is that
any changes must ensure energy supplies remain reliable and affordable to the
consumers. Despite the significant development of the renewable energy sector,
there is still considerable interest in GT power generation. Today, the biggest problem
is how to provide cheap energy from GT power plants while meeting emission
mitigation trends. Despite extensive modifications to GT combustion systems having

been carried out and good results achieved, there remains a need for both
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experimental and numerical investigations to increase fuel flexibility and ensure the

stable operation of LPM GT combustors.

The current focus is on NG flames; swirl burners and their operation LPM conditions
with the expectation of a major step towards attaining significant improvements in GT
combustion systems, with low emissions and flame stability over a wide range of
equivalence ratios. The study of swirling flow combustion received significant
attention in the previous decade when it was investigated in order to better understand
combustion chemistry and fluid dynamics. Such understanding of the swirl flow
structure did lead to better design of GT combustors, better control of combustion and
reduced cost of engine maintenance. However, implementing modifications to swirl
burners to achieve more efficient GT combustors is a serious challenge because of
the many combustion issues that have to be overcome, including flame extinction,
reduced heat output, lower reaction rates, flame stability issues, and harmful
emissions [48].

Future GTs will be expected to operate over a wide range of alternative fuels with low-
cost engine maodifications enabling the change from one fuel to another, to
accommodate price and availability. These alternative fuels will have a wide range of
flame speeds, heating values, and compositions ranging from syngas with a high
hydrogen (Hz) and carbon monoxide (CO) content, to landfill and digester gases that
are mainly composed of methane (CH.), carbon dioxide (COz), and nitrogen (N2) [49].
Consequently, many researchers are strongly motivated to develop the burner design
of GT power plants capable of being powered by alternative gaseous fuels in order to

produce stable flames and low levels of unwanted emissions.

The combustion system in GTs has to be developed and designed to meet many
requirements each of which is essential; with efficiency, reliability, and low emissions
the main criteria for assessing the performance of a GT engine [50]. Flame
stabilisation of high-intensity combustion in swirl GT combustors is essential for
efficient and stable operation with low emission levels. Turbulent combustion in GTs,
in general, is the consequence of the interaction of turbulent hydrodynamic flow and
chemical reactions, each of which is complicated and which, combined, produce
behaviour that is not yet fully understood. These interactions will produce turbulence
in the combustion process or, possibly, diminish it and hence affect the combustion
stability of GT burners [51].

Numerous techniques can be employed in developing a burner design. The first is by

improving the aerodynamics of the swirling flow field in the combustion chamber to
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widen the stability limits [52]. The flame stabilisation in swirl burners is made possible
by the vortex breakdown (VBD) that happens when the geometric swirl number is
quite enough [53]. Latterly, the efforts of GT manufacturers have been concentrated
on manipulating and characterising the aerodynamics of the flow processes in swirl
combustors for isothermal conditions [54]. The flow turbulence is continuously altering
the swirl flow structure which has an effect on the combustion process, including flame
stability issues such as blowoff and flashback [8,9]. A second direction is employing
alternative fuels (including hydrogen blends) to minimise the impact of the products

of combustion on the environment [10-12].

The flow field generated in GT swirl burners has a major impact on the performance
of the combustion process. However, the combustion process in GTs has already
reached its highest possible efficiency using conventional fuels, but still has a long
way to go to provide pollutant free combustion [58]. As a result, particular attention
should be given to the hydrodynamics and the flow characteristics of the swirl flow
field to stabilise and modify the combustion phenomena, this represents the main

motivation of this work.

For the reasons given above, this work intends to enhance the operability of swirl
burners by adopting different design modifications and study their impacts on swirl
flow behaviour and coherent structures to ensure the stable operation of these swirl

burners and produce a fuel-flexible, and variable design GT burner.

1.5 Chapter Summary

A better knowledge of swirl flow structures in swirl burners behind different
configurations will permit GT OEMs to design better combustors with increased
control over the structures, allowing more efficient combustion and more powerful
combustors. This will be especially true for those operating on alternative fuels with
high hydrogen content and redesign to meet the anticipated change in fuel

composition with the future gas fuel supply.

LPM combustion employing swirling flame is widely used in GT combustion systems
for its low emissions. Obstacles that stand out involve flame stability issues due to the
combustor geometry and the fuel features. Accordingly, this work has adopted both
numerical and experimental approaches to characterise the flow structures in swirl
burners under the effects of different configurations and focusing on their influence
on the swirl flow and hence the flame instabilities, especially flame flashback

mechanisms.
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1.6 Project Aims and Objectives

Interest in LPM combustion of fuels utilising swirl burners is growing due to this
combination’s ability to emit low levels of NOx. As presented previously, fuel flexibility
is crucial for the use of GTs. The addition of hydrogen (H>) to enrich the conventional
gaseous fuel is being considered as a way of reducing the emission of unwanted
GHGs. However, advanced fuel presents several disadvantages, i.e., flame
flashback. Consequently, better stabilisation techniques are required. Furthermore,
comprehensive knowledge about swirling flow phenomena in GT burners close to

these requirements is needed.

Therefore, this project provided an important opportunity to advance the
understanding of flame flashback mechanism in GT swirl burners for different
stabilisation techniques. The main aim of this study is to develop the flashback
resistance in tangential swirl burners (typically used in GTs) for both flashback
mechanisms; combustion induced vortex breakdown (CIVB) and boundary layer
flashback (BLF).

To meet the aim of this thesis, three specific objectives need to be performed:

e Employing ANSYS Fluent code to predict the flow field characteristics in a
tangential swirl burner subject to injection of an axial air jet to determine if
CIVB flashback resistance is enhanced. The effects of different axial air
injection positions relative to the burner base plate were investigated. Laser
Doppler Anemometry (LDA) measurements were used to validate the CFD
findings. The numerical and experimental investigations were conducted on a
150-kW tangential swirl burner constructed at Cardiff University. The flow
characterisation was based on the extent to which the flow velocity and
turbulence downstream of the burner exit was affected by the proposed axial

air injection system.

e Focusing on a further mitigation of the BLF flashback phenomenon employing
nozzle with scalloped riblet microstructure surface in conjunction with the axial
air injection system. The effects of using this microstructure on the swirl flow
characteristics were investigated experimentally using 1D LDA system. In
addition, the flashback resistance technique for both BLF and CIVB

mechanisms were examined simultaneously.

e Examining another mitigation technique of the flashback phenomenon

employing different smooth nozzle configurations. The effects of varying the
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height of the burner nozzle on swirl flow characteristics were studied
experimentally using laser diagnostic system. Furthermore, this technique has
been extended to study the flashback resistance technique for both BLF and
CIVB mechanisms simultaneously. This involves utilising microstructured
surfaces for the improvement of flashback resistance. Different strip heights
of a wire woven mesh were employed as a liner on the long smooth nozzle to

change its surface roughness and improve and control the BLF flashback.

1.7 Thesis Structure

The present thesis consists of eight chapters as follows:

Chapter One: Presents an introduction to the thesis. Background, the energy
sector statistics and challenges, motivations, objectives of the study, as well
as the methods used to perform the research, are summarised in this chapter.

Chapter Two: Provides a comprehensive review of previous investigations of
different swirl flow structures such as the central recirculation zone (CRZ) and
the Precessing Vortex Core (PVC) carried out by the academic and the
industrial research communities. Chapter two also reports on theoretical
knowledge concerning the different flashback mechanisms, fuel flexibility in
GTs, GT emissions, swirl flame stabilisation techniques, combustion
technologies, LPM combustion technology in GTs and the laser diagnostic

system used in GT studies.

Chapter Three: Provides details of the experimental equipment, the
techniques used to measure the flow structures and the methodologies

employed in this work for both experimental and numerical approaches.

Chapter Four: The CFD results will be presented regarding the effects of the
axial air injection system on flow field characteristics downstream the burner
exit with the correlation with experimental data required to validate the CFD
findings. In addition, the effects on the flame stability map have been

discussed in the chapter as well.

Chapter Five: This chapter is dedicated to the experimental work related to
the flow velocity and turbulence characterisation, and their influence on the
BLF flashback resistance employing nozzle with scalloped riblet

microstructure surface.
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Chapter Six: Describes the impact of different heights of nozzles with and
without micro-structured surfaces on the flame flashback in tangential swirl

burner.

Chapter Seven: Merges and discuss all the numerical and experimental

results obtained during the study.

Chapter Eight: Presents, conclusions, recommendations, and suggestions
for further work.
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CHAPTER TWO:.

2 LITERATURE REVIEW: CHARACTERISTICS OF SWIRLING
FLOW

“Sclence knows no country, because knowledge belongs to humanity, and is the

torch which lluminates the world”

Louis Pasteur, French screntist (1822-1895)

2.1 Introduction

wirl burners are an intrinsic part of the combustion processes used in almost
S every industry, wherever there is the need to stabilise high-intensity flames
[59][60]. Swirl burners have the great advantage of being able to burn a wide variety
of fuels with a range of calorific values and specially designed swirl burners and multi-
inlet cyclone combustors have been developed to burn fuels with low caloric values
(1.3 - 1.4 MIm™3) without the need for auxiliary fuel [61].

Research into the use of swirl burners in gas turbines GTs has been ongoing for two,
or more, generations, and there is a large body of relevant literature available. Today
the emphasis is on clean, efficient systems as the expectation is that combustion-
based systems will continue to produce most of the energy to meet human needs for
some time yet [28]. Manufacturers have become aware that many of the emissions
GTs are pollutants that are environmentally damaging [30], and there is now
considerable effort being made to reduce the adverse effects of GTs. The efficient
production of clean energy is a major challenge for those developing enhanced
combustion systems with the target of ultra-low (or even zero) levels of polluting

emissions.

During and after World War 1l (1939-1945), the technological development of GTs
was phenomenal, in design methods, turbine performance and manufacturing
techniques [27][28]. Issues encountered and overcome ranged from fuel type and

availability to component manufacture using new materials.

Interest in lean combustion of premixed fuels using swirl burners is increasing due to

this combination’s ability to emit low levels of NOx. The addition of hydrogen (Hy),
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supplied as a by-product of other industries (e.g., coke oven gas) or even in a pure
form, to enrich the original fuel (e.g., natural gas) is being considered as a way of
reducing the emission of unwanted greenhouse gases. The addition of hydrogen to
the fuel for GTs raises the questions of combustion instabilities (e.g., blowoff and
flashback), limited fuel interchangeability, and flame temperature.

There are significant areas of the GT combustion process that are still not fully
understood, one of the most urgent for swirl burners are the flow patterns which show
large coherent structures in the combustion process and have not yet been explained
theoretically, nor successfully modelled using even the most advanced computers
and software. Obviously, the conceptualisation of these phenomena will require the

development of more advanced ideas on combustion aerodynamics.

This chapter briefly describes previous research carried out and which acts as a
foundation for the present project. It also introduces the more important phenomena

that affect swirl combustor performance.

2.2 Combustion Phenomenain GTs

2.2.1 Principles of Combustion

The combustion of fossil fuels generates over 60% of the world’s current energy
needs, a pattern that is likely to continue for this century [10]. Combustion — an
exothermic chemical reaction between oxidizer and fuel — is the basis of heat and
power generation in numberless systems ranging from a simple hob on which to boil
a kettle to the most advanced rocket engines [62]. GT combustion is a continuous
process taking place at a temperature above that of the melting point of the metal
composing the burner. The flows of air and fuel necessary for combustion are
engineered to form a stable flow pattern that adequately mixes the fuel and air, with
sufficient time in the combustion chamber for the combustion process to be

completed. However, there remain a host of unknowns concerning this process.

The basis of combustion is the chemical reaction between an oxidizer, commonly air
(oxygen), and the combustible fuel to generate heat. For complete combustion of the
fuel (f), a minimum amount of oxidiser must be supplied. The minimum amount of

oxidiser required for complete combustion is termed the stoichiometric value,

(5) ~, where a is air. This ratio is an important parameter used to describe the
stoicio

combustion process. However, since mixing of fuel and oxidiser is rarely perfect in

PAGE | 30



Chapter2: Ali Alsaegh_Cardiff University

real systems, more oxidiser than the stoichiometric ratio is required to fully burn the
fuel. The stoichiometric reaction for any arbitrary fuel can be written as [63]:

n n\ /79
Cnln +(m+7) 02 +(m+7) <ﬁ>NZ (2.1)

n ny /79
> mC0; + 5 Hy0 + (m +Z) (ﬁ) N,

For CH4 — air (strictly, oxygen in the air), the stoichiometric combustion reaction is:
CH, + 2(0, + 3.76N,) = CO, + 2(H,0) + 7.52N, (2.2)

Thus, the stoichiometric ratio of fuel to air is:

f Mass of the fuel
( )stoicio (2.3)

a " Mass of the air required for complete combustion

The equivalence ratio, @, is the ratio of oxidiser actually supplied compared to the

(6)..
()

The useful heat energy obtained from such a reaction will be the “gross heating value”

stoichiometric value [64]:

® = (2.4)

(GHV) of the fuel, less the energy expelled in the exhaust gases after combustion.
Different fuels will, of course, have different GHVs depending on their chemical
composition. However, fuels tend to be rated according to their “lower calorific value”
(LCV), the heat generated when unit mass of the fuel is completely burned and the
water vapour produced during combustion is exhausted without being condensed. A
second term, “higher calorific value” (HCV), is sometimes used, this has a slightly
higher value than LCV, as it does not subtract the heat required to evaporate the

water generated during combustion, see Equation (2.2).

The equivalence ratio (®) as expressed in Equation (2.4), can be used to classify the

combustion:
When @ = 1 = Stoichiometric combustion, ideal state,
@ < 1 = Lean combustion, and
® > 1 = Rich combustion.
However, some researchers have used “air excess ratio” (1 = é) to define the status
of the combustion [63].
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Both fuel and products of combustion contain the wide variety of species, each of
which should be considered, as they could have significantly different thermodynamic
characteristics. Lighter fuel fractions break down faster than heavier, while straight-
chain molecules take less time than branched molecules. Combustion is a staged
process; long molecules are continuously broken into shorter ones until combustion
is complete. The colour of flames can be used to identify the radicals and combustion
products, e.g. a blue colour is an indication of the combustion of a fairly simple fuel of
low molecular weight, a yellow colour tends to show soot formation, while a green

colour suggests the existence of radicals [64].
2.2.2 Turbulent Premixed Combustion and Flame Regimes

Because of their industrial importance in, for example, GT power generation,
premixed, turbulent flames are of great interest. Turbulence improves the mixing
process giving turbulent flames burning rates that are noticeably superior to those of
laminar flames. Thus, GT combustors with laminar flame combustion (LFC) at high
levels of turbulence can attain efficient combustion in a small volume. However, the
presence of turbulence makes the combustion process substantially more
complex [65].

The reaction zone of premixed laminar flames (PLFs) is often sub-divided into an
initial preheat zone, a reaction zone where the fuel is consumed, and an oxidization
zone. The air/fuel mix is heated in the preheat zone to the temperature at which
combustion can take place. The heat energy for this comes from hot radicals diffusing
from the reaction zone, where fuel and oxidizer are consumed by a complex pattern
of chain branching and chain propagating reactions. The oxidization zone completes

any remaining reactions between intermediate species [66].

Laminar flames are relatively simple and are described in terms of the thermo-
chemical properties of the fuel/air (oxidizer) mix. Two significant parameters used to
describe PLFs are §; (flame thickness) and S, (flame speed). §; is the thickness of the
reaction zone in which most of the combustion reactions occur. S; is equal to; &;

divided by the time taken for the flame to travel that distance [65].

Some eighty years ago, Damkhdler proposed that the flame front, or “combustion
wave”, wrinkles when impacted by large-scale turbulence. Depending on the flow
characteristics, the flame front, or wave, could be distorted but remain continuous
with an increased area. The consequence of increasing the area of the flame front

would be to increase the rate of combustion above that for laminar conditions [64][67].
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Quantifying the laminar flame speed, S;, is not easy as it requires determining both

flame front surface area and thickness under turbulent conditions [68].

Turbulence, without a flame present, will interact with the flow structure adding
complex arrays of length and time to the flow structure in ways that are still not fully
understood. The presence of a flame will add further complexity to the processes, in
the form of sharp density, temperature, velocity and viscosity gradients across the
flame. Thus, premixed turbulent flames will show markedly different characteristics
from PLFs.

One method to characterize interactions between turbulence and the flame structure
in premixed turbulent flames is to compare the turbulent and chemical length and time
scales. However, it is usual to use the known properties of laminar flames to define
and determine the additional thermal and chemical processes taking place in the

turbulent combustion.

Three dimensionless numbers are commonly used to separate premixed turbulent
flames into diverse regimes. The Damkdhler number (Da) and Karlovitz number (Ka)
both relate to flow and chemical time characteristics [69].

The Damkhdler number (Da) is used to assess how turbulence affects a combustion
wave. The Da is the non-dimensional ratio of the turbulent mixing time, t,,, and the

chemical reaction rate, 7. [70]:

T
Da=-2 (2.5)
Tc

Valera-Medina [64] and Dawson [67] have defined the turbulent mixing time, t,,, “as
the integral turbulent length [, divided by the turbulence intensity of the incoming flow,
1", and the chemical reaction rate, t., as “the laminar flame thickness §; divided by
the laminar burning velocity, S;” and can be used to describe “the reaction time over

a flame thickness”. Thus Equation (2.5) can be written:

T_m _ loSl

Da =

= 2.6
Tc 1:(51 ( )
Large Da represents a fast reaction with “perfectly stirred reactor” conditions, implying
the mixing is instantaneous and no spatial variations in concentration and
temperature. This implies that the reaction zone is of minimal thickness. Small Da
represents slow reactions, with thicker flame fronts and possible spatial variations in

temperature and concentration [64][67]. Under certain conditions, if the flame speed
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becomes fast enough the combustion wave travels at supersonic velocity and there
will be a detonation [63].

The Karlovitz number (Ka) is the ratio of the chemical time scale, 7., to the smallest

turbulence time scale, the Kolmogorov time scale (t;) [69]:

3

1 —
P (Lo) 2(2>2 2.7)
Ty UN| ] S

The remaining number is the turbulent Reynolds number (Re; ) which associates the
inertial and viscous forces, and is defined using 1, [, and v (the kinematic viscosity of
the fluid (m?/s)):

ul

Relo = ) (28)
v

Depending on the relative values of these three dimensionless humbers, the Borghi
diagram shown in Figure 2-1 will indicate the type of flame. Figure 2-1 illustrates that

the flame will be laminar at Reynolds numbers less than unity.
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Figure 2-1: Combustion regimes (Borghi diagram) for turbulent premixed combustion.
Reproduced from [69].

The line Da = 1 is the boundary at which chemical and turbulence time scales are
equal, above this line 7. will be less than t,,, so the turbulence time scale will be
shorter than chemical time scale. If Da < 1, 7. will be greater than t,,, and the
chemical reactions will be slower than the turbulent mixing. Here combustion will be
controlled by chemical considerations rather than by turbulence. Da < 1 is, therefore,

termed a perfectly stirred reactor regime.
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For Ka < 1, only those turbulent structures in the flow which are larger than the
thickness of the flame front will affect the flame, wrinkling the flame front but not
penetrating the preheat or inner reaction zones. Here, if the turbulence intensity of
the incoming flow is less than the laminar flame speed (& < S;), we have wrinkled
flames, conversely if u > S;, we have corrugated flamelets. The larger the Karlovitz
number the more the effect of turbulence on the flame structure [65][69].

In the range 1 < Ka < 100, we have the “thin reaction zone” where the smallest
turbulence structures can penetrate into the preheat zone but not the inner reaction
zone of the premixed flame. The smallest turbulence scales are so small they will
interact with the flame’s inner reaction zone. At Ka > 100, the flame’s inner reaction
zone will so thin that even the smallest turbulence structures will perturbate it.
However, for large enough Ka the flame front will no longer be identifiable and we

have a “distributed reaction zone” [65].

In reality GTs will be operated with very high levels of turbulence, and correspondingly
high Reynolds numbers. Laboratory scaled combustors generally operate at lower
Reynolds numbers with Karlovitz numbers around unity [66].

2.2.3 Type of Flame

Commonly, combustion is divided into three groups; premixed, non-premixed and
partially premixed [71]. This division is dependent on how the reactants and oxidiser
are introduced into the combustion zone, a process which is one of the main ways of

controlling the combustion regime, see Figure 2-2 [72].

Stream 1 (with fuel) Total
Stream 1 (with fuel) Total flow rate :m,

flow rate :m, l

\\‘ Flame ]

Flame

Plenum or long An
duct (mixing)

b T

Stream 2 (with oxidiser) Total T
flow rate :m,

Stream 2 (with oxidiser) Total

flow rate :m,

(A) (B)

Figure 2-2: Combustion regime classification as a function of the reactant introduction scheme:
(A) non-premixed (diffusion) flame, (B) mixing device and premixed flame. Reproduced from
[72].
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Oxidiser and fuel can be entered the combustion zone independently, mixing as they
react (diffusion, or non-premixed flames, see Figure 2-2 (A)) or mix before combustion
(premixed flames, see Figure 2-2 (B)). Partially premixed combustion is a premixed

flame with a non-uniform mix of fuel and oxidizer [71].

2.2.3.1 Non-premixed Flame

In diffusion or non-premixed, combustion of the fuel and oxidiser enter the reaction
zone in distinct streams, see Figure 2-2 (A) for an idealised representation. A non-
premixed flame is unable to spread into stream 1, because stream 1 contains no

oxidizer, ditto for stream 2, which contains no fuel.

Air and fuel in the correct proportions can be injected at high velocities into the
combustion chamber, the jets of gaseous fuel and air mix rapidly, the conditions for
large Da, considerably increasing the chemical residence time [72][73]. These
conditions mean it is possible for the fuel to combust at a prescribed distance from
the burner nozzles as might be determined by flame stabilisation/anchorage devices
[63]. Figure 2-3 is a sketch of the structure of a one-dimensional laminar non-
premixed flame, assuming that the streams of oxidiser (air) and fuel streams are at
the same temperature. GTs traditionally use diffusion flames, where oxidiser and fuel
mix by turbulent diffusion and the combustion zone is located in the “locus of the
stoichiometric mix”. The flame, in fact, is contained in the region where fuel and
oxidizer are in combustible proportions. Reactant temperature can reach 2000 °C,
and the combustor walls and turbine blades are protected by a thin layer of air injected
for that purpose [71].

Pure oxidizer Pure fuel

Oxidizer mass fraction Fuel mass fraction

Temperature

Reaction rate

-
£

Figure 2-3: Schematic showing the structure of a laminar non-premixed (diffusion) flame.
Adapted from [71].

Non-premixed combustion gives greater flame stability in GT combustors than

premixed flames but produce high levels of NOx due to the higher temperature of
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combustion. Soot formation, which is largely governed by the combustion
parameters, is another undesirable feature of diffusion flames [74][75]. It has been
demonstrated that soot formation can be decreased by using oxygen rather than air
as the primary oxidant, and adding CO:. to either oxidiser or fuel [75]-[77]. However,
diffusion-controlled combustion is less efficient because oxidiser and fuel mix by
molecular diffusion before combusting, with maximum flame temperature occurring
when oxidiser and fuel are in stoichiometric proportions. This cannot be easily

controlled.

Turbulence enhances the combustion processes in diffusion flames. When the jet
becomes turbulent due to increased flow rates, the length of the diffusion flame does
not change, indicating increased intensity of combustion [78]. Excessive flow rates
will cause the flame first to “lift-off” — stabilise itself some distance downstream of the

burner — and then to “blow-off” and extinguish.

2.2.3.2 Premixed Flames

Premixed flames are confined to gaseous phase combustion, not liquid fuel droplets
nor solid particles. Until now such commercial combustors have been largely limited
to NG. Other fuels are usually burned using diffusion systems or non-premixed
combustion systems with special burner designs [79][80]. With premixed combustion,
the oxidiser and fuel, whether fuel-lean, stoichiometric or fuel-rich, are taken to be

perfectly mixed prior to entering the combustion zone, see Figure. 2-2(B).

Premixed combustion systems can operate at a relatively low @ value, such that the
flame temperature and, hence production of thermal NOx is less than for a
comparable diffusion system. Dry Low NOx (DLN) systems use fuel-lean pre-mixed
combustion to lower flame temperature, but these have the disadvantage of relatively

poor flame stability, which increases the lower the ¢ value.

Premixed flames propagate towards the fresh fuel/oxidiser mix largely by diffusion:
the heat released by the combustion process increases the temperature of the
unburned reactants until they ignite. Figure 2-4 shows a one-dimensional, pre-mixed,
laminar flame propagating into a combustible gaseous mix, in which there is excess
oxidizer, at speed S;. S; is a function of the reactants, their temperature and pressure.
For typical, gaseous, hydrocarbon, premixed laminar flames the preheat zone, is

between about 0.1 to 1 mm, but the reaction zone only one tenth that [71].

When the flows of air and fuel gas are increased until they become turbulent, the

flame “brush” thickens and the flame speed appears to increase. This turbulent flame

PAGE | 37



Chapter2: Ali Alsaegh_Cardiff University

speed (Sy) is substantially greater than S; [67]. Numerous simple expressions have
been suggested for the relation between Sy and §;, via the turbulence intensity, 1, of
the fuel/gas flow at the flame front. From the phenomenological arguments of
Damkohler, theoretical analyses such as [81], and the experimental observations of
[69][82] we obtain:

Sr u\"
- il 2.9
5, 1te (Sl) (2:9)

Where a and n are parameters of the order of unity.

Equation (2.9) is in agreement with experimental observation that S increases with
increase in © until just before flame extinction, when a small decrease in S; is
observed. This small decrease is commonly termed the “bending effect’. However,
Sy is not well-defined [83]. Its dependence on, e.g., flow parameters and chemistry
characteristics is not yet fully understood. In practice, when tested against wide
ranges of 4 and @ values, Equation (2.9) and similar relations exhibit rather poor
agreement with measured data [84]. This may suggest that there is no unique

turbulent flame speed.

Fresh gases 1
Fuel + oxidizer) -~

preheat zone —

Oxidizer mass fraction

Temperature

Fuel mass fraction

Reaction rate
>

Figure 2-4: Schematic showing the structure of a laminar premixed flame. Adapted from [72].

Premixed flames provide efficient combustion as the reactants are mixed prior to
combustion. The temperature of the combustion products which plays an important
role in pollutant formation can be controlled by the proportion of fuel gas injected into
the mix. But design of combustors for such flames may be difficult because the
reactants should be mixed in well-defined proportions (oxidizer/fuel mixtures burn
only for a limited range of fuel mass fraction). A premixed flame may also develop as

soon as the reactants are mixed, leading to possible safety problems [71].
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2.2.3.3 Partial Premixed Flame

Partially premixed combustion is a useful compromise when it is necessary to have
the operation features of both premixed and non-premixed mixtures. Note that the
descriptions offered above for premixed and non-premixed flames relate to idealised
conditions. In practice, perfect premixing of oxidiser and fuel cannot be achieved.
Indeed, to reduce pollutant emission or fuel consumption imperfect premixing can be
deliberate [71]. In practice with so-called non-premixed flames, the oxidiser and fuel

must mix in order to burn, which means partially premixed combustion zones.

Partially premixing can be used to reduce emissions and/or increase flame stability.
In such systems, a proportion of the air or fuel is injected axially as a premixed blend,
with the remainder of both air and fuel injected separately and mixed by turbulence
[62]. The combustion process can be beneficially altered by such partial diffusion
injection which can ensure ignition at the injection plane while simultaneously
reducing pressure fluctuations [85]. However, from a practical point of view, several
primary and essential issues regarding partially premixed combustion need to be
resolved. Two such problems are how reactant compaosition inhomogeneities affect
the laminar and turbulent flame speeds and how the burnt gas temperature varies as
a function of these inhomogeneities. Knowledge of the flame speed is critical in
optimizing combustion performance, and the minimization of pollutant emissions

relies heavily on the temperature in the burnt gases [86].

2.3 Flow Characteristics of Swirl-stabilised GT Burners

Despite its wide use, and research into swirl combustion for over 70 years by many
talented researchers, the combustion processes associated with swirling flows
contain many poorly understood phenomena. Swirl combustion is a means of flame
stabilisation, maintaining a flame seated on the burner within specified limits — the
flame neither extinguishes nor spontaneously re-ignites [87]. Other methods of flame
stabilisation include the use of pilot flames at the base of the flame, or a bluff body in
the combustible stream downstream of the fuel injection system. The stabilisation

mechanisms used will depend upon the application.

Flames “blow off” when the local flow velocity exceeds the flame speed of the
combusting mixture. Bluff bodies and swirlers maintain the presence of a flame by
generating zones where the local velocity of the combusting fluid is less than the

flame speed.
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With swirl burners the fuel flow velocity is expected to be a maximum as it passes
through the burner nozzles. With distance downstream, the tangential velocity will
progressively decrease, and there will also be a corresponding loss of radial pressure
[88]. The ideal situation is where the flame sits at the nozzle exit, i.e., the burner
design is such that the fluid velocity and turbulent flame speed match in that region.
Should the flame speed decrease it is expected that the turbulent flame will stabilise
at some point downstream. If, however, the decrease in flame speed is too large then

the flame will not stabilise and it will “lift off” and “go out”.

2.3.1 Principles of Swirl Flow

Swirling flow is a flow simultaneously subject to both tangential and axial vortex
motions [89]. These swirling components are generated by the flow of the fuel through
the geometry of the burner which produces a spiralling or swirling motion in the flow.
This tangential velocity component will affect the combustion process and be affected
by the combustion process. A common parameter for characterising swirl flow is the

swirl number [90].
The three most commonly used methods to produce swirl flow are [91]:

e Tangential entry (axial-tangential entry swirl generator).
e Guide vanes (swirl vane pack or swirler).

o Direct rotation (rotating pipe).

Here, tangential entry was used to generate swirling flow, see Figure 3-1 in Chapter
Three.

2.3.1.1 Swirl Number

Swirl number (S) is defined as “the ratio of axial flux of the tangential momentum to
the product of axial momentum flux and characteristic radius” [92], see Equations
2.10, 2.11 and 2.12. S is the dominant similarity criterion for specifying the intensity

of swirling flows generated by geometrically similar swirl generators [93].

5= e 2.10
T Gy (2.10)
Given that:
X
Gy = f (p.u.w + pti.w)r?dr (2.11)
0
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X
Gy = f [p.u? + pti? + (p — po.7?)] dr (2.12)
0

In Equations 2.10, 2.11 and 2.12: Gg is the axial flux of tangential momentum (kg-m/s),
G, is the axial momentum flux (kg/m-s), u is the axial velocity (m/s), u, is the
Fluctuating axial velocity (m/s), w is the tangential velocity (m/s), u; is the fluctuating
tangential velocity (m/s), p is the density (kg/m®), r is the radius (m), and r, is the

characteristic radius (m).

S is strongly affected by both the geometry of the combustor and the flow profile [94].
Burner geometry is unchanged during any given test, but the combustion process will
change the temperature of the flow both within the burner and within the combustion
zone in ways that could affect the coherency of the flow structures and significantly
influence the flow field [64]. These fluctuations make the determination of the integrals
shown in Equations 2.2 and 2.3 exceptionally difficult. It follows that determining swirl
number via Equation 2.10 will also be extremely difficult as it involves evaluating both
pressure and velocity profiles under different flows/ temperatures which could mean

different values of S at different points in the flow field [64][95].

Being able to specify a single value for S without having to obtain velocity
measurements would be immensely beneficial. The geometric swirl number for radial-
tangential swirl burners, (S;) is a more easily obtainable representation of swirl
imposed on the air-fuel flows. S, is determined using only combustor geometry and

inlet conditions, which means that changes in flow pressure can be disregarded [63].

Here we assume that the axial flux of angular momentum, G4, and axial momentum,

G,, are conserved in isothermal swirling flows [64], hence:

T2
Gy = f 2m. p.u.w.r2dr = const. (2.13)
£

T2
Gy = _[ 27. (p + p.u?) rdr = const. (2.14)
T

1

Syred and Beér [92], and Fick [96], agree that for constant density (isothermal
conditions) and neglecting pressure variations across the flow, it is possible to

evaluate a number (S) for the swirl burner as:

_ T.Te Regs [Tangential flow rate ]2 (2.15)

A, Total flow rate
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In Equation 2.15: 7, is the exit radius (m), R.ss is the radius at which the tangential
inlets are attached with respect to the central axis of the burner (m), and A4; is the total

area of the tangential inlets (m?).

For radial-tangential swirl burners, the tangential and total flow rates are one and the
same, and Equation 2.15 simplifies to Equation 2.16 [96]:

_ T.7p. Reff

S, T (2.16)

Combustion will increase the temperatures of the fuel gas exiting from the combustor
nozzle, and for swirl burners this will take place after tangential momentum has been
added to the flow. This means the increase in temperature and consequent increase
in volume of the gases will serve to reduce the level of swirl due to the relative
increase in axial momentum with respect to tangential momentum of the flow [96].

S

g,comp,» Which allows for combustion effects may be expressed as Equation (2.17):

Tintet
Sg,comb = Sg,iso (Tm ° ) (2.17)
outlet

In Equation 2.17: Tiper is the inlet temperature of the fluid (K), T,yter IS the outlet
temperature of the fluid (K), Sy comp is the combustion swirl number, and S ;,, is the

Swirl number at isothermal conditions (can be calculated using Equation 2.15).

Sg is not a measure of the flow swirl number of the flow exiting the nozzle. It is a

measure of the flow into the burner and effect of burner geometry. Syred and Beér
[92], and Beer and Chigier [97] have found the onset of the Central Recirculation Zone
(CRZ) will take place at S; < 0.6. Others [98][99] have reported obtaining CRZs even

at very low values of Sj,.

The value of the swirl number is the determining factor for the beginning of vortex
breakdown (VBD), and thus the shape and size of the CRZ. Swirl is often divided into
strong, weak and very weak [91][63]. S, < 0.2 corresponds to very weak swirl and the
adverse pressure gradient generated is insufficient to produce axial recirculation. S,
< 0.4 corresponds to weak swirl. For 0.2 < S, < 0.4, the velocity profiles normal to the
jet axis are Gaussian in form, with maximum velocity along the jet axis. However,
when S, 0.5 the maximum velocity is displaced from the jet axis and a recirculation
zone is formed [97]. For strong swirl, S = 0.6, both the axial and radial pressure

gradients are of sufficient magnitude to generate a recirculation zone.
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2.3.1.2 Strouhal Number

The Strouhal number (S,) is a dimensionless number that is weakly related to the
Reynolds number (Re) and is useful for characterising flows. S,. is defined in numerous
texts as “representing the ratio of inertial forces due to the unsteadiness of the flow
or local acceleration to the inertial forces due to changes in velocity from one point to
another in the flow field” [100]. S, represents the unsteadiness of the flow and can be
used in combination with other dimensionless numbers such as Reynolds (Re) and
swirl numbers (S) to help characterise important aspects of swirling flows, such as the
Precessing Vortex Core (PVC) [88][101]. The Strouhal number (S,) is defined by [64]:

_f.D
S =T (2.18)

In Equation 2.18: f is the oscillation frequency (vortex shedding) or precessing
frequency (1/s), D is the characteristic length (exhaust diameter of swirl burner) (m),

and U, is the average bulk burner exit axial velocity (m/s).

To correlate the frequency of the system with the swirl number, S, is used, this is
related to the Strouhal number (S,) [64]:

o D

2.19
r=70 (2.19)

Where @ is the total flow rate through the burner.

2.3.1.3 Swirl Burner Configurations

In swirl burners, normally the flow is directed by an arrangement of vanes placed
either radially or axially [41], see Figure 2-5. Actual GTs systems use both single and
multiple arrangements to give the fuel/air distribution required for efficient

combustion.

Radial swirl geometries have their inlets perpendicular to the burner’s central axis to
produce the required swirl, see Figure 2-5 (A) [102]. The value of S, for such burners
is easily found, refer to section 3.2.1 in chapter three. Such burners can be readily
adapted to vary the value of S; and, thus, have been the subject of considerable
research into swirl combustion [64][89][90][103]-[105]. Figure 2-5 (A) is a schematic
of a simple radial swirl arrangement where air is injected through tangential inlets so
arranged as to generate a flow that rotates around an axial injector through which fuel

can be injected into the burner. Alternatively, the fuel can be premixed with air.

PAGE | 43



Chapter2: Ali Alsaegh_Cardiff University

Inlet flow

Inlet | flow
11/

D l: Exit flow

GY)

Inlet flow II e Exit flow

2> . .
‘ ¥ direction

Exit flow

Inlet flow direction

(B)

Figure 2-5: Schematic of: (A) radial-tangential swirler geometry (S, =0.8), (B) axial swirler
geometry.

The axial swirl arrangement, as shown schematically in Figure 2-5 (B) [102] generates
the swirl by using an arrangement of vanes that redirect the air flow and give a
tangential momentum. This arrangement is not applicable to the geometric swirl

number Equation 2.16.

2.3.1.4 The Vortex Breakdown (VBD)

It is claimed [91][99] that swirl burners can create zones of reverse flow that are
controllable and able to produce stable combustion due to a region of high turbulence
and shear, called Vortex Breakdown (VBD). VBD occurs when S, becomes greater
than a particular threshold value and there is an abrupt disruption of the intact vortex
core and, at the same time, flow retardation/reversal around the centreline [50].
Depending on the value of S, Re, and geometry of the combustor, VBD can be

asymmetric or axisymmetric [106].

Axisymmetric VBD is distinguished by reverse axial flows round the centreline. Spiral
VBD continues to present positive axial flows round the centreline, but with an off-
axis volume of reverse flows. As the value of S approaches the threshold value, the
flow remains axisymmetric. The onset of VBD appears either with an abrupt change
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in the core as a spiral pattern with vigorous turbulence, or as a three-dimensional
recirculating bubble of fluid, ovoid in shape, which sits in the flow just above the burner
exit. A CRZ forms downstream of the burner, see Figure 2-6, and remains in place
over a wide range of flow conditions. The vortex core starts precessing with a constant
frequency determined by burner geometry and flow conditions [91]. The
overwhelming majority of GT combustion systems use swirl generation with CRZ for

flame stabilisation [107].

For swirl burners the VBD is very important because it is the major mechanism
stabilising the flame. Characteristic of the VBD are reverse flows and stagnation
points [108]-[111]. Over the past five decades, many investigations on VBD
phenomenon have been done. However, until now, no consensus has been reached

on the basic mechanisms that produce the breakdown [112].

At first, as the value of S begins to increase, only bubble breakdown is seen. However,
as the value of S increases the bubble moves upstream until it meets a solid boundary.
If S is increased even further, the CRZ may form a reverse flow, columnar vortex
which extends along the entire axis. According to Schuermans et al., [113], the
velocity profile of the flow upstream of the VBD is similar to that of a jet with a
maximum velocity which can be three times that of the mean. The conditions under

which such effects appear are [114][115]:

VBerip = — dr + =S+Ri>= (2.20)

1 f°° w? gHBAT 1
uz)y r u? —2

In Equation 2.20: VB, is the Vortex Breakdown critical conditions for appearance,
u is the axial velocity (m/s), r is the radius (m), g is the gravity acceleration (m/s?), H
is the distance to the stagnation point (m), 8 is the thermal expansion coefficient (1/K),
AT is the temperature difference (K), Ri is the Richardson number, ratio of potential

to kinetic energy (-), and S is the swirl number (-).

The critical swirl number has been cited as Sc = 0.6 [101], above this value VBD
definitely occurs. Compared to total flow rates only a small proportion is recirculated
from the upstream core. On current theory, VBD is an accumulation of small-scale
perturbations that build to create a large-scale disturbance to the flow. Paschereit and
Gutmark [116], claim that Kelvin-Helmholtz instabilities are the source of the coherent
structures formed in the separating shear layer. These vortices grow exponentially
with roll-up of the shear layer, and a similar process occurs with the turbulence near

the breakdown region. Logically, given that the level of turbulence is a measure of the
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energy of the flow, a change in the state of the flow will show itself in a change in the
energy spectrum of the turbulence [64][117].

Considering the VBD in more depth, it has been observed that the VBD redistributes
the azimuthal velocity close to the envelope of the ovoid bubble. Initially, fluid near
the burner axis, and moving in the direction of the burner axis, carries little angular
momentum. However, to travel around the bubble it must move radially outwards.
Conservation of angular momentum requires a decrease in tangential velocity. This
means that in the region immediately exterior to the bubble the tangential velocity will

be very low.

In some turbulent approach flows, the magnitudes of the swirl velocities within the
CRZ do not diminish and the direction of spin of the swirl components inside the CRZ
are in the same direction as the external flow. The transfer of circumferential velocity
to the bubble is likely the result of turbulent diffusion [118].

2.3.2 Characteristics and Structure of Swirling Flow

With vortex breakdown, coherent flow structures form downstream of the swirl
generating mechanism. Figure 2-6 presents an idealised picture of the downstream
flow structures generated by the swirl burner of a typical GT [119].

Three distinct features can be discerned in the flow field: a VBD-induced CRZ
downstream of the injector, the PVC surrounding the CRZ, and shear layers initiated
at the outer rim of the inlet annulus [97]. It has been established [120] that in swirl
flow a CRZ must be in place before a PVC can be formed. These structures

significantly affect burner flame stability in both desirable and undesirable ways.

Corner or outer recirculation Vortex breakdown-induced

zone (ORZ) CRZ
Flame
Swirler
— ~—
Bluff body AN \
(PVCQ) located on the ]
Shear layer (SL) boundary of the CRZ Streamlines

Figure 2-6: Coherent swirl flow structures of a typical confined swirl burner (radial-tangential
swirler). Reproduced from [119].
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2.3.2.1 Central Recirculation Zone (CRZ) and Velocity Profile

With increase in axial distance from the burner nozzle, the flow expands in both radial
and tangential directions. At a critical value of swirl number S, the interaction of the
tangential velocity profile of the swirl flow with a bluff body can create a reduction in
velocity, and a zone of low or even negative pressure along the central axis of the
burner [120]. The reduction in tangential velocity with distance along the central axis
means there will be a corresponding reduction in the radial component of the
centrifugal pressure gradient. There will be a consequent flow of fluid from the higher
pressure to the zone where the fluid is at a lower pressure, this will create a
recirculation zone with a net flow toward the nozzle, this is the CRZ.

The CRZ, see Figure 2-7, forms a low-pressure, low-velocity region, near the exit of
the burner and re-circulates both active chemical species and thermal energy,
increasing mixing rates especially near the boundaries of the recirculating zone,
enhancing flame speed to match the turbulent flow velocity and stabilising the flame,
all of which significantly reduce the flame length [64][92][120]. The formation and form
of the CRZ are controlled by factors which include; equivalence ratio, flow field
characteristics at the burner exit plane, and swirl strength [121]. Additional and very
important factors are the burner configuration and the confinement imposed by the
presence of the combustion chamber, both of which have considerable effect on the
flow structure and hence on the shape and volume of the CRZ [64]. The volume of
the CRZ tends to increase when the burner/flame system is confined due to the
difference in the axial decay of the tangential velocity compared with the unconfined
case [388].

Figure 2-7 (A) is a flow schematic showing the formation of a CRZ in unconfined
swirling flow [88]. The CRZ formation, as observed is described by the radial
momentum as expressed in Equation 2.21 [107], which uses the variables presented
in Figure 2-7 (A) with the addition of p, the density of the flow. Close to the burner
exit, we observe a rather rapid change in tangential velocity with radial distance which
combines with the centrifugal force to produce a low-pressure region along the central

axis.

The rate of change of tangential velocity, w, decreases with distance along the central
axis, and pressure is recovered, creating a negative pressure gradient at the central
axis. The combination of this pressure gradient and the low-pressure region at the

burner exit centreline can generate reverse flow along the central axis in this region,
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which is the CRZ. Of course, the swirl component must be large enough for this
pressure distribution to form [88][107][122].
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Figure 2-7: (A) Process of the development of the CRZ in unconfined swirl flows, (B) the
tangential velocity profiles within the CRZ. p is the centrifugal pressure, r is the radial distance
from the burner centreline, w is the tangential (or azimuthal) velocity and u is the axial velocity.

Reproduced from [88][120][122].
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Figure 2-7 (B) shows that downstream of the burner, w has a Rankine distribution.
We see a steady increase from the central axis, rising to a maximum value at the
forward shear layer (forced vortex), then a gradual decrease to a minimum value at
the walls (free vortex). This pattern continues with distance downstream, though in
this case the maximum levels showed a sharp decrease with distance
downstream [88].

2.3.2.2 Precessing Vortex Core (PVC)

Syred and Beér were the first to report the presence of the precessing vortex core
(PVC) in GT turbulent swirl combustors [92]; a 3-D asymmetric, unsteady, flow
structure, the existence of which has since been reported many
times [41][123]-[132].

The formation of the PVC usually occurs in flows with high Reynolds number and is
linked to VBD and formation of a recirculation zone. Syred and Beér [94] noted that
PVCs are usually located on the boundary of the CRZ between the zero velocity and
zero streamline, see Figure 2-6. In combustion systems, the presence of the PVC will
have a strong effect on both flow and flame evolution. Any displacement of the vortex
core will push the flow field towards the chamber wall, conservation of angular
momentum will cause a substantial increase in tangential velocity in the region where

the flow is squeezed.

Figure 2-8 (A) shows how a PVC can distort the shape of the CRZ. We see that the
profile of the CRZ becomes crescent shaped, rather than circular. The PVC and CRZ
rotate around the central axis of the burner and system, see Figure 2-8 (A) and note
that their direction of rotation is the same as that of the dominant swirl [88][102]. The
presence of a PVC also helps explain the occurrence of instantaneous negative

azimuthal velocity in the region near the centreline of the chamber.

A number of studies [88][104][133] have demonstrated that loss of tangential
momentum and velocity with distance downstream from the burner means the PVC
presents a helical structure about the central axis, see Figure 2-8 (B). The precession
frequency will increase in direct proportion to the flow rate, and will be a function of

chamber dimensions and S [88].

The PVC can enhance combustion efficiency by improving mixing and turbulence
intensity, but it adds the unwanted possibility of coupling with low-frequency resonant
modes present in GT combustors, and which can have serious adverse effects

[88][121]. Many researchers have investigated mechanisms to minimise or eliminate
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these undesirable oscillations, It was found that it possible to change the PVC
frequency by changing the downstream configuration of a cyclone combustor [134],
and that the PVC could be enhanced or delayed by such changes. Other researchers
have shown distortions of the PVC occurred when the burner nozzle was changed
[64][96]. Other techniques, such as multi-annular configurations of swirl injectors, and
modulation of swirl strength have been suggested as means to suppress PVC

oscillations in swirl combustors [123].
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Figure 2-8: Visualisations of the PVC: (A) PVC and CRZ pairing, (B) PVC helical nature. Adapted
from [88][102].

Wang et al., [128] carried out a Large Eddy Simulation (LES) study of the CFM56GT
axial jet entry swirl burner using liquid fuel. Initially, the CRZ was found to align with
the central axis, in a region immediately downstream of the fuel nozzle. However,
after the stagnation point it moves away from the centreline taking a spiral form as it
progressed downstream, the spiral twisted in a direction against the main flow
rotation, but the structure as a whole followed the main flow. Consistent with reports
by Syred and Beer [41], the induced low-pressure core was found to be exterior to
the zone where the axial velocity was zero. Wang et al., also found that periodically

large-scale vortices would peel off from the spiral core and be convicted downstream.

The processes by which the PVC is manifested are not known for certain, but theories

exist. Lieuwen and Yang [135] claim it is the result of a series of small eddies
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generated by the CRZ. Paschereit and Gutmark [116] have suggested that Kelvin-
Helmholtz vortices, produced by non-linear fluctuations in momentum and density,
found a common path energized by the CRZ. Alekseenko et al., [136] have argued
that the PVC is a symptom of a compression-expansion mechanism in the inner part
of the vortex structure. Sarpkaya [134] investigated the nature of the VBD by exploring

the possibility of two PVCs precessing around the recirculation zone.

Selle et al., [129] and Roux et al., [130] studied a Siemens swirl burner with pre-mixed
fuels, under both reacting and non-reacting (isothermal) conditions. For the non-
reacting flows a strong PVC was observed. However, for the given operational
conditions considered, the PVC disappeared with combustion. This may have been
due to the increase in viscosity and volume of the gases after being burnt [41]. If the
PVC is severely diminished by the combustion process this would have a significant
effect on any consequent pressure fluctuations. Syred et al., [137] used a radial swirl
burner to demonstrate how a PVC could be affected by combustion, they compared
measured pressure fluctuations under combustion and isothermal conditions.
Figure 2-9, which shows typical comparisons between RMS pressure fluctuations for
isothermal and combustor flows (NG fired through a central injector located on the
back wall of the combustor).

Figure 2-9 (A) shows that when fuel is injected axially the amplitude of pressure
fluctuations of the PVC are reduced significantly, by up to a factor of 15 when moving
from isothermal to combustion conditions. Figure 2-9 (B) [137] shows the results for
a similar test but with the fuel/air pre-mixed. We see that, premixing increases the
sound level slightly over most of the spectrum of interest, but there is still a dampening

effect at the peak frequency [102].
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Figure 2-9: Differences between the levels of the fluctuating pressure caused by the PVC under
different conditions: (A) isothermal, (B) combustion. Reproduced from [137].
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Many investigators have attempted to explain the interaction between the PVC and
the CRZ in swirling flow, one of the most comprehensive studies was by Syred [88].
Syred’s study correlated known information on the formation of CRZ and PVC with
swirl number (S) and burner geometry. Syred reported that the higher S, the stronger
the CRZ. However, it is known that there is a lower limit to S, for VBD, coherent swirl

structures normally begin to form for S 2 0.6.

The frequency of the PVC can be characterised by Strouhal (S,)and swirl (S)
numbers, by the flow momentum and fluctuations in pressure [64][92][120][137]-
[139]. Fick [96] has demonstrated that a pressure sensor mounted on a burner nozzle
has shown that the PVC generated pressure fluctuations at the same frequency that
it rotates around it. The PVC can be visualised with surfaces of constant pressure
and vorticity, swirl strength A and the A, criterion [41][104][128][130][140]—-[143].

Visualisation techniques including Chemiluminescence, Laser Doppler Anemometry
(LDA), Particle Image Velocimetry (PIV) and High-Speed Photography (HSP) have
been used effectively to investigate different types of swirling flows and coherent
structures [104]. Valera-Medina, et al., [104] used these techniques to visualise and
identify new structures in a tangential swirl burner with isothermal flow. The manner
in which the CRZ and PVC co-exist, their shapes, sizes and interactions all depend
on the flow regime and burner geometry. An interesting finding of this study was the
observation of a channel formed by the PVC on the side of the CRZ and which was
taken as evidence of interaction between them. In addition, this paper also
demonstrated the formation of a secondary central recirculation zone (CRZ>), subject
to confinement conditions. Generally, the formation of these regions depended upon
burner configuration, flowrate, location of the flame front, mixture ratio, and swirl

number.

Extensive numerical studies based on Large Eddy Simulation (LES) have been used
to give a visual representation of the PVC and definitively explain its manifestation
[128]. Comparison of an actual PVC image obtained experimentally for a premixed
flame with a CFD/LES visualisation clearly shows the LES model produced an

exaggerated PVC representation [96].

2.3.2.3 Shear Layer and Coherent structure

The flow is expelled from the burner and travels downstream; because of the
difference in velocities between the jet flow and the ambient fluid strong shear layers
develop, see Figure 2-10. Of course, the presence of a bluff body in the flow is another

means of generating shear layers. Within the shear layers it is possible that large-
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scale coherent structures are generated and, due to Kelvin—Helmholtz instabilities,
they can be shed and travel downstream [116]. These vortices generate fluctuations
in the mixing of air, fuel and hot products of combustion and in this way can exert a
significant influence on the combustion process [41].

Figure 2-10: Shear layer propagation in a swirling flame: (A) the full flame, (B) indication of the
mixing and shear layers. Adapted from [102].

Disturbances generated by the PVC and shear layers also play a role in the
propagation, quenching, re-ignition, and stabilisation of flames in strong swirling
flows. Stohr et al., have reported that these disturbances can cause quasi-periodic
flame roll-up, influencing ignition along the swirling shear layer by enhancing the
mixing of hot products and fresh reactants, [143]. Stéhr et al., also claim to have
created a time-varying stagnation point in the region of the swirler exit, where flame

ignition and propagation are inherently unsteady and unstable [144].

There will be strong shear layers when high speed swirling flow encounters the
relatively slow-moving fluids present in the combustion chamber, conditions under
which flame can to propagate backwards towards the nozzle of the combustor. The
greater the distance from the burner, the less the fluid velocity and the greater the
thickness of the shear layer, see Figure 2-10 (A) and (B) [102]. The mixing layer is
where the flame front meets the un-ignited air/fuel mixture. Across the flame front
there is a velocity gradient which is important for flame stability [145]. Figure 2-10 (B)

shows the flame front’s mixing layer.

2.3.2.4 Outer Recirculation Zone (ORZ)
An Outer Recirculation Zone (ORZ), see Figure 2-6, also referred to the corner
external recirculation zone, is generated by the rapid expansion of the flow out of the

nozzle into a combustion chamber of greater diameter (contained combustion), which
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generates low-pressure ORZs in addition to the CRZ. The ORZ helps retain and
stabilise the flame by re-circulating hot unburned gases into the reactant mixture
[88][146]. Suitable design of the combustor can avoid the formation of the ORZ by

avoiding the presence of corners where low-pressure zones can form [102].

Return to Figure 2-6; it presents a time-averaged representation of the ORZ for a
confined flame. It also shows the flame, shear layers and CRZ, the coherent flow
structures found with confined swirl flames [122]. However, swirl flames occur in
unsteady, highly turbulent flows with reaction zones that are typified by the formation
of flow vortices, followed by their dissipation. Swirl flame also exhibit reaction
chemistry that takes place on a number of different temporal and spatial
scales [41][122][147].

2.4 Modern Combustion Systems for GTs

It is expected that the next generation of GTs will work at higher turbine inlet
temperatures and higher-pressure ratios, which would be expected to escalate
emissions of NOx. To satisfy likely future clean air standards, lower NOx emissions
will be required and that means new combustion technologies. Here, a number of

possible combustion systems are briefly introduced.
2.4.1 Rich-Burn, Quick-Mix, Lean-Burn (RQL)

Two techniques for low NOx emissions presented in the literature are “Lean direct
injection” (LDI) and “rich-burn/quick-quench/lean-burn” (RQL) [148]. LDI, as its name
implies, has lean primary combustion so that flame retention has to be used. RQL
refers to a system with three stages of combustion; the first is a fuel rich primary
combustion zone, downstream there is a rapid shift to a lean mixture by the speedy
injection of sufficient air in the Quench zone for the final combustion to be fuel lean
see Figure 2-11 (A) [149].

Both RQL and LDI avoid stoichiometric conditions, so the combustion is at a relatively
low temperature and this reduces production of pollutants. However, the two systems
are fundamentally different, the main combustion/heat release regions are very
different, and one requires flame retention. The RQL system was first proposed in
1980 as a means of reducing NOx emissions [148], and today, RQL is of great interest
for stationary, power generating GTs because these are better able to process

complex fuels.
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Figure 2-11: Rich-Burn, Quick-Mix, Lean-Burn (RQL) combustor: (A) combustor description, (B)
NOx rout. Adapted from [149].

The primary zone of a GT combustor is most effective with fuel rich mixtures which
enhance flame stability by producing high concentrations of active hydrogen and
hydrocarbon radicals. Additionally, rich burn minimises the generation of NOx, this is
because of the low population of oxygen containing intermediate species, and
relatively low combustion temperatures [149]. The success of the RQL in reducing
NOx emissions depends crucially on carefully controlling the rich and lean conditions
(equivalence ratios, ¢) and obtaining the required cooling rates so that the
combustion moves rapidly and smoothly from fuel rich to fuel lean without passing
through the high NOx production region, see Figure 2-11 (B). Typical values of the
equivalence ratio, @, for fuel rich and lean combustion zones are 1.2-1.6 and 0.5-0.7
respectively. The drawback of RQL is the complexity of the system and the extra
hardware needed [148].

The injected air must mix rapidly and smoothly transition the conditions from rich to
lean-burn, in particular by reducing the temperature sufficiently to avoid NOXx
production while maintaining it sufficiently high to avoid CO and unburned
hydrocarbons (UHCs). To satisfy the relevant emission standards the value of @ for

the lean-burn zone must be selected carefully [149].
2.4.2 Trapped Vortex Combustion (TVC)

The “trapped vortex combustor” (TVC) is a promising approach to reducing pollutant

emissions and pressure drop across the combustor. The TVC generates a stable
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vortex by means of cavity stabilisation, which acts as a pilot flame for the main flow
of the fuel/air mix. Researchers have been investigating such schemes since the early
1990’s [150] and have tended to concentrate on liquid fuel and aircraft
combustors [148].

TVC offers a number of advantages for GTs: the most important of which is its
capacity for burning a range of fuels, with calorific values from low to medium with
enhanced flame stability, and extended flammability limits. But TVCs can also
function with very lean fuel/air mixes which can reduce the possibility of flashback.
TVCs can also produce very low NOx emission levels without post-combustion
treatment since it can be operated as a staged combustor if the fuel is injected into
both the cavity and the main airflow. Generally, staged combustion systems have the
potential of achieving about 10 to 40% reduction in NOx emissions [151], see the next

section.
2.4.3 Staged Air Combustion

Sequential, contiguous combustion stages with recirculation within the combustion
chambers have been shown to produce stable combustion with low CO and NOx
emissions. Experimental results have demonstrated that such a combustion system
can attain a clean exhaust; a European Commission research project was able to
reduce NOx emission to 2-4 ppm and CO emission to < 7 ppm, using an air/fuel ratio
of 2.5 [148][152]. To optimise a particular aspect of the GT's performance staged

combustion can be arranged to be either axial or radial, as appropriate [149].

2.5 Lean Premixed Combustion (LPC)

Lean premixed combustion (LPC) is used in numerous applications, including GTs,
and IC engines [95], with high levels of excess air resulting in @ << 1. Premixed, lean
fuel is widely believed to be a promising approach to reduce unwanted emissions
from GT combustion [153][154]. Some researchers have suggested NOXx levels <

10ppm are possible [149].

With LPC, NOx formation is directly affected by residence time and local flame
temperature with lower flame temperatures meaning lower NOx emission; and in most
lean premixed flames the fuel is combusted at a lower temperature than in typical,
normal combustors [155]. But lower flame temperatures mean slower chemical
reaction rates, requiring more time to completely oxidise CO into CO,. Hence, lean

premixed flames, may well emit higher levels of CO and UHCs, thus combustors
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intended for lean premixed flames need to be designed to meet CO and NOx
emission standards. This has been achieved by controlling flame temperatures by
regulating ¢ [63].

Flame “blowoff’ is an inherent and common problem with lean combustion [156],
another is flashback [157]-[160]. The latter is more likely the faster the flame speed,
i.e. the greater the concentration of hydrogen in the fuel blend [89][161]-[163].
Additionally, the low frequency, thermo-acoustic, combustion instabilities produced
from swirl flow structures can be coupled with the natural frequencies of the

combustion system equipment producing resonance and damages [388][164].

LPC technology is widely used with GT swirl burners to reduce harmful emissions
[41][165][166]. However, the generation of such coherent structures as CRZs and
PVCs will directly affect combustion stability and the combustion processes due to
the lack of damping mechanisms relative to diffusion flames [104][167]-[169].

2.6 Flame Stability Issues

For efficient combustion which produces few or no greenhouse gases (particularly
NOx and CO,), a complex balance must be preserved between reaction chemistry
and energy transport in a highly turbulent flow field. With swirl-stabilized flames such
a combination can generate non-steady processes affecting flame stability [50], and
this has been an important area of research in modern GT combustors with the use
of LPC to reduce greenhouse gas emissions [94]. We note that combustion

instabilities can cause serious damage to GT combustion systems [35][122].

2.6.1 Lean Blowoff

GT combustors operating under LPC deliver the benefit of reduced emissions, but
when operated near lean blowoff are intrinsically prone to low frequency, high
amplitude, pressure oscillations [88]. These fluctuations in pressure are the result of
higher values of, 7., and lower values of t,,,. For @ < 1, lean flames are typified as
having a low adiabatic flame temperature and poor combustion efficiency. These can
appear in the combustion process as periodic flame extinction and re-ignition
[122][170]. Lean blowoff is flame extinction that occurs when the flame leaves its
anchor and moves downstream where it is extinguished. In GT combustors such an
event is most likely to happen under part-load conditions or transient operation such
as GT start-up. A common technique for avoiding blowoff is stabilisation using a pilot

flame which is supplied with a richer fuel/air mix than for the main flame, or maybe a
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diffusion flame. However, such pilot flames will have a higher combustion temperature
than the main flow and this could increase the formation of NOx. In practice, it is
preferable to avoid blowoff through accurate control of the combustor’s blowoff
limits [65].

Two theoretical approaches are currently being used to describe blowoff [171][172].
The first assumes that blowoff takes place when the residence time in the combustor
is too short for the necessary chemical reactions to take place. The chemical time
scale t.is approximated using S; and thermal diffusivity of the mixture (a) see
Equation 2.22 [65][172][173].

=23 (2.22)

The chemical time scale (r.) and residence time are compared based on flow

properties and combustor dimensions.

A second means of estimating the chemical kinetic time 7. is to determine the
residence time for the lean blowoff in a perfectly stirred reactor, using the ratio of
flame and flow speed. Flamelet-like combustion behaviour is assumed; blowoff takes
place when the speed of the flow is greater than the flame speed at certain critical

sites inside the combustor [174].

In both methods, prediction of blowoff is possible only with knowledge of the

characteristic kinetics of the mixture [175], and the flow field in the combustor [65].

The flame holder is vital for ensuring a stable flame, and numerous papers have
reported using bluff bodies as the flame holders and their effects on blowoff limits.
Lieuwen, et al. [176] investigated the effect of varying the geometry of bluff-bodies,
emphasising that vortex shedding from the bluff-body plays a key role in determining
gas expansion across the flame and hence the blowoff mechanism. Roychowdhury
and Cetegen [177] related flame strain rate with turbulent intensity and found that as
the one increased so did the other, which inevitably led to areas of local extinction on
the flame’s surface. Other researchers have also reported that @ at blowoff is affected

directly by upstream flow extinction [177].

Radhakrishnan et al. [173] developed a relationship for flame extinction for premixed
CHa-air swirl flames based on the Damkoéhler number [178]. The authors considered
the contending influences of increasing 7. with decreasing t,,, at near-lean and lean
blowoff conditions under high pressures and temperatures [122]. The resulting
relationship, Equation 2.23, shows flame extinction takes place when the product of
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1. (= VIS#), and reciprocal of, t,, (= U/D;4nce) €XCEES a certain value (R) which would
be in the order of unity at extinction. This assumes that the three constants 4, C;, and
C,, obtained from flow, geometric, and turbulence scale considerations hold their
values [178].

1
2

1 (C115)( u ) v
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Where D,,,.. Was diameter of the instrumentation (pilot lance bluff body). At lean

blowoff, increasing mean burner exit nozzle velocity (&), would result in a reduction in

7. coupled with an increase in t,, [122].

2.6.2 Autoignition

Autoignition has been defined as the “spontaneous ignition of a fuel/oxidizer mixture
in the absence of any concentrated source of ignition such as a flame or spark” [50].
It is happening when the residence time in the premixing section exceeds the ignition
delay of the mixture. Autoignition can seriously detract from GT performance and
inflict substantial damage on the system, particularly in GTs where the fuel and
oxidiser (air) are mixed prior to entering the combustor. Autoignition usually occurs
when there is a sudden increase in the reaction rate of a combustible mixture, such
an increase can be due to either: the heat of combustion increases and with it the
temperature of the reaction, which then accelerates the reaction rate; or the
exponential multiplication of reactive species (radicals) through chain branching

reactions accelerates the reaction rate [65].

Ignition delay (assumed to be the inverse of the reaction rate, r) of a given
fuel/oxidizer mix will depend on its temperature, pressure and the value of @, in the
form of an Arrhenius equation for the reaction rate [65]:

— -m E
T=Ap "D Texp (ﬁ) (2.24)
u

In Equation 2.24: A, n and m are constants which are determined experimentally, p
is the pressure (Pa), E is the activation energy, R,, is the universal gas constant and

T is the initial temperature of the fuel/air mixture.

Both chemical reactions and a number of physical processes (including turbulent
mixing and heat loss to the walls) are involved in autoignition of fuel/air mixtures in a

GT combustor. This is especially true when flow is present, where the interaction
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between the physical aspects (fluid mechanics) and chemical effects will affect the
ignition delay of the given fuel/air mix [65].

Natural gas (or CH,) is the favoured fuel for GTs used for electrical power production,
and has reasonably weak autoignition behaviour at low temperatures [179]. However,
if H2 is added, the proportion of H; in the mix has a substantial impact on autoignition.
The more Hz, the more the chemistry of hydrogen dominates the ignition of the
mix [180].

In GTs using swirling combustion, where aerodynamic effects dominate (e.g., fast
flow rates, strong swirling motion) they are directly linked to autoignition time. On the
other hand, weak aerodynamic effects make the systems more disposed to flashback.
This means that the ignition delay time of the fuel/air mix being used and local
aerodynamic conditions need to be taken into account when designing a premixer to

preclude autoignition [34].
2.6.3 Flashback

Flashback is a particular feature of premixed flames, whereby the turbulent flame
speed exceeds the local flow velocity and the flame front moves from a previously
stable location downstream against the fuel/oxidizer flow and towards the zone where
the fuel/oxidizer were mixed. Unfortunately, in GTs with LPC, this location is usually
inappropriate for flame stabilisation (e.g. swirl vanes or a mixing plenum) [122][147].
However, experimental studies reported in the literature have demonstrated that in
swirling flows, flashback is not simply a competition between flame speed and flow
velocity [154][162][163][181][182]. Flashback has been shown to be very much
dependent on the characteristics of the fuel/oxidiser flow and the flame stabilisation
device used. We have seen that for @ < 1 the blowoff of lean flames is related to
decreasing 7, and increasing t,,. However, for @ < 1, flashback generally occurs for
increasing 7. and decreasing t,, [122]. Lean flame flashback, due to variation in the
fuel/oxidiser compaosition has been noted in GTs, especially where H, was added to

the fuel gas [122][183], but enhanced C,+ levels can have a similar effect [35].

It is natural to associate flashback with turbulent burning velocity, S, which is larger
than the laminar burning velocity, S;. Beerer et al. [183] found that for pure methane,
Sy was directly related to the fluctuating axial velocity (it). Of course, adding a gas
such as H, with a very fast flame speed will increase S;. Thus flashback must be
considered, when blending H, with CH4 [122].
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It has been noted that flame movement during flashback will often follow boundary
layers. Within a swirling flow field these will include the shear layers between the CRZ
and ORZ, see Figure 2-6 [122][147], because these layers have a lower velocity than
the mean flow. Four flashback mechanisms will be discussed in the next
section [154][166][175][184].

2.6.3.1 Flame Propagation in High-Velocity Core Flows

In turbulent swirl flows, the link between S; and magnitude of the turbulence
fluctuation is essential for determining flashback. In such flows, local flow velocities
can be significantly lower than the mean velocity in the combustor; such an event will
pose the possibility of flame propagation upstream from the combustor towards the
mixing zone. Such flashback is, therefore, highly dependent on turbulent velocity
fluctuations [65]. Consequently, a basic design parameter for swirl burners is to
ensure that fuel/oxidant mixes are always subject to axial flow velocities that are

everywhere greater than Sy [79].

Despite measurement of Sy being difficulties because of the very complex chemical
interactions caused by turbulence there have been many publications published on
measurement of turbulent flame speeds [185]. To propagate, the turbulent flame
speed must be greater than the characteristic fluctuations in turbulent velocity. In the
swirl burners the strength of the turbulence fluctuation in the mixing zone is
determined by swirl strength [79]. Swirl flames are both wrinkled and corrugated (see
section 2.2.2) which means a substantial increase in flame surface area and S, being
higher than S;. The S; is constant but the wrinkling means a greater flame front area
and so the rate at which the mix is burned increases. With such a relation between
Srand S;, one could conclude that to achieve effective resistance to flashback, low
turbulence burners are better suited for fuels having high values of S; than swirl
burners [185].

Lipatnikov and Chomiak [186] found that decreasing the Lewis number (Le) (the ratio
of thermal to mass diffusivity) which depends on the composition of the fuel, the
turbulent flame velocity increased. Kobayashi, et al. [186] compared measured values
for S for syngas flames burned with air (CO/H./CO>/air) using Hydroxyl Planar Laser
Induced Fluorescence and flame radiation for methane/air flames. They reported that
the ratio (Sy /S;) for the CO/H,/CO./air flame was greater than that for CHa4/air flames.
LDA technique was used to measure local flame displacement and so measure S;
for Ho/CH4 flames for a low swirl burner for different gas ratios and levels of turbulence

intensity [63][183].
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2.6.3.2 Boundary Layer Flashback (BLF)

Having assumed a no-slip wall boundary condition, the axial flow velocity will increase
from zero at the wall boundary to the free stream velocity. Boundary layer flashback
(BLF) is where a flame propagates through the regions of low flow velocity close to
the wall, see Figure 2-6, into the premixing zone. However, the flame speed will also
decrease close to the wall because within a distance known as the “quenching
distance” heat loss to the wall quenches the chemical reactions. Flashback can occur
in the boundary layer only if the boundary layer is more than the quenching distance
from the wall, and the local flame speed is greater than the flow velocity [65]. This
explanation of the BLF was originally proposed for laminar flames by Lewis and von

Elbe [187] some eighty years ago.

Wohl [188] extended and emphasised quenching effects. His model defined the limits
on flashback in terms of a critical velocity gradient, g.. The velocity of a near-wall
layer, flowing parallel to the wall was u(y), where (y) represented the wall - normal

coordinate. The flame speed was S¢(y) at the quenching distance d, from the wall.

From Figure 2-12 for equilibrium between u(y), and S¢(y), we see g, at the wall can

be used as a measure of the laminar wall flashback limit [189] and can be represented
by Equation 2.25 [63]:

_ ou _ Sf(y)

gC - ay dq

(2.25)

In Equation 2.25: g, is the critical velocity gradient (s*), S¢(y) is the flame speed

(m/s), and d, is the quenching distance (m).

u(y) du
ay

y=0

Figure 2-12: Flow and flame configuration model (2D) at the onset of laminar boundary layer
flashback (BLF). Adapted from [189].
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Generally, g. will depend on wall temperature, fuel-oxidiser kinetics, local pressure
and temperature, @, and the local geometry. Equation (2.25) suggests flashback can
take place when the velocity gradients at a distance d, from the wall become lower
than the flame speed. In another word, that if S¢(y) is greater than the local velocity
and the distance from the wall is > d,, flashback is possible. Lewis and Von Elbe [187]
suggested the critical velocity gradient, g, for laminar poiseuille flow in circular pipes
as:

u _ 4Ub

= 57 -3
ar r=R; nr

gt (2.26)

In Equation 2.26: r is the radial coordinate (m), R; is the radius of the tube (m), and

Uy is the bulk flow velocity (m/s).

Lin, et al. [190] suggested a method of relating propensity for boundary layer
flashback with S; for hydrogen rich gases for measurement of critical velocity of the
flame and flow characteristics as follows:

(Le. 610)

Ie (2.27)

In Equation 2.27: g. is the critical velocity gradient of the flame (s), R; is the Lewis
number which represents the ratio between thermal diffusivity to mass diffusivity (-),

and §;, is the (un-stretched) laminar flame thickness (m).

They suggested Equation 2.28 as representing the critical velocity gradient of the

flow:

7 -3 1
gy = 0.03955 = Ug *V 4 x4 (2.28)

In Equation 2.28: g, is the flow velocity gradient (s™), U, is the bulk velocity at the
combustor inlet (m/s), v is the kinematic viscosity of the combustible mixture (m?/s),

and d is the diameter of combustor inlet (m).

Equations (2.27) — (2.28) suggest that flashback takes place when g, exceeds g;.
Although Equation (2.25) has been used extensively to describe BLF, it omits
consideration of flame-flow interaction. Additionally, the local flame speed might be
significantly affected by heat transferred from flame to combustor wall in addition to
any flame stretch effects. This means g. must be measured experimentally for the
fuel being used [147].
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BLF for turbulent flames was investigated by Yamazaki and Tsuji [191] who
suggested that the flashback limit could not be adequately explained by the notion of
velocity gradient because, in turbulent flows, the boundary layer was very thin. Fine
reported [192] that the critical boundary velocity gradient for turbulent flashback was
significantly larger than that for laminar flashback. He proposed that in near flashback
conditions, a turbulent flame could be stabilised in the laminar sub-layer much closer
to the boundary wall than could be attained by a laminar flame. This was put down to
the fact that the heat transfer coefficient in the presence of turbulence decreased from

the turbulent core toward the wall.

Many studies have investigated different mechanisms to reduce or avoid wall BLF.
Eichler and Sattelmayer [189] attempted a 2-D exploration of flashback in hydrogen
rich mixtures flowing over a flat plate. They found considerable differences with
results reported for tube burners. This was ascribed to adverse pressure gradients in
the boundary layer, producing a totally different interaction between flame and flow.
Two years later Eichler and Sattelmayer [158] confirmed that the limits of wall BLF
are governed by flame tip quenching in a “backflow region” upstream of the flame
front generated by the interaction of boundary layer and a pressure increase ahead

of the flame front.

Al-Fahham et al. [193] originated a novel technique encouraged by biomimetic
engineering; to enhance resistance to BLF in swirling flows through the use of micro-
surfaces consisting of a fine (of the order of 10° m) woven steel mesh. The addition
of these biologically inspired shapes successfully stabilised flows and gave added
control of the boundary layer, reducing outflow drag and enhancing system resistance
to BLF. Combustion stability maps showed an extended operational region when the

micro-surfaces were used.

2.6.3.3 Flashback Caused by Autoignition

Flashback caused by autoignition occurs when a flame autoignites in the premixing
section, usually because the residence time of the fuel-air mixture exceeds the time
necessary for autoignition. Plee and Mellor [194] and Sayad [65] have observed that
autoignition can occur in the premixing zone of the combustor, even under conditions
where the mean-flow residence time is an order of magnitude shorter than the ignition
time predicted by chemical-kinetics for the given fuel-air mixture. Beerer and
McDonell [195] determined experimentally the autoignition times for hydrogen in an
environment comparable to those of a GT premixing zone. They noted that on
occasion autoignition did not occur even with high temperatures along the walls of
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the reactor [195]. The authors explained this delay as due to increased residence time
of the reactants along the wall, combined with catalytic reactivity at the walls [65].

2.6.3.4 Combustion Induced Vortex Breakdown (CIVB)

Combustion Induced Vortex Breakdown (CIVB) can be, but should not be, confused
with Vortex Breakdown (VBD). VBD is the root cause of the CRZ, but CIVB is the
reason for its destruction [102]. Therefore, for stable flames, CIVB should be

forestalled and prevented.

In swirling combustion CIVB is a source of rapid flame transition and a flashback
mechanism in which a recirculation zone with strong backflow of hot gases becomes
a mechanism for flame stabilisation. The relative strengths of the incoming flow and
the backward flow in the recirculation zone will determine the position of that
recirculation zone. This balance is a dynamic one and can be disturbed by
interactions between the recirculation zone and the flame, causing the recirculation
zone to travel out of the combustor and into the premixing zone. This generates a
region of low velocity upstream of the flame, which allows the flame to move into the
premixing zone. Numerous studies agree that the CIVB can occur even when the
turbulent flame speed is lower than the flow velocity [154][185][196]—[199].

The earliest study of CIVB was by Kroner, et al. [184] who investigated flashback
limits for LPC with swirl burners, with a cylindrical premixing section without centre-
bodies. It can be debated whether VBD plays a role in turbulent flame propagation by
augmenting the position of the flame in a way that makes them happen more
readily [200].

Valera-Medina et al. have observed that the CRZ is closely connected to system
stability, its curvature, shape and strength all being of great importance for resisting
blowoff and flashback [64][121][201][202]. The interaction between recirculation zone
and flame can be explained by considering the azimuthal vorticity transport equation,
Equation 2.29 [203]:

Dw

o =3 @ + (U.V)& = (@.V)U - &(V.0) + p (Vp * Vp) (2.29)

In Equation 2.29: @ is the azimuthal vorticity (m/s), U is the velocity vector (m/s), p is

the flow density (kg/m®) and p is the static pressure (Pa).

Equation 2.29 describes how, according to Lenz’s law the change in azimuthal
vorticity, w, will produce a velocity component moving in a direction against the main

flow [204]. Azimuthal vorticity is enhanced by heat energy from the flame and this can
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affect the location of the CRZ. In Equation 2.29 the last terms on the RHS correspond
to baroclinic torque and the last but one term represents the volume, both generated
by the combustion process. Baroclinic torque generates an azimuthal vorticity which
induces an axial velocity in a direction that acts to push the flame upstream towards
the premixing zone [198]. The volume expansion, on the other hand, produces an
azimuthal vorticity that reduces the induced axial velocity acting against the incoming
flow. Thus, the density change across the flame is important in determining the

position of the flame and the likelihood of its flashback into the premixing zone.

It has been found that a dominant factor in determining flashback limits is the
quenching achieved by chemical reactants, and that flame propagation is largely
governed by mutual interaction of the flow of fuel/oxidiser and chemical reactions
[185]. Thus, flashback is very sensitive to flow patterns in the vortex core, where
chemical reactions lead to changes in pressure conditions at the combustion chamber
inlet, which promote the propagation of VBD. The study demonstrated that significant
mechanisms resistant to flashback are possible when using axial jets but will change
the levels of swirl. Konle and Sattelmayer have also investigated the effects of axial
jets [199]. They reported that increasing diameter of the axial jet generated thicker
vortex cores, which shifted the VBD downstream, improving flame stability and

widening the window of useful burner operation.

Similar findings have been reported by [198][205] who found that axial injection
widened the vortex cores and so produced lower pressure gradients which reduced
baroclinic torque, and increased resistance to CIVB flashback. Mayer, et al. [206]
improved flashback resistance using axial injection of fuel relative to trailing injection,

achieved by having injector holes inserted along four trailing edges of a vaned swirler.

The fuel or blend type is important for CIVB flashback, for example, adding H; to a
gaseous fuel can greatly increase the likelihood of CIVB [89][162][207]. A number of
studies [162][175] [208] agree that the behaviour of fuel mixes can be very different

from that of the constituent parts.

Swirl flow characteristics and local values of @ will affect the flow interactions at the
burner mouth and thus the conditions governing CIVB flashback. Researchers have
explored the effect of degree of mixing and swirl strength on flashback, Baumgartner
and Sattelmayer [209] report that at low swirl intensities flashback changes from BLF
to CIVB as @ increased. Sayad, et al. [210] found that BLF took place at lower swirl
intensities than CIVB flashback.
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Investigation of the influence of combustor geometry on CIVB flashback has found
that different geometries can considerably enhance resistance to CIVB flashback.
The presence of a centrally placed bluff body (or lance) has been shown to be very
useful in avoiding CIVB flashback and upstream flame propagation, and is widely
used in swirl burners [63]. Other researchers have found axial injection can improve
resistance to flashback, though at the cost of working with lower swirl numbers and
partial premixing. Reichel, et al. [161] showed that the injection of large quantities of
axial air changed the character of the axial velocity sufficiently to move the zone

where VBD took place and so enhanced resistance to CIVB.

Lewis, et al. [165] investigated how the axial injection of CO,, CH4, and air affected
the coherent structures found in swirling flames, and found significant changes which
varied with the gas injected. They suggested there was a correlation between effect
of the high momentum flow region (HMFR) and the CRZ, according to which, CIVB
flashback takes place as and when the CRZ is squeezed by the region of high
momentum. Another study, by Sattelmayer, et al. [80], found that placing a diffuser
between mixing tube and combustor can change the flashback mechanism from CIVB
to BLF. They also found that for a particular swirl combustor, similar limits for BLF
and that initiated by CIVB could be attained by adjusting the aerodynamics of the
combustor and claimed that this represented the optimum means for flashback
resistance. However, even small deviations from the optimum aerodynamics
produced lower flashback resistance to both CIVB or BLF, actually worsening
flashback limits [63].

Hatem et al. [211] have confirmed experimentally that increasing resistance to CIVB
can increase the likelihood of BLF. However, resistance to CIVB was increased by,
for example, repositioning the central injector and using central air injection, and BLF
was avoided by simultaneously adding microsurfaces of woven steel mesh to the
boundary wall of the burner nozzle, changing the boundary layer characteristics.
Results showed that combining these techniques widened the range of stable
operation for the swirl combustors tested and enabled them to safely burn a wider

variety of fuel blends.

However, although much work has been undertaken to deepen our understanding of
the mechanisms of CIVB, there remain many unknowns such as the quantitative
effects of changed combustor geometries and different fuels on flashback

phenomena [63].
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2.6.3.5 Flashback Due to Combustion Instabilities and Coherent
Structures
Thermo-acoustic instabilities occurring inside a combustion chamber can be
sufficiently intense as to cause the flame to propagate upstream in both turbulent core
and boundary layer, producing flashback. Such instabilities take place when there is
a periodicity in the heat release rate which couples with a resonant mode of the
combustor [168][212]. Swirling combustion, especially the PVC is a possible source
of unsteadiness or fluctuating combustion, triggering the formation of radial eddies
and small fluctuations in the patterns of rich and lean combustion which are
oscillations in the combustion process [88]. These fluctuations inside the combustor
can develop as part of a feedback loop, where the fluctuations in heat release rate
feed into an acoustic field, which can increase in intensity to produce high levels of
acoustic pressure and corresponding velocity fluctuations which can trigger
corresponding oscillations in flame front and @, producing further fluctuations in heat

release rate and closing the feedback loop [169].

2.7 Alternative Fuels for GTs and Fuel Flexibility

A positive feature of heavy-duty GTs is that they can function relatively efficiently
when using a wide range of fuels that are by-products of industrial processes,
including; petroleum distillates, gas produced from coal or biomass, gas condensates,
alcohols. Moliere reviewed the influence of fuel on the energy and combustion
performances of GTs, including thermodynamic performance, combustion efficiency

and gaseous emissions [213].

More recent research projects have assessed, and will continue to assess, the
combustion performances of GTs on alternative fuels for the efficient production of
clean energy, including the appropriation and storage of the CO- produced by burning
fossil fuels [214][215][216]. Another objective of this research is to extend the ability
of “dry low-emission GT technology” to burn fuels with relatively low heat values such
as bio-gas when enriched with H, [155]. Adding H, to NG decreases the calorific
value, but at the cost of increased flame speed and some very fast chemical reactions
[216].

To classify GT’s fuels, a simple way is to split them between gas and liquid fuels, and
within the gaseous fuels, to divide by their calorific value (LHV) as presented in
Table 2-1 [217].
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Table 2-1: GT’s fuels Classification. Compiled from [217].

TYPICAL

3
FUEL COMPOSITION LHV KJ/NM TYPICAL SPECIFIC FUELS
Blast furnace gas (BFG),
Ul ok ATnh e = 10% < 11,200 Air blown IGCC
GASEOUS FUELS CHa < 10% ' Irblown '
N2+CO > 40% Biomass gasification
H2 > 50 . .
HIGH HYDROGEN 5.500-11,200 Refinery gas, Petrochemical

GASEOUS FUELS

CxHy = 0-40%

gas, Hydrogen power

MEDIUM LHV CHa4 < 60% Weak natural gas, Landfill gas,
— 20.500 11,200-30,000
GASEOUS FUELS NZLESZlO_%%;)OA) Coke oven gas, Corex gas
CH4 = 90% Natural gas (NG),
NATURAL GAS CxHy = 5% 30,000-45,000 o
Inert = 5% Liguefied natural gas (LNG)
HIGH LHV CH4 & higher Liquid petroleum gas (butane,
GASEOUS FUELS hydrocarbons HE{ILARO000 propane), Refinery off-gas

CxHy > 10%

Diesel oil, Naphtha, Crude oils,

LIQUID FUELS CxHy, with x > 6 32,000-45,000

Residual oils, Bio-liquids

NG quality is crucial as numerous industrial GT combustion systems are adjusted for
a specific NG composition local to the GT installation. The UK will become
increasingly dependent on gas imports to oppose decreasing domestic production
and potential short-to-medium term growths in gas-fired power generation. Given the
high variability between international and domestic gas compositions, the UK restricts
the quality of gas admissible into the NG grid through the Gas Safety (Management)
Regulations (UK) [GS(M)R], affecting industrial and domestic gas users. One gas
quality issue of particular importance is the acceptable Wobbe Index (WI) range. This
is specifically essential for industrial GTs as variation in Hz content in NG can
remarkably decrease the WI while the higher hydrocarbons presence can increase
the WI. W1 is usually employed in the gas industry to calculate the energy delivery of
NG fuel to a combustion device [122]. It is an estimated value based on a group of
reference conditions (combustion and metering temperature, t, and t,, and pressure,

P,) as described in Equation 2-30:

H[ty,V (t,,P,)]

Vv d(tZIPZ)

Where H is the real higher (gross) calorific value of the natural gas mixture and d is

WI [ty,V(ty, P2)] = (2.30)

the real relative density of the mixture with respect to air, with the “real” values

differing from the “ideal” values by incorporating a compression factor, Z, as described
PAGE | 69



Chapter2: Ali Alsaegh_Cardiff University

in the British Standards Institution (BSI) document for the calculation of calorific
values, density, relative density and WI from NG composition, BS EN I1SO 6976:2005
[122]. All NG which enters the UK gas transmission system must meet the standards
shown in Table 2.2 [218][122]. These limits also impact the operation and emissions
of industrial users of the NG pipelines, including GT power generators.

Table 2-2: Gas quality limits for entry into the UK NG system. WI values referenced at P> = 0.101
MPa and ti, t2 = 288 K. Compiled from data in [218][122].

PARAMETER

Wobbe Index (Mj/m3) 47.20 -51.41
Total Sulfur (mg/m?3) 50 (max)
Hydrogen Sulfide (H2S) + Carbonyl Sulfide (COS) (mg/m?q) 5 (max)
Oxygen (O2) (% vol) 0.2 (max)
Hydrogen (% VOL) 0.1
Incomplete Combustion Factor 0.48 (max)
Soot Index 0.60 (max)

While the present GS(M)R limits define the useful energy content supplied to
industrial GT burners through the WI, it does little to give any sign of the actual
chemical composition of the NG in the distribution system, which can enormously
affect the resulting combustion behaviour of those gases at elevated pressure and
temperature conditions. Accordingly, while fuel flexibility has been emphasised as a
key consideration in future GT operations, GT operators, many GT OEMs, GT
operators and combustion researchers are presently examining the technological
barriers to achieving high efficiency, low emissions combustion as the composition of
NG varies [122].

2.8 Computational Fluid Dynamics (CFD) Modelling

Numerical modelling has been employed as a tool to help the discussion of the
fundamentals of turbulent swirling flows. The CFD prediction of this kind of complex
flow is a challenging topic because of anisotropic turbulence structures in the CRZ.
An extensive early review of the numerical modelling studies on swirling flows was
[118] which illustrates the challenges and complexity of CFD approaches to swirling

flows in GT combustors. This difficulty still exists for the flow dynamics of both
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isothermal (cold) and reacting (combustion) swirling flows. Various numerical

approaches have been extended for the solution of different fluid flow problems [219].

2.8.1 CFD as a Tool for Design and Analysis

Prototyping and experimental investigation of GT combustion systems are expensive
and time-consuming due to the complexity of the system. Therefore, CFD simulation
is a critical enabling technology for designing better combustion and after-treatment
systems. Combustion engineers have integrated simulation up front into the design
processes to increase GT efficiency and reduce emissions. Currently, CFD codes
utilising different software packages are used widely in industrial design for many
reasons: CFD simulations are relatively convenient and easy to use, CFD is an
inherently more flexible way to investigate a change in operating conditions as the
change to computer code is quicker and cheaper than designing and conducting
experimental tests, which may require the redesign, manufacture and testing of
modified components. The continuous improvements in CPU capabilities and hard
drive capacity offers the generalisation of CFD modelling and numerical analyses and
allow them to be used as an advanced modelling tool. In this thesis, ANSYS Fluent
R19.2 CFD Academic code employed to achieve some of the study objectives.

2.8.2 Modelling of Turbulence

Currently, there are three numerical techniques available for solving Navier-Stokes
eguations to determine the characteristics of turbulent cold flow (isothermal flow) and
combusting flow (reacting flow). They are Direct Numerical Simulations (DNS), where
a problem is solved in space and time, presenting the exact time course of the
monitored flow parameters. Reynolds Averaged Navier-Stokes (RANS) derives mean
(time-averaged) fields, but gives the mean value only [220]. When it is permissible to
consider only the larger vortices and ignore small perturbations, Large Eddy
Simulation (LES) can be used. This is much less computationally expensive than DNS
but achieves this advantage by low-pass filtering, the outcome of which is a smoothed
signal [221]. However, LES is almost expensive in terms of computing tools and time

needs as compared to the classical RANS approach.

A hybrid model which is a combination of both methods (LES and RANS) is a
technique to determine some part of the computational domain with RANS and the
rest with the LES model. The purpose of this is to estimate the part of high
computational load with RANS so that the whole computational load is decreased

while maintaining the advantages of the LES model. There are various hybrid models
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with different calculation methods, the Detached Eddy Simulation (DES) and the Very
Large Eddy Simulation (VLES). This model is perfect for near wall calculations [222].

Table 2-3 presents a summary and overview of the level of complexity, and
accuracy/cost of the computational approaches. RANS and LES turbulence modelling
techniques are available in ANSYS Fluent software, but DNS is not [223].

Table 2-3: Turbulence models overview used in turbulence modelling [223].

Computational

Model Computational Approaches Overview Cost

e Solves ensemble-averaged (or time-averaged) Navier-
Stokes equations.
Can model all turbulent length scales.

e The most widely used approach for calculating industrial
flows.

RANS

P T ———

A
N,

e Solves the spatially averaged N-S equations. Large
eddies are directly resolved but eddies smaller than the
mesh are modelled. (But RANS, DNS and LES all model

LES flow patterns). Increase in

e Less expensive than DNS, but the amount of computational
computational resources and efforts are still too large for | cost per iteration
most practical applications.

e Theoretically, all turbulent flows can be simulated by
numerically solving the full N-S equations.

DNS e Resolves the whole spectrum of scales. No
approximations are required.

e But the cost is too prohibitive! Not practical for industrial
flows

o T ———
N

A

N,

e There is not yet a single, practical turbulence model that

NOTE !l can reliably predict all turbulent flows with sufficient
accuracy.

e DNS s not available in ANSYS Fluent.

The RANS (Reynolds time- and space-averaged equation) approach “flattens” the
local flow components, as it calculates only the overall elements of turbulent flows.
The RANS method significantly reduces the computation burden as it calculates the
flow parameters by sub-dividing the parameters into a mean (average) element and
a fluctuating element. For example, the mean flow describes the main flow, while the
fluctuating element is calculated by the turbulence model. The results are strongly
affected by the CFD model chosen to simulate the turbulence [224]. Thus, the
instantaneous velocity is decomposed into two parts, a time-invariant mean and a
time-varying fluctuating element, see Equation 2.31, which represents the basis of
most mathematical descriptions of turbulence [225]:
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U(x,t) = U(x) +u(x, t) (2.31)

The DNS method directly solves the Navier-Stokes equations without including any
turbulence models. Therefore, the DNS requires very fine computational meshes and
substantial computer resources to address the Kolmogorov turbulence scale
(smallest scale). Currently, DNS is not used for complex flows at even moderately
high flow Reynolds number, and is far from application to real engineering
problems [226].

Latterly, LES has been widely adopted in engineering applications because of the
rapid development of computer computational capacity. However, LES remains
almost as expensive, in terms of computations and time needed, as the classical
RANS approach. The fundamental concept behind LES is to decompose the flow
components into small-scale parameters and large-scale parameters by applying a
“cutoff” filter function. LES simulates the larger eddies but parameterises the smaller
eddies employing a subgrid-scale (SGS) model, by which it gives precise results for

length-scales greater than the cut-off threshold in a complex fluid flow [227].

The LES method has been found to be a powerful numerical tool, consistently able to
produce predictions which compare well with experimental measurements. Such a
model can be utilised even in situations where no previous experimental data exists.
In many engineering applications, the engineers do not normally require precise data
exactly matching real measurements, reasonable predictions with moderate
computational costs, as obtained from models which employ RANS and LES, are
acceptable.

2.9 Chapter Summary

This chapter has presented a review of previous research related to swirl-stabilised
GT combustion, including GT combustion systems, combustion problems associated

with swirl burners, fuel flexibility and alternative fuels for GTs.

Swirl-stabilised combustors were developed to meet increasingly strict pollution
standards while maintaining GT operational efficiency. LPC using alternative fuels
has been shown to be an important development. However, combustion stability
issues that include autoignition, blowoff, and flashback remain common.
Unfortunately, LPC makes swirl combustors more prone to such instabilities,

especially when using alternative fuel blends high in hydrogen (H>).
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Flame flashback has long been thought of as an intrinsic operational issue with
premixed swirl combustors and can severely damage system hardware; four
mechanisms are responsible for flashback; BLF, CIVB, combustion instabilities and
turbulent core flashback. Investigations of CIVB flashback and BLF mechanisms
represent state of the art research because they are not yet completely understood
compared to other types of flashback. Such investigations are important because
these mechanisms can be initiated even under apparently stable operating
conditions. Further research is needed to deepen our understanding of this
phenomenon in order to develop techniques that can reduce or totally eliminate these

serious instabilities.

To better understand the various flashback mechanisms, intense numerical and
experimental research is needed. Such investigations need to consider modifications
to both system hardware and flow fields. A number of techniques are known to
efficiently reduce CIVB Flashback and successfully fix the CRZ downstream of the
burner by making a modification to system geometry and/or changing the patterns of
flow. Placing a bluff body in the flow can act to stabilise the flow, while altering the
pattern of fuel flow by changing the fuel injector can move the position of the vortex
breakdown further downstream and so reduce the likelihood of CIVB flashback.

Nevertheless, useful as these techniques are they cannot fully solve the problem of
flashback and have potential drawbacks. Inserting a bluff bodys (or central injector)
in the presence of high-temperature combustion processes for extended periods of
time could produce material degradation and increase maintenance costs.The use of
a central fuel injector could increase NOx emissions and downgrade the fuel/air
mixing process. The injection of air into the central core of the vortex to reduces
negative axial velocity and turbulence characteristics is another possible way of
mitigating CIVB flashback. In the present context this appears to have the significant
benefits of avoiding any increase in pollutant levels which providing the required flame

stabilisation.

The turbulent combustion in GTs, in general, is the sequence of two central
interactions, the very complicated hydrodynamics and the chemical reactions. This
interaction can enhance or reduce the combustion turbulence and hence affect the
combustion stability. Improvements of burner geometries and manipulation of swirl
flows can produce good resistance against CIVB flashback. However, increase flame
flashback resistance against CIVB can lead to an increase in the propensity of

another flashback mechanism, BLF. Thus, this work presents an experimental and
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numerical approach that allows the increase in CIVB resistance by using axial air
injection and simultaneously avoid BLF by changing the wall boundary layer
characteristics using microstructure surfaces as a liner for the nozzle wall. Using
combined techniques together has promising potentials regarding wider stable
operation for swirl combustors, enabling them to burn a great variety of fuel blends

safely.

Efficient configuration and operation of GT burners can be significantly facilitated by
measurements attained from parallel experimental and modelling investigations.
Such studies merge experimental and theoretical combustion aerodynamics with
advanced CFD and its development and use will decrease the cost of improvement
programs noticeably. Of course, there are still many facets of swirl burners that
remain poorly understood, particularly in the important areas of coherent structures,
flashback, and system instabilities. This thesis is intended to contribute to the
understanding of the flashback processes occurring in GT combustors that are not

yet fully understood.
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CHAPTER THREE:

3 RESEARCH METHODS AND TECHNIQUES

“When we try to look only at one thing in Nature, we find 1t connected
to everything else”

John Murr, American naturalist (1838-1914)

3.1 Introduction

T his chapter presents and discusses the experimental methods and numerical
techniques employed in this study. All the findings presented were obtained in
the Cardiff School of Engineering using purpose designed test rigs and equipment

available in the combustion laboratory.

Accurate measurements of swirl flow in GT burners are essential in order to address
problems concerning their operation. However, swirling flows are so complex that
despite great advances in CFD codes, precise solutions require a combination of CFD
analyses and experimental tests. The test rig should have substantially similar
characteristics to those of a real GT combustion system and able to simulate both
stable and unstable operation. In general, these experiments included a tangential
swirl burner as usually used in GTs, Laser diagnostic systems, and other apparatus
needed for average measurements. At the end of this chapter, the CFD simulation
technique, code setup and numerical models used provide an initial prediction of swirl

flow behaviour for different burner configurations.

3.2 Experimental Approach and Facilities

3.2.1 The Swirl Burner

Combustion and isothermal experiments were performed in a 150-kW steel-scaled
versions of a 2-MW swirl burner. The tangential generic swirl burner used in this study
is depicted in Figure 3-1, this burner had been used on previous investigations of
different flame flashback mechanisms and swirling flow stability as reported in
[121][166]. The burner exit diameter (De=2R.) at the outlet can be changed using
different nozzle configurations, in this study the exit nozzle diameter is equal to 0.8Ds

(61 mm) as recommended in previous work [64]. A burner sleeve diameter (Ds) of
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76 mm has been used in this study as a reference length to which all other dimensions
are referred. The inner radius of the burner plenum chamber (r) is twice that of the
burner sleeve (ri = 2rs=Ds). The burner consists of two tangential inlets of 67.4 mm
inner diameter (D=0.89Ds). However, the cross-sectional area of these two inlets can
be varied using inserts. The two inlet areas were maintained equal at 25%, 50%, 70%
and 75% of the original area. This made it possible to vary the original geometric swirl
numbers (0.573- no insert case) to 0.913 and up to 3.65, depending on the insert
used. The air to these inlets was supplied by a centrifugal fan via flexible hoses and
two banks of rotameters for flow rate control. Another bank of rotameters monitored
the injection of NG. The errors in air and gas rotameters readings were ~3%. For the
combustion trials, the burner was designed to operate under atmospheric pressure
with no air preheating, using NG (90% CHa, N2, Co+ hydrocarbons, CO,, H.S, and
noble gases, refer to Figure 1-3). Fuel to be added in premixed mode (i.e., being
premixed where the tangential inlets met plenum) and diffusive mode (i.e., through
the central injector, just for burner start-up). The mixture enters the burner plenum
circumferentially through the tangential inlets. This produces a robust azimuthal
velocity component generating a high degree of a swirl. This burner was developed
to meet the aim of the present study by adding axial air injection system, details will

be mentioned in Chapter Four.

Flow direction
Tangential inlet
(Fuel + Air)

D, = 0.89D. \

Burner sleeve,

Dg=2r=76 mm

Tangential inlet
(Fuel + Air)

l/ D;=0.89D,
@ 167.6 mm

Figure 3-1: Sketch of the burner, (not-to-scale). Reproduced form [121].

Some of the complexities of swirling flows, were firstly recognised in the middle of the
nineteenth century and as a result the swirl number (S), Strouhal number (S,.) and

Reynolds number (Re) are usually used to characterise these flows. Full derivation of
PAGE | 77



Chapter3: Ali Alsaegh_Cardiff University

swirl number can be found elsewhere [120]. Equation 2.16 discussed in section
2.3.1.1 of Chapter Two provides a direct method for determining the geometrical swirl

number S, for the burner described above (tangential burner) [64][104][205].

The way of calculation R, is shown in Figure 3-2. A;is the total free area of the

2
t

tangential inlets, [A: = ("2 )* Insert %]. As configuration (25%-25%) at S,=0.913

showed the most stable results in [121] for the same burner, this was used for all the
combustion and isothermal cases in this work. Figure 3-2 shows that both tangential

inlets have their areas reduced by 25%.

Fuel-air primary mixing zone Fuel

3/4 A S l

ri= 2rs =Ds= 76 mm

A

Gas injected in crossflow

Fuel

Figure 3-2: Schematic top view of the swirl burner with 25%-25% inserts, (not-to-scale).

Table 3-1 presents for the effect of the four inserts on R.sf, At and Sg. In general,

vortex breakdown and the development of a central recirculation zone happen when

the swirl number is between 0.5-0.6 [88].

Table 3-1: Geometrical swirl number (S,) values for different inserts.

Insert [%] Tangential inlet area [%)] R.sr [mm] Totalze;l\rt '[?A?]t area Sy

0-0 100 42.79 0.00714 0.573
25-25 75 51.22 0.00536 0.913
50-50 50 59.64 0.00357 1.956
70-70 30 66.38 0.00214 2.961
75-75 25 68.07 0.00179 3.643
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3.2.2 Non-Intrusive Laser Diagnostics

Swirl flow diagnosis has been critical for the improvement of GT combustion systems
and the development of GT combustors. Conventional measurement techniques have
proved incapable of capturing the actual flow behaviour and the need for improved
high-precision measurement and diagnostic systems for GT combustor design is now
imperative. Over the past three decades, laser diagnostics techniques have
snowballed and are being used to estimate different parameters of isothermal and
combustion swirl flow fields, including temperature, velocity, turbulence and flow
fluctuations, with high space and time resolution [228]. The laser beam or sheet used
for combustion or cold flow diagnostics retains its coherence, intensity and
monochromatic properties even when scattered from particles seeded in the fuel or
air flows. There are numerous optical measuring techniques based on light diffusion

that have the advantage of being non-intrusive, see Figure 3-3 [229].
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DGV: Doppler Global Velocimetry LTV: Laser Transit Velocimetry
FRS: Filtered Rayleigh Scattering PD: Phase Doppler

GPD: Global Phase Doppler PDV: Planar Doppler Velocimetry
IPI: Interferometric Particle Imaging PIV: Particle Image Velocimetry
LDV: Laser Doppler Velocimetry PTV: Particle Tracking Velocimetry

LFT: Laser Flow Tagging

Figure 3-3: Optical measuring systems employing light scattering. Reproduced from [229].

In addition to the laser diagnostic systems presented in Figure 3-3, a novel technique
for point flow velocity measurements utilising the displacement of laser-induced
plasma has been introduced at the Imperial College London, which does not need the

introduction of any tracer (seeding or any other substances) in the flow field [230].

Laser diagnostic systems have the major advantage over conventional contact
devices that they do generate disturbances and have very limited impact on the flow

field. Laser measurement tools are capable of changing the traditional point
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estimation to linear or planar measurements and to give detailed information about
the transient behaviour of the swirling flow. Laser Doppler Anemometry (LDA), also
known as Laser Doppler Velocimetry (LDV), is an optical technique ideal for non-
intrusive 1D, 2D, and 3D point measurement of velocity and turbulence distribution in
both free flows and internal flows. LDA is a widely accepted tool for fluid dynamic
investigations in gases and liquids and has been used as such for more than three
decades. It is a well-established technique that gives information about swirl flow
characteristics. The measurement results are essential steps in fine-tuning the GT
burners designs to improve aerodynamic efficiency, quality, and safety. The method’s
particular advantages are non-intrusive measurement, high spatial and temporal
resolution, no need for calibration, and the ability to measure reversing flows. As this
study investigates the change in swirl flow characteristics (axial velocity and
turbulence) behind different burner configurations, the LAD was chosen between the
other laser diagnostic systems.

The next subsections provide brief descriptions of a common and highly accurate
laser measurement technique that been used in this research programme: the Laser
Doppler Anemometry (LDA). Also included are details of how this system will be

employed to meet the aims of this work.

3.2.3 Laser Doppler Anemometry (LDA)

LDA is a non-intrusive, low weight, small size and directionally sensitive flow
measurement system, making it convenient for applications such as measurements
of swirling flows, investigations of reversing flows, combusting and chemically
reacting flows, and even rotating machinery, where positioning of real sensors is
challenging and signals are difficult to interpret. LDA is a single point optical tool that
needs tracer particles (seeding) in the flow field to be measured and needs to be
manipulated to estimate velocity values and turbulent intensities of the particles
carried by the gases or liquids. The main advantages of the LDA system are: no
calibration is required (it is an absolute measurement technique), capable of
measuring reverse flow (especially useful in swirl flow characterisation), with high
spatial and temporal resolution due to small measurement volume and non-intrusive

nature of the measurements [231][232].

3.2.3.1 LDA System Setup and Configuration
The LDA system, in general, consists of the following different essential components

as presented in Figure 3-4 [232].
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Figure 3-4: Test rig diagram and backscatter LDA system measurement setup. Reproduced
from [232].

As the axial velocity is the dominant velocity component in the swirling flow, a one
component FlowLite (Dantec) LDA system operating in backscatter mode was used
in this study to measure the instantaneous axial velocity component and velocity
fluctuations downstream of the burner exit. The light source for this system consists
of an argon ion laser with 500 mm focal length of the lens. Its simplicity and reliability
made it the best choice for these experiments. The system offered a calibration
uncertainty of 0.067%. The burst signal was processed using a BSA F60 processor
and Dantec BSA Flow Software v5.20 to yield the mean and RMS velocities at the

control volume location.

The configuration of the FlowLite Dantec LDA system used in this work consisted of
the following essential elements which are generally the same for any 1D LDA system:

e Continuous wave laser: The Dantec Dynamics backscatter LDA system
used in this study was a neodymium-doped yttrium aluminium
garnet; Nd:Y3Als012, commonly known as an Nd:YAG laser. It is a coherent,
linearly polarised, monochromatic, Gaussian intensity distribution with low
divergence (collimator) laser. This backscatter system utilizes a 200 mW
constant wave Nd:YAG laser (532 nm) split to produce two beams by a Bragg

cell.

e Brag cell: Also known as an acoustical-optical modulator, is used as a laser
beam splitter and operating at 40 MHz, dividing one beam into two, one of
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which is frequency shifted under the effect of this cell. It is a glass crystal with
a vibrating piezo crystal attached. Applied vibration via the piezo-electric
crystal causes the crystal to behave as an optical grid. The beam separation

is equal to38 mm.

e Transmitting/ receiving optics: A single device, suitable placed will combine
the functions of receiving and transmitting the laser light to a photo-diode
together with the detected signal produced by particles traversing the control

volume.
¢ Photodetector: Collects the back-scattered light.

e LDA probe: Afocusing lenses and interference filter to pass only the selected
wavelength.

e Signal processor: Involves spectrum analyser, counter, correlator, and

tracker.

e Personal computer (PC): Windows XP operating system installed to be
compatible with the Dantec BSA Flow Software v4.5. The results can be
exported for additional post-processing utilising third-party software such as
Tecplote 360 and MATLAB, or for CFD results validation.

e Traverse system: Frequently, the swirl flow measurements require mapping
of the flow velocity and turbulence in a large space. Accordingly, these values
should be measured at many points in the flow field. Traverse system control
ensures precise movement by the LDA probe and hence gives the flow
information at multiple points in a matrix form. Dantec traverse X, Y, Z system
with traverse controller has been utilised to measure the axial velocity and the
turbulence intensity values at different points in the swirl flow. The BSA Flow
Software installed in the PC controlled the traverse system through the
traverse controller that is connected to the PC by a serial interface, see
photograph in appendix. The flow field was divided into many sub-regions
(levels) according to the distance from the burner mouth. The starting point
(the datum) was specified using a laser target sheet where both laser beams
met. During the traverse, the movement is stepped in all three space
coordinates Ax, Ay and Az, and the software included a calibration factor so

target sheet and the actual space have identical space coordinates.

e Seed generation: Seeding material and seed generator.
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3.2.3.2 LDA Measuring Fundamentals

The fundamental method of the LDA system is the frequency variation (shift) of the
light returned from a moving seeding and collected by a stationary receiver. This is
known as the Doppler effect. LDA systems have undergone many developments,
particularly with respect to signal processing, since 1964, when the LDA was invented
by Yeh and Cummins, [233]. LDA has become widely available and is used
extensively in fluid mechanics, especially for measurements in turbulent reacting
flows (combusting flows). Light intensity is modulated because of interference
between the laser beams, and as a result, high-intensity parallel fringes will be
generated, see Figure 3-5 [232]. The LDA probe size is usually several millimetres
long.

direction of moving

shifted beam fringes Vi=f. d¢

~—— f&’/l/ff// m \@ \\\\\\}%"é/;/
df:%«ﬁw MmN 672 o
(known) \m“s“\\“ mfﬂ 'r/”ff)zﬁ 0/2
y!

W

LDA
(known)
unshifted beam

—

direction of flow with seeding

particles

Figure 3-5: The parallel planes of high light intensity (the fringes). Reproduced from [232].

The fringe peak-to-peak distance (df) will depend on the laser wavelength and the

magnitude of the angle separating the laser beams, Equation 3.1 [233]:

ALDA

K@ (3.1)

df=

Each seeding particle crossing the laser beam scatters light equivalent to the local
light intensity. The velocity magnitude of the flow field is derived from the light
scattered by the particles carried in the flow when they pass across the measurement
volume. The scattered light includes a Doppler shift, the Doppler frequency (fq)
depends on the velocity component perpendicular to the laser beam’s bisector. A lens
collects the scattered light and concentrates it onto a photo-detector [234]. An

interference filter is mounted so that it transmits only the required wavelength so no
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other light wavelength reaches the detector. The tangential velocity component can

be estimated by rotating the laser probe 90°, conventionally in a clockwise direction.

The photodetector converts the fluctuating light to an electrical signal (the so-called
Doppler burst) which is sinusoidal with a Gaussian envelope because of the intensity
profile of the laser beam. The Doppler bursts are separated from background noise
and amplified in a signal processor, which also estimates the Doppler frequency (fq)
for each seed particle, usually by employing a robust Fast Fourier Transform (FFT)
algorithm. The fringe spacing (ds) can represent the distance travelled by the seeding
particle, while the Doppler frequency (fq) gives information about the time scale of the
flow fluctuations (where, t = 1/fs). The flow velocity can be calculated from
Equation 3.2 [232]:

A

@ (3.2)

As shown in Figure 3-6, the LDA system can determine the sign of the flow
direction [63][232].

e 2l
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Figure 3-6: Doppler frequency to velocity transfer function for a frequency shifted LDA system.
Reproduced from [63][232].

The frequency shift (fs) produced by the Bragg cell creates the fringe pattern which
moves at a constant velocity (Vs). Seeding particles which are moving cause a shift
frequency. The negative and positive velocities, Vieg and Vpos, create fyos and fneg
signal frequencies, respectively, so the flow direction can be specified. However,
without such a frequency shift, the LDA system cannot distinguished the flow direction

or measure zero velocity [232].
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3.2.3.3 LDA System Settings

The LDA settings for the isothermal conditions are quite different from those for
combustion, due to the great differences between the flow structures in the two cases.
It has been demonstrated that the number of acquired samples during the LDA
acquisition process for combusting flow is less than that for the isothermal conditions
[211]. The expander ratio during the isothermal test was equal to 1.0, and the probe
volume dimensions were (dx = 0.338 mm, dy = 0.388 mm and d, = 8.919 mm).
However, to increase the data rate during the combustion test when needed, the
expander ratio must be increased to 1.5, and hence the probe volume need to be
decreased (dx= 0.225 mm, dy= 0.226 mm and d, = 3.968 mm) [63].

For isothermal conditions, the LDA system has been recently calibrated by controlling
the seeding rate to operate with 50,000 measuring particles (data capture rates) or
30 s capture time before moving to the next measuring point [63]. The velocity and
turbulence intensity values were estimated using Dantec BSA Flow software by taking
the average values for all particle passing through the measuring volume for each

point in the flow field.
3.2.4 Fluid Flow Seeding

The seeding particles (tracers) are an essential element of laser diagnostic systems
such as PIV and LDA, since they rely on the tracking of illuminated particles
suspended in the flow field. It is assumed these particles are adequately buoyant to
follow any flow pattern at the test flow conditions [122]. The particle size and type
need to be selected carefully and will depend on the fluid flow behaviour under
consideration. Otherwise, they will not be able to match and visualise the flow
components adequately. Typical seedings are fog, smoke, metal dioxides or water
droplets [64].

Perfect tracer particles will have about the same density as the fluid system being
tested while choice of particle size and type will depend on the characteristics of the
flow field and the fluid flow system. The refractive index of the seeding particles should
be different from that for the fluid flow as the laser light incident on the flow field must
be reflected from them towards the CCD camera. A compromise between decreasing
the seeding particle size to enhance flow tracking and increasing the particle size to
enhance light scattering must be made in each case, and is a significant decision
[235]. The degree to which the seeding particles follow the fluid flow dynamic is not

precise and is described by the Stokes number (Stk), Equation 3.3, which is a
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dimensionless parameter related to the behaviour of particles carried by the fluid
flow [102]:

stk ==Y 3.3
Where:
d, = The characteristics dimension of an obstacle (m)
U = Velocity (m/s)
T = Particle relaxation time (s)
Which is determined as:
pa-dg
=— 4
Where:
Pa = Particle density (kg/m3)
dg = Diameter of the particle (m)
ug = Dynamic viscosity of the fluid (m?/s)

The smaller the Stokes number the better the precision of the trace. When Stk is
higher than unity the particles will separate from the flow, especially under heavy
acceleration. However, when Stk is less than unity the seeded patrticles will tend to
follow the flow streamlines. If the Stk is less than 0.1, the tracking accuracy will be
better than 99% [236]. Considering all the above requirements, the highly reflective,
micro-scale diameter calcined aluminium oxide powder (Al.O3) was chosen for this
work from the variety of seeding particles available for LDA experiments. To test the
effect of particle size on the accuracy of the results, an LDA isothermal experiments
was carried out under the same operating conditions, using two different sized
particles of Al,O3; powder; F800 5.5-7.5 ym, and 1 um from Logitech. It was found that
the axial velocity profile at the burner nozzle exit was very much the same for both

sizes, see Figure 3-7.

As a result, the air flows in all LDA experiments in this study were seeded with Al;O3
particles with Sauter mean diameter of approximately 1 um, using powder supplied
by Logitech and introduced into the burner plenum using a pressurised seeder vessel.
The seeding device was designed so that seeding of the flow was homogenous and

sufficient, without overly disturbing the flow. It was also desirable that the seeding
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particles be non-corrosive, non-toxic, non-volatile, non-abrasive and chemically inert
[102].

axial velocity (m/s)

20 30 40 50 60 70 80 90 100

radial distance (mm)

—1pm —e—55-7.5pm

Figure 3-7: LDA measurement of the axial velocity profile for two different Al2Oz seeding particle
size.

3.2.5 Photography

A 24.2-megapixel Nikon digital single-lens reflex camera (DSLR) camera model
D7200 with 18-105mm VR Nikon lens was used to take photographs whenever
needed, see camera setup in Appendix. The sensitivity of the camera's sensor (1SO)
range of 100-25600 made it a good choice to capture a usable photograph no matter
the light strength. The main feature of this camera is the shutter speed of
1/8000-30 s with 6 fps continuous shooting which is necessary to capture unsteady

flow behaviour.

3.3 Numerical Setup

In addition to the experiments undertaken in this work, CFD simulation with ANSYS
Workbench R19.2 Academic with solver Fluent cod was also used as a first step to
providing some predictions about the techniques to be used in the experimental work,
and to correlate with experimental data. ANSYS Fluent R19.2 code was employed in
this study as it generates accurate and reliable fluid simulation results. It is software
that has been extensively validated across a wide range of applications. With ANSYS
Fluent, advanced physical models and analysis of various fluids phenomena can be

created in a customizable and intuitive space. Ansys Fluent contains the best-in-class
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physics models and can accurately and efficiently solve large, complex models. This
includes internal and external flow, single-phase and multiphase flow, chemical
reaction, combustion, noise prediction, heat transfer, radiation, turbomachinery flows,

and many more fluid flow related models.

CFD modelling of experimental conditions was used to provide significant support to
the experimental findings and vice versa. Numerical modelling has been employed as
a tool to help the discussion of the fundamentals of turbulent swirling flows [118].
Various numerical approaches have been extended for the solution of different fluid
flow problems [219]. For isothermal flows, CFD has grown to be the conventional
engineering tool and many commercial CFD solvers are available [219]. In this
section, the numerical approach adopted in this study is discussed in detail.

3.3.1 The Sequence of CFD Modelling in ANSYS

Every CFD modelling process using the ANSYS Fluent R19.2 code goes through
three successive steps: pre-processing, problem solving and post-processing. The
Pre-processing step including the input of the flow problem to a CFD code through an
operator-friendly interface in terms of suitable forms to be used by the solver. The
main activities in the pre-processing stage include: defining the computational model,
grid generation, selecting the method of solution (which depends on the simulated
problem), defining the thermo-physical properties of the fluid flow and finally

specifying the boundary conditions [237].

The second step is the solution method from the different numerical solution
techniques employed within the CFD codes (such as the finite difference method
(FDM), the finite element method (FEM) and the finite volume method (FVM))
[226][238]. The principal differences between these methods are associated with the
approximation procedure for the flow variables and the discretisation process. ANSYS
Fluent commercial code employs the FVM method as a discretisation process, with a
suitable approach to linearise and solve the discretised flow equations [237]. The FVM
solutions necessarily satisfy the conservation laws: e.g., mass, energy, momentum,
and species. This is done for any one control volume, for any number of control
volumes and even the entire computational domain. Even a poor (coarse) grid solution

can show accurate integral balances [238].

The post-processing in ANSYS Fluent is mainly related to result presented and data

exported. Fluent is equipped with a handy data visualisation tool to display the grid,
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the computational domain and the results in terms of, for example, line, contour, and

surface plots.

3.3.2 Mathematical Formulation

It is necessary to have a computational model capable of capturing the main physical
effects, that govern the hydrodynamics of the swirl flows. Fluent solves the
conservation equations for mass and momentum for the swirl flow, using the finite
volume approach to solve the governing Navier-Stokes equations which are derived
from the conservation of mass and momentum [223]. Fluid flow governing equations
were used to represent mathematical descriptions of the conservation laws of physics
with the following assumptions [238][239]:

e The rate of change of momentum equals the sum of the forces on a fluid

particle (Newton’s second law).
e The fluid mass is conserved.

e The rate of change of energy is equivalent to the sum of the rate of heat
addition and the rate of work applied on a fluid particle (First law of

thermodynamics).

The continuity equation, or equation for conservation of mass, can be represented

in compact vector notation as follows [224]:

The rate of "the convective term"
the change in the net flow rate
time of the + of mass across =0 (3.5)
density (mass per the element
unit volume) boundaries
Then:
a —
a—’: +V-(pV) =0 (3.6)

Equation 3.5 states that the rate of mass increase in a fluid element corresponds to

the net rate of mass flow into the fluid element. This can be represented in the detailed

form as:
dp d(pu) d(pv) d(pw)
— = 7
(')t+(')x+(')y+6z 0 3.7)
Where:
p = Fluid density
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t = Time
u v, w = Velocity components in X, y, and z respectively
174 = Velocity vector

Regarding the momentum equation, Newton’s second law states that the rate of
momentum change of a fluid particle is equal to the sum of the forces acting on it. We
considered two kinds of forces: the surface forces (viscous forces and pressure) and
the body forces (centrifugal, gravity, Coriolis, and electromagnetic) [95].

Applying this to a fluid moving through a fixed and infinitesimal control volume
produces the conservation of momentum equation in an inertial reference frame which

is defined in compact vector notation as [224][239]:

V -l -l -
pE+p(V-V)V=—Vp+pg+V-TU (3.8)

Where (pg=Sy; ) is the gravitational body force, and t;; is the stress tensor that is

related to the strain rate, as described in Equation 3.9 [238]:

=T, + 1, (3.9)
The components of the momentum equation in x, y, z directions are [238][239]:
The x-component of the momentum equation:

Du_60p+rm)+auy+agx

e - 5 o + Syx (3.10)
The y-component of the momentum equation:
pg—: = a;;y + a(_pa; ) + a;;y + Suy (3.11)
The z-component of the momentum equation:
pLZ)—V: - a;;Z + a;;z + a(_pa: o)y s, (3.12)
Where:
P = The static pressure
T = Viscous stress
Tjj = Viscous stress component acting in the j-direction on a surface
normal to i-direction
Swui = The gravitational body force in i-direction
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The pressure sign is opposite to that associated with the normal viscous stress as the
standard sign convention takes tensile stress to be the positive normal stress so that
the pressure, which is a nhormal compressive stress, has a minus sign. On the other
hand, the consequences of the surface stresses are estimated explicitly; the source

terms, Sy, Suy and Sy, are body forces only. As a result, the body force due to

gravity, for example, would be expressed by Sy, = 0, Sy, = 0 and Sy, = —pg.

In a Newtonian fluid, the viscous stresses are equivalent to the rates of deformation.
The three-dimensional form of Newton’s law of viscosity for a compressible flow
includes two constants of proportionality: the dynamic viscosity (u), to describe
stresses to linear deformations, and the kinematic viscosity (1) to describe stresses
to the volumetric deformation. The viscous stress is associated with both u and A.
Introducing the values of viscous stress into the momentum equations gives the well-
known Navier-Stokes equations [238][239]:

Du 0

pE=—£+V.(uVu)+SMx (3.13)
Dv dp

pD—t=—@+V.(MVU)+SMy (3.14)
Dw 0

por == ob+ V. (1 VW) + Suy (3.15)

A general transport (conservation) equation can be introduced to generalise the
mathematical model in the numerical simulations. This type of equation illustrates how
a scalar is transported in space. Typically, it is used in the transport of a scalar field
such as material properties, temperature, or chemical concentration within an
incompressible flow. Mathematically, the transport equation is also known as the
convection-diffusion equation, which is a first order partial differential equation. The
convection-diffusion equation is the foundation for most recent transportation models,
as a result, the conservative pattern of all fluid flow equations can usefully be

expressed in the following form:

of ®ina fluid of @ out of the fluid
element element

<Rate of increase) < Net rate of flow )
+

@ due to of @ due to
dif fusion other sources

<Rate of increase of) <Rate of increase)
+

Or:
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6(gt®) +V.(p@V) = V. (T V@) + Sy (3.16)

Equation 3.16 is defined as the transport equation of the unknown variable @. It
highlights the numerous transport processes: the diffusive term (I': diffusion
coefficient) and the source term respectively are on the right-hand side and the rate

of change term and the convective term are on the left-hand side of the equation.
3.3.3 Turbulence

3.3.3.1 Turbulence Characteristics

Turbulence is a common flow phenomenon in engineering applications. Study of
turbulence which directly influences the accuracy of prediction of many engineering
applications continues to be a hot topic for research. It is somewhat easier to
characterise the turbulent flows than provide an exact and precise definition.
Turbulent flow happens when instabilities in a flow are not adequately damped by
viscous action and all the flow parameters display random fluctuations [66]. This kind
of flow is composed of multiple eddies with a multitude of length and time scales.
Generally, the flow configuration geometry determines the size of the largest eddies,
which extract energy from the mean flow and feed it to smaller scales through a
cascading process. The energy contained in the smallest scales is dissipated due to
viscous effects. The size of the smallest of these eddies is given by the Kolmogorov
length scale (n;), defined by the amount of energy transferred down the energy
cascade towards the smallest eddies and by the fluid molecular kinematic viscosity
[240].

Turbulent flows, which occur at high Reynolds numbers (Re), are characterised by
random fluctuations in velocity and pressure in both space and time. These
fluctuations cause other transported quantities such as energy, momentum, and
species concentration to fluctuate as well. Such fluctuations can be small scale and
high frequency and are computationally expensive to simulate directly. Alternatively,
the fundamental instantaneous governing equations can be averaged in many ways
to eliminate the small scales appearing in a set of equations, which makes them less

time and resource consuming to solve [239].

3.3.3.2 Turbulence Computational Technique
Chapter Two section 2.8.2 presents four turbulence modelling methodologies: DNS,
LES, RANS and hybrid (LES and RANS) models. Reynolds Averaged Navier Stokes

(RANS) calculations require a small fraction of the computational resources required
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for DNS and LES and thus, remain the choice for most industrial CFD users. As such,
the predictive capability of RANS-based models must be continually assessed by
researchers in the turbulence community. The RANS equations are primarily used to
describe turbulent flows. These equations can be used with approximations based on
knowledge of the properties of flow turbulence to give approximate time-averaged
solutions to the Navier—Stokes equations [241]. In the present work, computational
solutions are obtained using the Reynolds-averaged Navier-Stokes (RANS)
approach.

To this end, part of the present work will evaluate the performance of a classical RANS
technique to produce a reliable model capable of predicting the flow field
characteristics of swirl flow with acceptable accuracy. Similar investigations have
been completed using two-dimensional (axisymmetric) RANS modelling, as described
in [88][242], however, the literature search revealed not a single study to assess the
performance of a three-dimensional RANS model using this design of burner with an
axial air injection system. Another motivation for using such a turbulence model is that
extensive experimental work has been carried out on this burner during this study or
done by previous researchers [63][64][95][211]. That experimental data can now be
compared to the RANS based numerical findings. On the other hand, using a reliable
RANS model to make predictions before manufacturing a burner could suggest
moadifications to the burner which would be useful in saving time and minimise the

cost of trial-and-error system modifications.

3.3.3.3 RANS Based Turbulence Model in Fluent Code

ANSYS Fluent includes different RANS-based turbulence modelling techniques to
satisfy the requirements of individual classes of problems. The selection of the
turbulence model depends on available computational resources, the level of
accuracy required, and the necessary turnaround time. The RANS based turbulence

models available in ANSYS Fluent R19.2 are [223]:

/7

% One-Equation Models:

e Spalart-Allmaras model.

*,

% Two-Equation Models:
e k—& model.

=  Standard k—¢.
= RNG k—¢.

= Realisable k—¢.
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e k—w model.

=  Standard k—w.
= SST k—w.

¢ Reynolds Stress Model.

Table 3.2 describe the key features of the RANS based turbulence model contained
in the methods library of the ANSYS Fluent code [223].

Table 3-2: The key features of RANS k—& Turbulence Models available in ANSYS Fluent [223].

Model Features and Notes

e The most widely used engineering turbulence model for industrial

applications.
e Robust and reasonably accurate.
Standard k—e e Contains sub-models for compressibility, buoyancy, combustion, etc.
(SKE) e Limitations:

= The ¢ equation contains a term which cannot be calculated at a
containing. Therefore, wall functions must be used.

=  Generally, performs poorly for flows with strong separation, large
streamline curvature, and large pressure gradient.

e Constants in the k—¢ equations are derived using renormalisation group

theory.
e Contains the following sub models:
Renormalizable = Differential viscosity model to account for low Re effects.
(RNG) k—g = The analytically derived algebraic formula for turbulent

Prandtl / Schmidt number.
= Swirl modification.
e Performs better than SKE for more complex shear flows, and flows with
high strain rates, swirl, and separation.

e The term realisable is used to mean that the model satisfies certain
mathematical constraints on the Reynolds stresses, consistent with the
physics of turbulent flows.

=  Positivity of normal stresses: u[zi] > 0.

——\2 —
realizable kee =  Schwarz’ inequality for Reynolds shear stresses: (ulu]) < ufu?.
(RKE) e Neither the standard k—& model nor the RNG k—¢ model is fully realisable.

e Benefits:
= Relatively accurate prediction of the spreading rate of both planar
and round jets.
= Likely to provide superior performance for flows involving rotation,
separation, recirculation, boundary layers under strong adverse
pressure gradients.

The RANS approach to turbulence modelling has been one of the most prevalent due
to the straightforward, efficient use of resources; mainly, the k- model is widely used.
Moreover, it has been used with a reasonable agreement with experimental data. It

has been noted that the modified (Realizable) k-¢ model is more efficient in the swirl
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flow than the unmodified (Standard) k-¢ model. This is due to the way the dissipation
of turbulence energy is calculated. The Realizable k-¢ model is designed to mitigate
several issues with the Standard model, mainly how the eddy dissipation is modelled.
This was addressed in the Realizable k-£ model via a new eddy-viscosity formula and
a new dissipation equation [243]. As a result, in this study, the Realizable k—¢
turbulence model was used to study the turbulent isothermal flow behaviour in the

tangential swirl burner described above.

The realizable k—¢ turbulent model is a popular turbulence model used to solve the
swirl flow that attempts to allow a new eddy-viscosity equation including a variable C,
and a new model formula for dissipation rate € based on the dynamic equation of the

mean-square vorticity fluctuation, which will be discussed in detail below.

The realizable k—¢ turbulence model is derived from the instantaneous Navier-Stokes
equations. The analytical derivation produces a model with model constants unlike
those in the standard (k—¢), and further functions and terms in the transport equations
for k and €. The realizable (k—¢) turbulence model has the following form:

a(k)+a(k)—a (+Mt)ak +G,+G Yy + S 3.18
and:
0 0
T (pe) + % (peuj)
(3.19)
_0 (+Mt)ae+cs C i +CLiC G+ S
 0x; T o 0x; P P e | e e T e
Where:
n k
C; = max [0.43,m], n= SZ’ S = /ZSU-SU- (3.20)
and:
Gy = The generation of turbulence kinetic energy due to the mean
velocity gradient (refer to Equation 3.21)
Gy = The generation of turbulence kinetic energy due to buoyancy for

nonzero gravity force and a non-isothermal flow. G,=0 for

isothermal flow.
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Yu = The contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate. It is typically neglected

in the incompressible flows modelling.

Sk, Se = User-defined source terms
Cie = Model constant, equal to 1.44
C, = Model constant, equal to 1.68
Oy = Model constant, equal to 1.0
Oc = Model constant, equal to 1.2

The turbulence kinetic, G, due to the mean velocity gradient is calculated as:

= auj
G, = —pulu]% (3.21)
l

To estimate G, in a way compatible with the Boussinesq hypothesis:
G = 11, S? (3.22)

The parameter (S) represents the modulus of the mean rate-of-strain tensor,

calculated from:

U
11}

25,;Si; (3.23)

Turbulence, in general, is influenced by swirl in the mean flow. The realizable
turbulence model in ANSYS Fluent represents a good choice for a wide range of flows
such as rotating shear flows, channel and boundary layer flows, free flows including
jets and mixing layers and separated flows [223]. The eddy viscosity u; is computed
from:
k2
u = PCu? (3.24)

The difference between the realisable model and the other RANS based models is

that C, is no longer constant and it is computed from Equation 3.25. However, it is

equal to 0.09 for inertial sublayer in an equilibrium boundary layer.

1

C,=———
. ; 3.25
. lskg (3.25)

Where:
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Ur= SijSi]- + Q”ﬁ\; (326)
and:
QTJ =€ = 26wk , Uj = Q) — €y (3.27)

Where Q_U represents the mean rate-of-rotation tensor viewed in a moving reference

frame with the angular velocity. The model constants and are given by:

Ay =404, A;=+6cosp (3.28)
Where:
1 SiiSikSki ~
¢ = gcos‘l(\/gW) , W= %’;kl ,  S= /SijSij ,
(3.29)

5. = 1 auj n aui
u- 2 axi axj

3.3.4 Mesh Generation

The ANSYS Workbench R19.2 Academic meshing programme was used to
determine the mesh for the computational domain of the tangential swirl burner. There
are several meshing methods and technigues in numerical analysis that can be used
for three-dimensional simulation in the ANSYS code; including hexahedrons (usually
structured), tetrahedrons (unstructured), pyramids (where hexahedrons and
tetrahedrons cells meet) and Prisms (created when a tetrahedron mesh is extruded).
See Figure 3-8 for cell geometries used to mesh the computational domain within

ANSYS Fluent R19.2 [223].

Triangle Quadrilateral
Aa)
L
e -
7
Hexahedron Prism/Wedge
Tetrahedron Pyramid

(B)

Figure 3-8: Cell types employed for grid generation in ANSYS: (a) 2D model, (b) 3D model.
Reproduced from [223].
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The structured mesh is usually generating manually. On the other hand, unstructured
grid is creating automatically including several element types, the majority of them
being tetrahedrons. A structured mesh typically provides the modeller with better
control over the generated mesh and enables denser node concentrations in certain
regions where better resolution is wanted. Every cell is used to define nodes where

fluid properties are estimated [223].

For axisymmetric problems, simplification or two-dimensional simulation, triangular
and quadrilateral cells are acceptable. The shapes and numbers of elements will
determine the accuracy of the model. The greater the number of mesh elements
contained in the geometry, the higher the accuracy of the CFD. Nevertheless, this will
increase the required computational time, and corresponding expense [237].

The CFD simulation near walls (in this case the burner walls) requires a specific
criterion within the mesh, termed y*, which is a non-dimensional distance, closely
related to the distance of the first node from the wall (see Equation 3.25), and is
considered essential in turbulence modelling when deciding the proper size of the
mesh cells near domain walls. The laws governing the turbulence model place limits
on the y* value at the wall. The y* value depends on the wall shear stress, i.e., on
the velocity gradient near the wall. For turbulence modelling, the width of the shear
layers should be at least 10 mesh cells deep, fewer than this and the model will not
be capable of giving its expected performance [244] particularly for free shear flows
whose position is not known during the mesh generation [244]. The viscous layer grid

y* can be calculated from the following equation:

y*t = Vi (3.30)
v
Where:
y = Distance of the first node from the wall
Ug = The wall friction (shear) velocity
v = Kinematic viscosity

The characteristics associated with mesh quality are skewness, aspect ratio, node
point distribution and smoothness. The skewness and aspect ratio are related to the
shape of the cells and have a critical impact on the accuracy of the CFD simulation.
Highly skewed cells can reduce accuracy and destabilise the numerical solution. The
skewness can be described as the difference between the cell's shape in the mesh
and that of an equilateral cell of similar volume. There are two approaches to defining

the skewness [95][223][239]:
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e According to the equilateral volume deviation:

optimal cell size — actual cell size
skewness = - - (3.31)
optimal cell size

The above equation applies only to tetrahedral and triangular cell shapes.

e According to the normalised angle deviation:

Bmax -0 0 — emin)
= 3.32
skewness ( 180 -6 ) ( 9 (3.32)

Equation 3.32 applies to cell face shapes and is used for pyramids and prisms; where:

6 =  The equiangular face/cell (60° for tetrahedrons and triangles, and 90°

for quadrilaterals and hexahedrons)

Omax =  The maximum angles (in degrees) between the edges of the element

Omin =  The maximum and minimum angles (in degrees) between the edges

of the element
It is obvious that the best mesh resolution is related to low skewness values, see

Figure 3-9 [95].The mesh generation technique and the grid size adopted in the

present work will be mentioned in Chapter Four.

Optimal (equilateral) cell

Actual cell

A e

0.50-0.80  0.80-0.95

good acceptable

Figure 3-9: Skewness calculation explanation shape and its relation to mesh quality.
Reproduced from [95].
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3.4 Chapter Summary

Over the past decades, the use of laser diagnostic systems to the study of swirl flow
has advanced our understanding of combustion phenomena in swirl burners
regarding the interaction of turbulence, flow behaviour and chemistry. The
measurement technology can provide an in-depth understanding of the flow
phenomena, regardless of how complex the system under consideration. These kinds
of experiments have also significantly improved the availability of detailed data sets
that can be used for validation of CFD simulation findings [242]. This study adopted

the LDA to obtain experimental observations.

Most mathematical descriptions of turbulence, decompose the velocity field into two
parts: a time-invariant mean and a time-varying fluctuating component. LDA is an
important a technique for investigating turbulent flows, it measures the instantaneous
velocity as a single point, from which the time-invariant mean value and time-varying

fluctuating velocity can be easily derived.

The present study will perform an assessment of the RANS technique to predict the
flow field structure of swirling flow under the effect of different burner configurations
using the ANSYS Workbench with Fluent solver R19.2 code which gives a wide
flexibility to the CFD component of this work.
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CHAPTER FOUR:

4 THEHYDRODYNAMIC EFFECTS OF AXIAL AIRINJECTION
ON SWIRL FLOW IN TANGENTIAL SWIRL BURNERS

“There are in fact two things, scrence and opinion; the former begets knowledge,

the latter (gnorance”

Hippocrates, Greek Scientist (460-370 BC)

4.1 Background and Chapter Objective

n most practical combustion systems achieving high flashback resistance depends
I on flame stabilisation which relies on an equilibrium, both in magnitude and
direction, between flame speed and incoming flow velocity at the reaction zone. This
balance, in turn, is a function of different parameters such as burner configuration,
degree of mixing, and fuel type. Furthermore, swirl combustion, the most used
technology in current GT burners, generates three-dimensional structures that further
complicates the balance [121]. However, avoiding flame flashback by controlling the
equilibrium between incoming flow velocity and flame speed is not always
manageable [79], and flashback can lead to dramatic consequences when extremely
turbulent fuels with high flame speeds are used [245]. The phenomenon is particularly
important in swirling flows, which are characterised as highly complex phenomena

because of their inherent three-dimensional time-dependent structures.

Many studies have investigated flame flashback mechanisms in swirl combustors,
suggesting many techniques for mitigating flame flashback either by using some
geometrical enhancements or by promoting flow field patterns [246]. One of these
mechanisms, CIVB [184], is considered a fast acting flashback mechanism that
appears in swirl burners as a consequence of the formation of the CRZ [185], see
Section 2.6.3 for more details. Flame flashback due to CIVB has received particular
attention amongst other flashback mechanisms since it is one of the prevailing
flashback mechanisms in swirl combustors and represents an obstacle to developing
combustion systems, especially those fed by high flame speed, highly reactive fuels

[209]. Motivated by this issue, this chapter presents a new method (the axial air
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injection system) to mitigate the propensity for CIVB flashback, performing an analysis

using a CFD approach.

Of particular interest in reducing flashback, central fuel injectors and bluff bodies have
proved their ability to anchor the CRZ downstream of the burner nozzle [247] with a
considerable flame flashback resistance, especially against CIVB. Most investigations
in this context have concentrated largely on the effect of bluff body geometries on
blowoff limits [70][248][249]. The high complexity of swirling flows under lean
conditions generate phenomena still not entirely understood, that can propagate
through the flow field to produce either blowoff or flashback [94]. For example, some
studies [250] have investigated the effect of position and geometry of bluff-bodies on
flow aerodynamics and flashback resistance. However, employing bluff-bodies in GTs
does not fully mitigate the risks of flashback [174]. Moreover, one of the main
drawback of using centre-body devices is material degradation due to the harsh
environment produced by high temperature flames, especially when high hydrogen
content blends are used [89][251], see Figure 4-1 [63].

Figure 4-1: Flame effects on centre-body under flame flashback. Adapted from [63].

Therefore, flow field manipulation has been considered as an effective technique that
can inhibit flame flashback propagation [252]. An axial fuel injector with variable
orifices was employed to enhance the flashback resistance in swirl burners [185].
Others [199] used unswirled core flows (axial injection) with different jet diameters to
control the position of swirling coherent structures. It was concluded that increasing
axial fuel jet diameter produces a more coherent and stronger axial jet flow, which in
turn pushes the vortex breakdown downstream, optimising flashback resistance.
However, whereas injecting fuel axially in the centreline demonstrated a wider
operability for improving CIVB flashback resistance, the technique can lead to

significant increase in the level of NOx emissions [80]. Moreover, central fuel injection
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cannot completely mitigate flame flashback as most of the previous applications

suffered considerable degradation of mixing.

Using central air injection is considered a suitable alternative to central fuel injection
to reduce NOx, where distributed reaction conditions in the combustor can be
achieved by controlling the air injection velocity [253], though this can lead to mixing
degradation. However, this state-of-the-art technique has been barely investigated for
flashback resistance. It was found that injecting a large high amount of air centrally
could influence the position of the CRZ and improve flashback resistance and provide
a considerable reduction in NOx levels [161]. This technique can produce significantly
wider operation stability maps in GTs [63], a critical requirement regarding the
possibility of switching to different blends for flexible power plants. Central air injection
can also be employed in colourless distributed combustion (CDC) [254], where air jets
can support dilution of the blends to enable lower temperatures and highly distributed
reactions, consequently reducing emissions [73], even with high hydrogen content
blends [255] that tend to raise temperature profiles over the combustion processes.
This area of research, however, appears to have been investigated uniquely by
Reichel et al. [161].

Thus, due to the need for improving flashback conditions in swirl burners, this chapter
seeks to fill gaps of knowledge directly linked to these phenomena. This chapter
reports the implementation of isothermal CFD simulations employed in the
consequences of axial air injection on the three-dimensional isothermal swirl flow
characteristics of a 150-kW tangential swirl burner. The numerical approach of this
thesis was carried out in parallel with an experimental programme carried out at
Cardiff University [63] to determine the effects of changing the burner configuration
and boundary conditions. The CFD work gave a primary prediction to validate, and
compare with, the experimental work [63] as depicted in the schematic diagram,

Figure 4-2.

Predictions

CFD Experimental

Simulation | ) work

Figure 4-2: Data movement paths between CFD predictions and experimental work during this
study.

The CFD work is based on isothermal conditions due to the limitation of the ANSYS

Fluent partial premixed combustion model to simulate the modified burner design.
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4.2 Experimental Setup

Brief descriptions of the experimental setup of the axial air injection system will be
presented here. Details of the burner setup were presented in Chapter Three.

4.2.1 The Physical Model and Air Injection System

The design of the burner, refer to Figure 3-1, was developed to allow the positioning
of an axial air injector, Di,j of 23 mm outer diameter that could move up and down
vertically to position (Lo) inside the plenum with respect to the base plate as shown in

Figure 4-1. This injector is allowing an axial air jet of diameter (19 mm).

D.=0.8D,=60.8mm

N

] =

3 Sleeve diameter (D,)

D;,j=o0.25D,=19 mm

Axial air

injector

Tangential
inlet1

Premixed Premixed

Fuel + Air uel:+hae

Injector
movement

(8)

Figure 4-3: Experimental setup of the modified burner design, (not-to-scale): (A) detailed view of
central axial air injector; (B) the dual air/fuel injection technique.
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The diameter of the central air injector was chosen based on a previous study [256]
where this diameter set the flashback transition from Wall Boundary Layer Flashback
(BLF) to Combustion Induced Vortex Breakdown (CIVB) flashback. The modified
configuration, as schematically depicted in Figure 4-3 (A), has been employed to
facilitate central air injection from the burner plenum bottom instead of the central fuel
injector. Therefore, the original baseplate which holds the central fuel injector in the
original design (central injector) has been changed to one that allows axial air injection
in addition to the fuel, Figure 4-3 (B).

4.2.2 Test Cases

In the CFD programme two main burner configurations were used with each injector
position (Lo), the swirl burner had no axial air jet (central body only) and that under
the effects of axial air injection. Three axial air injector positions (L,) for each

configuration were investigated numerically as shown in Table 4-1.

Table 4-1: Air injector positions with respect to the burner baseplate.

No. Distance from the base plate (Lo) (mm) Distance from the burner outlet (mm)
1 0 205
2 29 176
3 150 55

The distance L, is measured from the tip of the axial air injector to the burner’s base
plate. The zero distance refers to the case of the axial air injection without a central
air tube to examine the effect of a simple axial jet injected at the base plate on the
swirl flow characteristics, while the insertion length of 29 mm refers to the maximum
turbulence case where the axial and tangential streams meet in the same plane but
with different flow directions. The 150 mm distance is when the tip of the axial air
injector is nearest to burner dump plane to avoid the material degradation of the

injector due to the high flame temperature.

4.3 CFD Analysis

4.3.1 The CFD Package

Different numerical approaches have been developed for the solution of fluid flow
problems. For isothermal flows, computational fluid dynamics (CFD) is now the
conventional engineering tool and many commercial codes are available [51]. ANSYS
Fluent R19.2 CFD finite volume solver has been used in this study to simulate the

isothermal swirl flow in the 150-kW tangential swirl burner. This package is comprised
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of three sub-programmes. The first is responsible for the drawing of the computational
domain. The second is used to generate the mesh, define the different computational
zones and boundaries of the model. The third is employed to identify the boundary
and operating conditions, the solver parameters, the material properties, and the
numerical model, and also includes the fluid mechanics solvers. The ANSYS Fluent
CFD code accommodates a sophisticated user interface to input the test parameters,

conditions and output the results.
4.3.2 Computational Domain

The configuration of the system of interest must be performed in ANSYS Workbench
R19.2 Code. However, the geometry could be imported from computer aided design
(CAD) software. Due to the complexity of the adopted geometry, SolidWorks 2017
software has been used to draw the computational domain for the tangential swirl
burner under consideration. Then the generated file from the SolidWorks exported to
the design modeller (the pre-processing step) of Ansys Workbench R19.2 in (XT)
extension file format. Different burner configurations as mentioned in Table 4-1 above
have been investigated with the same nozzle geometry (exit diameter D.=0.8Ds=60.8

mm and height of 25 mm).

Figure 4-4 shows three positions of the air injector inside the burner plenum (Lo)

investigated in the CFD element of this study.

Y =
3
(=]
.5D.
e 2.5 L | 0. =
Ps=25mm
P3=15mm
v L P=5 mm
De P1i=0 mm
‘ ‘ | | B
- N |4— |
Case 1 (Lo=0mm) Case 2 (Lo=29 mm) Case 3 (Lo= 150 mm)

Figure 4-4: Different burner configurations investigated in the CFD campaign with a swirl
number (Sg4) of 0.913.
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4.3.3 Mesh Generation

Before determining the setup to be adopted for the numerical solution, care was taken
to construct a high-quality mesh to ensure an adequate convergence. Two kinds of
grid exist in numerical analysis, structured and unstructured. The structured mesh is
usually generating manually and consists of hexahedral elements. On the other hand,
unstructured grids are creating automatically and can include several different
element types, the majority being tetrahedrons [223]. A structured mesh typically
provides the modeller with better control over the mesh generated and enables denser
node concentrations in regions where better resolution is wanted. Every cell is used

to define nodes where fluid properties are estimated.

The computational regions, see Figure 4-5, were meshed with well-refined structured
grids, specially at the core of the flow field where a coherent structure exists. The
solution is iterated at all nodes based on the values in the neighbouring nodes.
Consequently, the higher the number of elements, the higher number of nodes and
ultimately the more calculations needed, i.e., incurring greater computation costs.
Increasing the mesh size reduces computational time, but higher mesh densities are
essential to capture the details of the swirl flow and that means greater computational

expense, see section 4.3.5 for the final mesh size adopted in this study.

" High grid
&= _/7 densities

The generated

mesh

Radial plane I

Computational

domain

Physical domain

Tangential
inlet 1

Tangential
inlet 2

L
Axial plane |

Axial air

Figure 4-5: CFD computational mesh of the burner (not-to-scale).
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4.3.4 Solution Convergence

Convergence was satisfactory with accurate results achieved for every case. In Ansys
Fluent code, along the path towards convergence, the governing equations are solved
through iterations that depend on the mesh size, the numerical method chosen and
the physical problems being solved. Deciding if a solution is converging can be
somewhat challenging. The solution convergence represents an indication of how well
the solution satisfies the discrete form of the governing equations. In general, defining
convergence by looking at residual values is only a small part of ensuring a valid
solution. For a steady-state simulation, it is required to ensure that the numerical
solution satisfies the following three conditions [223]:

e CFD convergence using scaled residual values. The residual is a crucial
measure of the convergence of an iterative solution because it quantifies the
error in the CFD solution of the system of governing equations. In other words,
the residual measures the local imbalance of a conserved variable in every
control volume. The normalised residuals of the critical simulation parameters
(continuity, velocities, k, and €) were monitored throughout the computations.
For a CFD solution to converge, the normalised residuals must be typically
less than 104 or 10° [223]. In this work, the absolute convergence criteria were
set to 10“. Figure 4-6 presents the path of the scaled residual towards

convergence for one of the CFD cases considered in the present work.

1e-04

1e-05 T Sy

1e-06 T ' .
0 2000 4000 6000 8000 10000 12000

Iterations

Figure 4-6: Scaled residuals versus number of iterations of the numerical solution adopted for one of the
simulated cases.

e Monitoring certain points for values of interest have reached a steady solution.
These values are essentially the main outputs from the simulation. In this

study, the velocity magnitude at the centre of the nozzle and 5 mm
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downstream of the burner exit were monitored. The designated point value,
velocity magnitude, must converge to a steady value, see Figure 4-7 for a
600 I/min tangential flow rate without axial air injection effects. Without
convergence should the simulation run continue for an additional number of
iterations, a different result would be obtained. Deciding whether these values
have reached a steady solution is based on obtaining a single repeatable

value. This step was repeated for all boundary conditions.
e The domain has an overall imbalances for all variables of less than 1% [223].

All the above criteria were used in this study to ensure convergent solutions for all
configurations and boundary conditions studied, and according to these criteria

accurate results were achieved.

Steady state

Velocity magnitude (m/s)

o 2,000 4,000 6,000 8,000 10,000 12,000

Iterations

Figure 4-7: Velocity magnitude monitoring. Conditions: 600 I/min tangential flow rate without
axial air injection.

4.3.5 Mesh Independence Analysis

A finely structured mesh was used and independent mesh analysis was performed by
examining the mesh sensitivity and the provision of a mesh independent solution and
get a valid result. The more accurate mesh and boundary conditions, the more
accurate the "converged" solution will be. The convergence approach described in
the previous section provides a single CFD solution based on initial mesh size.
Although this converged CFD solution was based on scaled residuals values, monitor
points and imbalances, making sure that the CFD solution is independent of the mesh
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resolution is also crucial. Neglecting mesh independence analysis is a common

reason for inaccurate results in CFD, and this process should be carried out at least

once for each burner configuration so should a similar problem arise, the same mesh

sizing can be applied. The sequence of the mesh sensitivity analysis carried out in

this work required going throughout the following steps:

Step 1: Running the first simulation based on initial mesh size ensuring the
achievements of the numerical solution convergence requirements mentioned
in Section 4.3.4. If convergence was not achieved, the mesh needed to be
refined and then Step 1 repeated.

Step 2: Once having determined the convergence criteria for the first CFD
simulation, the mesh was globally refined to 0.5 of the initial mesh sizes to
produce finer cells throughout the computational domain, and then the
convergence criteria was again determined. Then the monitored point values
(in this case the velocity magnitude) from Step 2 and Step 1 were compared.
If they were the same (within the allowable limit), then the mesh for Step 1 was
accurate enough to capture the result If the value at Step 2 is not in satisfactory
values of the Step 1 result, then this indicates that the solution is changing due
to mesh resolution, and hence the solution is not yet independent of the mesh.

In this case, moving to Step 3 is necessitated.

Step 3: In this step, further refinement of the mesh was carried out. This
process was repeated until a sufficiently accurate agreement was achieved
between consecutive runs, which meant a mesh independent solution had
been achieved. The CFD run was carried out with the lower number of

elements, to reduce run time.

The mesh independence analysis (Step 1-Step 3) was employed to examine the grid

quality for every configuration. Table 4-2 shows the grid statistics for each region of

the computational domain in this study.

Table 4-2: Mesh size statistics.

Entity Value (mm)
Domain downstream the burner nozzle (max / min) 0.9/05
The flow core downstream the burner nozzle (max / min) 0.9/0.5
Domain at the burner nozzle (Max/wall) 05/04
The burner planum domain (Max/wall) 0.9/05
Average total number of elements within the computational domain 11,117,541
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4.3.6 Operating and Boundary Conditions

After defining the fluid domain and the mesh size, the location of boundary conditions
and values in terms of different input parameters needed to be specified. CFD
simulations were conducted under isothermal (no combustion) conditions with no air
preheating. A fixed tangential inlet blockage (insert) 25%-25% was employed to give
a suitable swirl number (S,=0.913) when a coherent structure existed in the flow. The
velocity inlet boundary condition options of ANSYS Fluent were employed to define
the scalar properties and the velocity of the flow at inlet boundaries of the burner (the
tangential and the axial air jet inlets). Different flow conditions (inlet tangential flow
rates) were selected at ambient temperature and pressure. The tangential flow rate

value and the reason for selecting it will be discussed in detail in Section 4.4.1.

Regarding determination of the turbulence parameters at the inlet boundaries, a
turbulence intensity of less than 1% is commonly supposed low, while and turbulence
intensities more than 10% are presumed high [223]. The turbulence intensity of the
flow at the inlets depends on the upstream history of the flow. The turbulence intensity
of fully developed flow may be only a few percent higher than for under-developed
and undisturbed flows. In this study, the core of the flow at inlet boundaries (tangential
and axial air inlets) was assumed to be fully developed as there was a sufficient
number of pipe length upstream of the inlets. The turbulence intensity values (I) at
the tangential and the axial air inlets are directly proportional to the flow Reynolds
number (Re), and the turbulence intensities at these boundaries were estimated from

the empirical relation [223]:
1=0.16(Rep,) /s (41)

Where: Rep,, is the Reynolds number based on the hydraulic diameter Dy of the inlet
boundaries. However, the exit flow was modelled utilising a pressure outlet boundary
condition. At atmospheric pressure, and total backflow temperature of 300 K, and
turbulent intensity of backflow of 5%; the hydraulic diameter is equal to the diameter

of the computational domain downstream the burner nozzle [223].

4.3.7 Solution Method and Fluent Settings

All CFD calculations were done by Ansys Fluent R19.2 code. In this work, the RANS
turbulence solution was achieved employing a segregate flow solver, which handled
the many pressure velocity coupling algorithms. The realizable k—¢ turbulence model

[223] with standard wall functions was adopted in this study.

PAGE | 111



Chapter4d: Ali Alsaegh_Cardiff University

ANSYS Fluent provides the option of selecting from amongst four pressure-velocity
coupling algorithms: SIMPLE, SIMPLEC (a variant of SIMPLE), Pressure Implicit with
Splitting of Operators (PISO, an extension of the SIMPLE algorithm) and Coupled.
For unsteady flows ANSYS Fluent used the Non-Iterative Time Advancement scheme
(NITA) [224]. All these schemes, except the Coupled, are based on the predictor-
corrector approach. The PISO pressure-velocity coupling scheme is a solution
method recommended for steady-state and transient calculations on large skewed
meshes, and is based to a high degree on the approximate relationship between the
corrections for velocity and pressure [238]. One of the restrictions of the SIMPLE
family of schemes is that new velocities and corresponding fluxes do not contribute to
the momentum balance after the pressure-correction has been completed.
Consequently, the computation must be repeated until the balance is satisfied [238].
To enhance the efficiency of this computation, the PISO algorithm performs two
additional correction improvements: skewness correction and neighbour correction
[223].

A suitable pressure scheme needs to be chosen to enable ANSYS Fluent to
interpolate the pressure at faces when discretising the pressure gradient term in
momentum. Different pressure schemes are available in ANSYS, first order, second
order, PRESTO and body force weighted. The best option for swirl flow is the
PRESTO interpolation scheme which is usually helpful when there are strong body
forces present such as high swirl, or natural convection with high Rayleigh number
[223].

Appropriate options need to be selected for the discretisation of momentum, turbulent
kinetic energy, and turbulent dissipation rate. In this work, the QUICK scheme was
employed for computing variables at a face for the momentum, turbulent dissipation

rate, and turbulent kinetic energy [223], see Table 4-2.

Table 4-3: Numerical setup discretization for the RANS simulation of the isothermal swirl flows.

Simulations tools Settings

Domain Three-dimensional, the domain geometry is shown in Figure 4-4

Method Finite volume

Discretisation QUICK for momentum, turbulent kinetic energy and specific dissipation rates
Discretisation Pressure staggering option (PRESTO) for pressure

Discretisation PISO for pressure-velocity coupling

Discretisation Steady state

Turbulence model The realizable (k—£) model
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Regarding the solution control, the under-relaxation factors were selected to be equal
to 0.7 and 0.3 for momentum and pressure, respectively. However, they were set to
0.8 for both the turbulent dissipation rate and the turbulent kinetic energy equations.
All other parameters were set to 1. All the under-relaxation factors were selected to
get a better and the smoother path of the scaled residual values throughout the path

towards convergence.

4.4 Results and Discussion

This main section divides the results into two main subsections, the CFD modelling
and the experimental work. The CFD subsection presented two aims. First, the
progressive transition of coherent swirl structures from pre-breakdown flow reversal
to a CRZ is discussed for low tangential flow rates. Second, the hydrodynamic effects
of the axial air jet on the swirl flow characteristics. In comparison, the experimental
work presented the effects of the axial air injection system on the flame stability map.

4.4.1 The CFD Campaign

4.4.1.1 The Onset of the Vortex Breakdown

This subsection will present the transition process from the axisymmetric flow to
swirling flow under the effects of the axial air jet. In other words, the start of breakdown
and the appearance of the CRZ. This is crucial to give a clear picture for the study of
the effects of axial air injection on the swirl flow characteristics from low to high

strength swirling flows.

As described in Chapter Two, and according to some authors [99], swirl burners
provide controllable and flexible reverse flow zones (CRZ) with regions of high
turbulence and shear characteristics that give good, stable combustion. A CRZ
appears as an ovoid bubble of fluid that remains in the flow at a point just above the
burner exit. It should be formed downstream, remaining coherent under a great variety
of conditions. The vortex core does not remain stable, but starts precessing [91]. Its
frequency remains constant as determined by flow conditions and the geometry of the
burner [64]. However, axial air injection may affect the coherent structure of the swirl

flow and hence the flame stability.

The swirl flow is considered axisymmetric until the onset of vortex breakdown.
Previous literature in this context stated that the vortex breakdown and the
development of a CRZ happen when the swirl number is equal to (S= 0.6) [88].

However, applying axial air injection to modify the burner resistance against the CIVB

PAGE | 113



Chapter4d: Ali Alsaegh_Cardiff University

flashback will affect the swirl number range by adding a pure axial momentum which
can significantly degrade the swirl flow strength. As a result, the value of the axial air
flow rate should be chosen carefully to avoid any negative impact on the coherent

structure of the swirling flow.

Swirl strength linked to geometric swirl number is critical in the development and
characteristics of the coherent structures of the swirling flow, its value can change
locally according to the ratio of (tangential/axial) flowrates. Therefore, this number can
vary when considerable amounts of air are injected axially. Figure 4-8 illustrates the
effect of different axial air injection flowrates on the burner's local swirl number (S) at
different inlet tangential flowrates. The local swirl number was evaluated for
isothermal conditions where density is assumed to be constant, employing
Equation 2.15 which is based on burner geometry, inlet conditions but neglecting
pressure variations [92][96]. The inlet tangential flowrates varied from 200 I/min up to
1200 I/min while the axial air injection flowrates varied from zero to 300 I/min. The
figure shows that the increase in the axial air injection rate leads to a decrease in the
local swirl number for all tangential flowrates due to the pure axial momentum added
by the axial air jet. It is also observed that the local swirl number will be the same
magnitude (S = 0.58) for all values of tangential flowrates when the value of the axial
air flow rate is equal to 25% of those flowrates, see the red dashed line. The zero
value of the axial air flowrate represents the case of the burner without air jet effect,
where the swirl number is the same (5= S,= 0.9) regardless of the values of tangential

flowrates.

—@— 200 |/min 400 I/min 600 |/min

800 |/min w1000 |/min === 1200 |/min

Local swirl number (S

o 25 50 75 100 125 150 175 200 225 250 275 300 325

Axial air injection rates (I/min)

Figure 4-8: Local swirl numbers (S) at different axial air jet flowrates.
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In this work, the central air injection will be kept at 50 I/min with a mean inlet axial
velocity of ©=3.1 m/s at atmospheric conditions. This value will be used with all
tangential flowrates in this study to minimise swirl flow degradation. This value
accounts for 10% of the minimum tangential mass flowrate. It was demonstrated that
injecting air at 50 I/min via the central injector ensures a coherent structure of the axial
air jet able to attain the required positive hydrodynamic effects on the swirl flow in the

burner under consideration, see Figure 4-9.

This figure shows the velocity vector coloured by the axial velocity in both axial and
radial planes at burner exit for 400 I/min tangential flow rate under the effect of axial
air injection. The coherent structure of the axial air jet is obvious at the centre of the
burner nozzle. This coherent jet will achieve the desired effect on the swirl flow at the
CRZ tip, especially the axial velocity component, which is one of the main reasons for

CIVB flashback mechanism in swirl burners.
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Figure 4-9: Velocity vectors coloured by axial velocity (m/s) at burner mouth for tangential flow
rate (400 I/min) with 50 I/min axial air jet represented in both axial and radial planes.

To understand the onset of vortex breakdown under the effect of the axial air injection,
CFD simulations were done for three low tangential flow rates (200, 300, and 400
I/min). Figure 4-10, Figure 4-11, and Figure 4-12 illustrate the comparison of the axial
velocity contours (isothermal condition) between the two main cases of with and
without axial air injection, for different air injector positions (L) of 0, 29 and 150 mm,
respectively, all with an inlet tangential flow rate of 200 I/min (Re at burner exit = 4625
- 5781). The figures show that the axial air jet distorts the swirl flow for all injector

positions (Lo) by affecting the vortex breakdown preventing the formation of the CRZ.
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Figure 4-13, Figure 4-14 and Figure 4-15 illustrate axial velocity contours (isothermal
condition) for a tangential flow rate of 300 I/min (Re at burner exit = 6937 - 8094) with
and without axial air injection at the same three central injector positions (Lo) of 0, 29
and 150 mm, respectively. The same effects as previously for the axial air were
observed at (L,=150 mm). However, a weak CRZ appears in the flow downstream of
the burner nozzle despite axial air jet effects at (Lo=0 and 29 mm). Upon increasing
the inlet tangential flowrate to 400 I/min (Re = 9250 - 10406), the CRZ becomes more
robust and coherent for the three burner configurations (L,=0, 29, 150 mm) with and
without axial air injection; this will be discussed in detail in the next section.

Regarding the local swirl number (S), it is noticed that the minimum value of (S = 0.72)
is essential in the formation of the vortex breakdown under the effect of an axial air
jet of 50 I/min for all three burner configurations (L,=0, 29, 150 mm). This value of
swirl number could be achieved when the tangential flowrate is equal to or greater
than 400 I/min.

Flow direction

(@) (b)

Figure 4-10: Axial velocity contours (m/s), isothermal flow, for (200 I/min) inlet tangential flow
rate and Lo=150 mm (a) without axial air injection, and (b) with 50 I/min axial air injection.
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Figure 4-11: Axial velocity contours (m/s), isothermal flow, for (200 I/min) inlet tangential flow
rate and Lo=29 mm (a) without axial air injection, and (b) with 50 I/min axial air injection.
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Figure 4-12: Axial velocity contours (m/s), isothermal flow, for (200 I/min) inlet tangential flow
rate and Lo=0 mm (a) without axial air injection, and (b) with 50 I/min axial air injection.
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Figure 4-13: Axial velocity contours (m/s), isothermal flow, for (300 I/min) inlet tangential flow
rate and Lo=150 mm (&) without axial air injection, and (b) with 50 I/min axial air injection.
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Figure 4-14: Axial velocity contours (m/s), isothermal flow, for (300 I/min) inlet tangential flow
rate and Lo=29 mm (a) without axial air injection, and (b) with 50 I/min axial air injection.
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Figure 4-15: Axial velocity contours (m/s), isothermal flow, for (300 I/min) inlet tangential flow
rate and Lo=0 mm (a) without axial air injection, and (b) with 50 I/min axial air injection.

4.4.1.2 The Hydrodynamic Effects of Axial Air Injection

Based on the findings reported in the previous section, the effect of 50 I/min are
discussed here for a wide range of tangential flowrates (400, 600, 800, 1000, 1200
and 1400 I/min), which are equivalent to mean axial velocities at the tangential inlets
of 4= 2.31 m/s, 3.43 m/s, 5.59 m/s, 5.76 m/s, 6.93 m/s and 7.86 m/s, respectively.
These tangential flowrates provide a Reynolds number (Re) (= 3%) at the burner exit
of 10783, 15721, 20593, 25452, 30469, and 33532 respectively which is equivalent
to® =058, & =0.67,® =0.71, & =0.73, ® = 0.77 and ¢ = 0.8, respectively. The
CFD results were presented in terms of different levels downstream of burner dump
plane i.e., plane located exactly at the burner exit. Different levels (Py) were set out in
the computational domain downstream the burner dump plane to illustrate the
different required unknown variables in the swirl flow. These planes are P1=0 mm,

P2=5 mm, P3=15 mm and P4= 25 mm, return to Figure 4-4.

4.4.1.2.1 CFD Result’s Validation

Regarding CFD result’s validation, computer aided decision making and insight into
the physics of the engineering problems is essential. A personal computer (PC)
became our companion in our research life, however, no matter how much we trusted
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it a primary question needed to be answered. Validation and verification of the codes
used are required before proceeding to a theoretical approach. It does not matter
whether the validation case is similar exactly to the one being considered a very close

model is needed in terms of physical behaviour and boundary conditions.

However, in this study, the CFD simulation gave a good agreement with the observed
experimentally (physical model and boundary conditions) in parallel work by other
researchers [63]. To get acceptable CFD results, this work was carried out via the
following steps: the proper model, the geometrical representation was the same as
the experimental work, the mesh was of high quality and the domain size was the
same as for the real case. After the CFD solved the problem, a comparison step
showed any discrepancy between the real data and the CFD results. This depended
on the following points: the correct physical behaviour was achieved, and the
difference should be of a significant level. However, in the worst case, it is enough to
just report the discrepancy.

LDA measurements of published work were used to validate the CFD results [63]. For
example, Figure 4-16, Figure 4-17 and Figure 4-18 show the comparison of the axial
velocity values between the LDA and the CFD results. It was concluded from these
three figures that CFD results regarding the axial velocity profile revealed very good
agreement with the LDA measurements. Therefore, the numerical approach was used

to provide more insights into the phenomena and processes.
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Figure 4-16: Comparison of axial velocity (m/s) measured by LDA with the CFD results for
tangential flowrate of 600 I/min without axial air jet, Lo=150 mm at P2.

PAGE | 120



Chapter4d: Ali Alsaegh_Cardiff University

—#— 600 |/min No Air Injection-CFD ———600 I/min No Air Injection-LDA
7
6
—i D
~
E g4
£ 3
8
2 2
>
™ 1
%
< 0
-1
-2
-2.6 -1.95 -1.3 -0.65 0 0.65 13 1.95 2.6
r/Ro

Figure 4-17: Comparison of axial velocity (m/s) measured by LDA with the CFD results for
tangential flowrate of 800 I/min without axial air jet, Lo=150 mm at P2.
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Figure 4-18: Comparison of axial velocity (m/s) measured by LDA with the CFD results for
tangential flowrate of 600 I/min with 50 I/min axial air jet, Lo=150 mm at P-.

4.4.1.2.2 Effect of Axial Air Injection on the Axial Velocity

Central air injection affects the aerodynamic characteristics of the flow field
downstream of the burner dump plane. It reduces the axial velocity defect (negative
velocity regions) at the tip of the recirculation zone, which is one of the main reasons
for CIVB flashback [185]. As a result, the stability map of the burner will be affected.
Figure 4-19 - Figure 4-27 show the reduction of axial velocity defects for various
burner configurations (different L,) and tangential flowrates all measured at level
(P2=5 mm) downstream the burner dump plane: Figure 4-19 - Figure 4-21 (L,=150
mm), tangential flowrates (400, 600, and 800 I/min); Figure 4-22 - Figure 4-24 (L,=29
mm), tangential flowrates (400, 600, and 800 I/min), Figure 4-25 - Figure 4-27 (L,=0
mm), tangential flowrates (400, 600, and 800 I/min).
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Figure 4-19: CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth, tangential flowrate 400 I/min, Lo=150 mm, at level P>=5 mm.
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Figure 4-20: CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth, tangential flowrate 600 I/min, Lo=150 mm, at level P>=5 mm.
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Figure 4-21: CFD results, the effect of axial air injection on axial velocity defect downstream of
the burner mouth, tangential flowrate 800 I/min, Lo=150 mm, at level P2=5 mm.
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Figure 4-22: CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth, tangential flowrate 400 I/min, Lo=29 mm, at level P2=5 mm.
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Figure 4-23: CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth, tangential flowrate 600 I/min, Lo=29 mm, at level P2=5 mm.
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Figure 4-24: CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth, tangential flowrate 800 I/min, Lo=29 mm, at level P2=5 mm.
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Figure 4-25: CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth, tangential flowrate 400 I/min, Lo=0 mm, at level P2=5 mm.
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Figure 4-26: CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth, tangential flowrate 600 I/min, Lo=0 mm, at level P2=5 mm.
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Figure 4-27: CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth, tangential flowrate 800 I/min, Lo=0 mm, at level P2=5 mm.

A closer analysis of the axial velocity profiles approaching the exit dump plane,
Figure 4-19 - Figure 4-27, show how the position of the central air injector is critical in
re-establishing the recirculation zone to enhance flashback. As the central injector is
closer to the dumping plane (Lo=150 mm, Figure 4-19, Figure 4-20 and Figure 4-21),
the axial momentum of the former remains strong enough to push the CRZ back into
the combustor, which is because the negative velocity seeks to reposition itself closer
to the burner exit. Figure 4-28 compares all these effects for L, =150 mm at the

different tangential flowrates.
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Figure 4-28: CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth Lo=150 mm, at level P2=5 mm.

PAGE | 125



Chapter4d: Ali Alsaegh_Cardiff University

However,

as the central injector is located closer to the baseplate (L,=29 mm,

Figure 4-22, Figure 4-23 and Figure 4-24 and L,=0 Figure 4-25, Figure 4-26 and

Figure 4-27) the negative profiles, like those without central air injection and with the

clear presence of a CRZ, reappear, showing that the use of the central injection

technique barely affects the axial position of the central recirculation zone. However,

the effect of axial air injection on the centreline velocity defect became more evident

at low flowrates as the air injector was moved downstream of the burner baseplate.

On the other hand, as the injector is moved closer to the dump plane (i.e., L,=150

mm, Figure 4-19, Figure 4-20 and Figure 4-21), negative profiles are eliminated along

the central

axis. See Figure 4-29 and Figure 4-30 for all these effects in one place

when the axial air injector is located near the baseplate (L,=0 and 29 mm).

Figure 4-29:

Figure 4-30:
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CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth Lo=29 mm, at level P>=5 mm.
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CFD results, the effect of axial air injection on the axial velocity defect downstream
of the burner mouth Lo=0 mm, at level P>=5 mm.
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As previously mentioned, at moderate tangential flow rates, the amount by which the
axial velocity defects are reduced, is quite clear due to the weak CRZ at these low
flowrates. However, high tangential flowrates (1000- 1400 I/min) are barely effective
in reducing the axial velocity defects at the tip of the central recirculation zone. As a
result, three is little change in axial velocity profile under the effect of axial air injection
as can be observed from Figure 4-31 - Figure 4-33. These findings suggest that the
amount of axial air injection must be proportionate to the magnitude of the tangential
flowrates that directly change the size and strength of the CRZ [88][121]. For instance,
at low flowrates, the amount of axial air injection is around 10% of the total air to obtain
the required effect in terms of flame flashback resistance while at high flowrates, the
ratio is decreased to about 4%.
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Figure 4-31: CFD results, effect of axial air injection on the axial velocity defect downstream of
the burner mouth at 1000 I/min flowrate Lo=150 mm, P2=5 mm.
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Figure 4-32: CFD results, effect of axial air injection on the axial velocity defect downstream of
the burner mouth at 1200 I/min flowrate Lo=150 mm, P2=5 mm.
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Figure 4-33: CFD results, effect of axial air injection on the axial velocity defect downstream of
the burner mouth at 1400 I/min flowrate Lo=150 mm, P2>=5 mm.

The effect of axial air injection needs to be examined for different distances
downstream of the burner dump plane to see how far the axial jet of 50 I/min is still
effective. For example, Figure 4-34 shows the axial velocity values for moderate
tangential flowrate (600 I/min) at different levels (P1=0 mm, P>=5 mm, P3=15 mm, and
P4=25 mm) and axial position L,=150 mm. The figure shows that the axial air injection
effect is still active and almost the same at different distances downstream.
Nevertheless, the impact of the axial air injection on axial velocity defects will be less
and gradually vanish when moving further downstream the burner mouth, see
Figure 4.35.
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Figure 4-34: Axial velocity component at different distances from burner dump plane (Py), 600
I/min, Lo=150 mm.
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Figure 4-35: CFD results, Axial velocity contour for 600 I/min, Lo=150 mm (a) with air injection,
(b) without air injection.

In Figure 4-35, contours of the mean axial velocity with and without air injection are
presented for the whole burner for the case of 600 I/min with L,=150 mm. It is clear
that the axial air pushed the CRZ downstream the burner mouth due to the
hydrodynamics effect of the jet, affecting its size, shape and position by adding

positive values to the negative axial velocity at the vortex core.

4.4.1.3 Effect of the Central Air Injection on the Flow Turbulence

The increase in turbulence plays an important role in flashback resistance. In turbulent
flames, the high level of turbulence can develop flame speed, consequently the
likelihood of flashback initiation [257]. The relationship between turbulence intensity
and turbulent flame speed is reported as follows [79]:

Spox S, + u 4.2)
Where:
Sy turbulent flame speed [m/s]
S, laminar flame speed [m/s]
u': velocity fluctuations [m/s]

According to Equation (4.2), any increase in turbulence intensity will consequently be
followed by an increase in turbulent flame speed. Therefore, if this increment occurs

at some weak regions inside the swirling flow, particularly at the tip of the CRZ, there
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is a strong chance of upstream flame propagation generated by turbulence effects in
the flame. Hence, determining and correlating turbulence intensity with combustion
instabilities, especially flame flashback, has significant potential. However, methods
of measuring turbulence intensity depend mainly on the flow characteristics.
Consequently, in this study, the CFD simulation describes the changes in turbulence
intensity at the exit of the dumping plane. In ANSYS Fluent, the turbulence intensity, I,
is defined as the ratio of the root-mean-square of the velocity fluctuations, u’, to the

mean flow velocity, Uavg [223].

It must be understood that the position of the central injector plays an essential role
in the final position of the CRZ, as the closer the injector is to the burner dump plane,
the further away the CRZ is pushed into the combustion zone. Consequently,
measurements of turbulence at the plane of interaction between the central jet and
the CRZ were challenging to determine for each case. However, this CFD simulation
was intended to determine the flow turbulence close to the dump plane (P1=5 mm) as

a parameter for flashback propagation/avoidance.

Predictions about turbulence changes related to the axial air injection effect will be
presented in this section. Isothermal CFD simulation has been implemented to
investigate turbulence characteristics at different inlet tangential flow rates for different

burner configurations (L,) under the effect of a central air jet.

Figure 4-36 presents the effect of central air injection on the turbulence intensity
values at low flow rates. This influence is also felt at higher flow rates, as shown in
Figures 4-37, Figures 4-38 and Figures 4-39. Nevertheless, this effect is reduced with
increasing tangential flow rates as the CRZ moves to the level of P..
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Figure 4-36: Effect of axial air injection on turbulence intensity values, 400 I/min, Lo=150 mm,
P2=5 mm.
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Figure 4-37: Effect of axial air injection on turbulence intensity values, 600 I/min, Lo=150 mm,

P2=5 mm.
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Figure 4-38: Effect of axial air injection on turbulence intensity values, 800 I/min, Lo=150 mm,
P2=5 mm.
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Figure 4-39: Effect of axial air injection on turbulence intensity values, 1000 I/min, Lo=150 mm,
P2=5 mm.
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It appears that the effect of axial air injection, in general, is to decrease the turbulent
intensity and variations of the turbulence intensity in the shear layers became more
uniform and less intense. Higher values of turbulence intensity are located at the
boundary of the central recirculation zone. Those values may have significant impacts
on the propagation of the CRZ before CIVB flashback occurs. Therefore, to minimise
the high turbulence in the CRZ makes it possible to govern flashback mechanisms,
particularly CIVB.

Figure 4-40, Figure 4-41, Figure 4-42 and Figure 4-43 show the effect of the central
air injector position (Lo) on the turbulence intensity values for different tangential
flowrates at level P.=5 mm. These figures show that the location of the central injector
increases (i.e., L.=0 and 29 mm) or reduces (L,=150 mm) turbulence at the dump
plane, as a consequence of the interactions of different magnitudes between

geometry, central air injection and the tangential air flowrates.
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Figure 4-40: Effect of air injector position (Lo) on turbulence characteristics, 400 I/min and 50
I/min, P2=5 mm, central air injection.
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Figure 4-41: Effect of air injector position (Lo) on turbulence characteristics, 600 I/min and 50
I/min, P2=5 mm, central air injection.
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Figure 4-42: Effect of air injector position (Lo) on turbulence characteristics, 800 I/min and 50
I/min, P2=5 mm, central air injection.
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Figure 4-43: Effect of air injector position (Lo) on turbulence characteristics, 1000 I/min and 50
I/min, P2=5 mm, central air injection.

Figure 4-44 shows turbulence map of the entire flow field for injector position
(Lo=150mm) with and without the effect of central air injection. It is clear from the
results that the levels of turbulence caused by the central air injection are considerably

lower than those without axial air.
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(b)

Figure 4-44: Turbulent intensity contours (600 I/min), Lo=150 mm (a) with central air injection;
(b) without central air injection.

4.4.2 The Experimental Work

4.4.2.1 Central Air Injection Effects on Burner Operation

The flow field generated in GT swirl burners has an important impact on the
performance of the combustion process. Many techniques can be used in developing
conventional burner designs to ensure stable operation of GTs, environmental
compatibility, high efficiency, reliability, and fuel variability and flexibility of GTs. The
flow field manipulation technique that employs the central air injection discussed in
the isothermal based CFD section will be extended to the burner stability map to link
its hydrodynamic effects with burner operation. Therefore, the experimental work
tested the impact of the 50 I/min axial air jet and the injector position (L,=0, 29 and
150 mm) on the burner stability map.

4.4.2.2 Methodology

Provisional tests revealed that obtaining a stable swirling flame was difficult without a
central injector or bluff body. Since only air was injected into the central region, this
difficulty was more pronounced. Several experiments were undertaken to obtain a
suitable start-up procedure to achieve a stable flame, eventually concluding that fuel
must continuously be injected through the central injector during start-up for this
burner geometry.
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The blowoff point was when the flame zone was visibly lifting from the burner mouth.
Flashback was defined as when the flame zone appeared to retreat towards the
burner nozzle. Both envelopes, i.e., flashback and blowoff, were deduced and
compared between cases. To check the accuracy of results, experiments were

repeated five times, showing deviations not greater than 5%.

4.4.2.3 Central Air Injection Effects on Burner Operation

Initial studies were carried out to observe the impact of central air injection on burner
operability. Figure 4-45 shows the relationship between flashback and blowoff limits
at various equivalence ratios and tangential velocities for two conditions, with and
without central air injection. These tests were conducted without a central injector to
observe the effects caused by the injected airflow. Stable operation is to the right and
left sides of the blowoff and flashback regions, respectively. Above these points

unstable conditions were observed leading to a complete loss of the flame.

The improvement in operability is achieved by using central air injection which
simulates the physical shape of a central injector, allowing wider range of operation
(0.55 > @ < 0.7) over a tangential velocity ranging from 2.5 m/s to 7.5 m/s. When there
is no central air injection, operability limits are narrower (0.48 > @ < 0.57) over a
smaller tangential velocity range 2.5-4.0 m/s, after which no stable flame could be

achieved.

X Flashback, Central injection
@ BlowofI, Central injection
OFlashback, No injection

Tangential Velocity (m/s)
h

A Blowofl, No injection

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Equivalence Ratio (®)

Figure 4-45: Burner stability operation region (effect of using central air injection), Lo=0 mm.

4.4.2.4 Effect of the Central Injector Position
The position of the central injector inside the burner plenum with respect to the
baseplate was then mapped. The amount of central air injected is crucial in obtaining

a stable flame. On the one hand, it should be robust and coherent enough to prevent
PAGE | 135



Chapter4d: Ali Alsaegh_Cardiff University

upstream flame propagation. On the other hand, its ratio to the tangential injection
must be kept as low as possible to avoid both swirl strength deterioration and lack of
mixing between reactants, i.e., excessive fuel dilution at the tip of the CRZ. It was
found that the optimum amount of central air injection required to achieve a coherent
air jet and avoid swirl strength degradation was ~ 50 I/min, this flowrate was
maintained for all the experiments that followed within the scope of this thesis. This
ratio represents 3—10% of the total mass flow rate at different inlet tangential flow

rates.

Figure 4-46 shows the flame flashback trends for three different positions of the
central injector with respect to the baseplate (the same position in the CFD
predictions). When air is injected directly from the burner baseplate (L,=0 mm), the
flame flashback margin is around @ =0.7 for inlet tangential velocities ranging from
2.5 to 7.5 m/s. However, when the position of the central injector opening is parallel
to the bottom edge of the tangential inlets (L,=29 mm), flashback trends were affected

significantly and shifted to a leaner region.

Furthermore, enhancement of flashback resistance is observed at L,=150 mm where
the stable operating regime became wider as both the air injection and sleeve promote
flame stability. The flashback limit shifts to a richer region and higher flow rates (5.0
m/s tangential velocity). Interestingly, no flashback was observed beyond this point,
see Figure 4-47. This outcome is of importance regarding the possibility of switching

to higher power operation.
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Figure 4-46: Flame flashback trends at different central injector positions (Lo).
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Figure 4-47: Stability map of the burner under the effect of 50 I/min axial air injection.

4.4.2.5 Central Air injection Combined with Best Central Injector
Position

The previous results of the CFD and the stability map tests demonstrated a better

hydrodynamic effects and resistance to flashback when using L,=150 mm. Therefore,

the L,=150 mm configuration was employed for the remaining experiments, refer to

Chapters Five and Six.

It was also noticed that the high flame flashback resistance potential of axial air
injection can offer an exceptional flame re-stabilisation technique. This effect can be
counted as a very positive outcome regarding avoiding the consequences that arise
when a combustion system is subjected to various flame flashback mechanisms.
Such techniques are essential particularly for the fuels with a high turbulent flame
speed. Pure hydrogen or blends high in hydrogen will be able to operate more safely

if central air injection is employed as a flame stabiliser method.

4.5 Chapter Summary and Conclusions

The turbulent swirl flow research community is keen to have a positive effect on the
critical global concerns of energy security and environmental sustainability. This will
require a constant and effective push towards the development of predictive and

precise CFD models for sophisticated swirl burners that are based on rigorous
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scientific observation. The close link between computation and laser diagnostics will
be essential for the continuous improvement of GT combustion systems as more
complex flames, chemistry, and flow structure are introduced. Using powerful CFD
model like LES are expensive in terms of computational requirements compared to
the classical models based on the RANS approach. Despite the fundamental
theoretical questions relating to the RANS methods, it is possible to achieve very good
results that are useable in practice. However, these calculations should always be
complemented with qualitative comparison with published results of similar
experiments, or test experiments performing to match the simulation. In the industrial
sector, engineers are generally not interested in precise data, they want sufficiently
accurate data matching real measurements: reasonable predictions at an acceptable
computational cost - as with models based on the RANS method that have been
tested against experimental data for validation.

This chapter presents a new alternative approach for avoiding flashback in swirl
combustors, increasing operability, and leading to more flexible fuel usage with
minimum retrofitting. Results confirm that using central injectors at the proper position
combined with central air injection can enhance flame flashback resistance by
pushing back into the combustor structures prone to CIVB flashback while reducing
the velocity gradient at the exit of the burner. The position of the injector is imperative
to decrease propagating turbulence that can impact the flashback regime.
Nevertheless, this method alone could increase BLF flashback, as such stabilisation
techniques force the flame to propagate via the wall boundary layer. Therefore,
methods for increasing resistance to BLF flame flashback is required. As a result, the
next chapter will discuss a new method to improve BLF flashback resistance by

restructuring the fuel nozzle’s internal surface.
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CHAPTER FIVE

5 IMPROVEMENT OF BLF FLASHBACK RESISTANCE IN
SWIRL BURNERS USING NOZZLE WITH SCALLOPED
RIBLET MICROSTRUCTURE SURFACE

“If | have been able to see further, it was only because

| stood on the shoulders of giants"

Isaac Newton, screntist (1642-1726)

5.1 Introduction

lame flashback via wall boundary layer depends on many parameters such as
F the flow field characteristics, equivalence ratio, pressure, flow temperature, wall
temperature, confinement type, the state of the boundary layer and the geometry of
interior liners in the burner nozzle [189]. Flashback in the boundary layer was firstly
studied by Lewis and von Elbe for laminar flames [187]. In this pioneering work, a
relation between the velocity gradient at the wall and the ratio of the laminar flame
speed to the quenching distance was suggested. This model was developed even
further in terms of the pressure effects on the velocity gradient in laminar flames [80].
Some turbulent flame studies, [246] reported that the flashback limit could not be
explained by the original concept of velocity gradient as proposed by the Lewis and
von Elbe model due to the very thin boundary layer in turbulent cases [257]. Fine
studied the relation between pressure and flashback in laminar and turbulent flames
[258] and proposed that a turbulent flame near flashback stabilised in the laminar
sublayer. He concluded that a turbulent flame could penetrate around three times
closer to the wall than a laminar flame. The same ratio was suggested by others [259]
in a study of turbulent wall flashback of hydrogen flames using a temperature-
controlled rim burner. Hydrogen flames were used because their flame speeds are an
order of magnitude greater than most fossil gaseous fuels, thus increasing their
propensity to flashback. However, their flame speed varies with equivalence ratio,
especially with rich mixtures. The geometry of the nozzle wall also plays an important
role in upstream flame propagation during BL flashback, i.e., the interaction between
nozzle wall and flame can directly affect the heat flux, which consequently changes

the wall quenching distance [260]. The interaction between nozzle wall surface and
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the parallel flow generates a viscous drag which produces an adverse pressure

gradient, consequently promoting velocity gradients that could lead to flashback.

In swirl burners, the presence of a flame near the wall of the burner nozzle is usually
affected by the flow characteristics upstream of the nozzle exit close to the boundary
layer [160]. Influencing the boundary layer to modify BLF flashback resistance needs
innovative research and this has included Boundary Layer stabilisation using

biomimetic applications.

Microsurfaces for drag reduction and to increase resistance to boundary layer
flashback have been well-reported [261]. A laminar boundary layer will transit to
turbulent due to kinetic energy transmission from the free stream flow then the
turbulent fluctuations will dissipate through viscous drag forces. The drag force is
commonly categorized into pressure and skin friction drag. Thus, riblet
microstructures generally reduce skin friction drag by effectively controlling the
naturally occurring turbulent velocities, which leads to less momentum transfer and
shear stress. In fully turbulent flows the thickness of the laminar sublayer is very small
which means that the tips of the microsurfaces would penetrate the layer [262], thus
allowing a grooved surface to play a role of damping turbulence and reducing drag
[263].

Madifications in burner geometries and manipulation of swirling flows can develop the
resistance versus flashback mechanisms in swirl burners. This chapter presents an
experimental approach to enhancing BLF flashback resistance in swirl burners by
changing the wall boundary layer characteristics using scalloped riblet structures on
the nozzle wall. However, increasing resistance against CIVB flashback mechanisms
can lead to augmentation of the propensity of other flashback mechanisms and so
this chapter will study the combination of two techniques: the axial air injection system
previously studied in Chapter Four that increase the resistance to CIVB, i.e., by
repositioning a central injector and using central air injection, while simultaneously

avoiding BLF flashback by using the technique proposed here.

5.2 Experimental Setup

Experiments were conducted under combustion and isothermal conditions. In the
isothermal experiments, the effects of the scalloped riblet on the flow field
characteristics were examined. While the effect on the stability map were tested in

the combustion tests.
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5.2.1 Swirl Burner and Experimental Facilities

The experimental setup is similar to that described in section 4.2.1 Chapter Four. The
difference is based on investigating the effect of the burner nozzle with a
microstructured surface for studies on BLF flame flashback, see Figure 5-1. The
outside diameter of the central fuel injector was 23 mm. The ratio of this diameter to
the nozzle inside diameter is X = 0.378, which is enough to ensure BLF flashback, as
demonstrated previously [264]. The previous results of Chapter Four demonstrated
better resistance to CIVB flashback when positioning the air injector at Lo=150 mm
from the burner base plate. Therefore, this burner configuration was employed for

these experiments.

The combustion experiments were undertaken under atmospheric pressure with no
air preheating, using NG as fuel. This work was based on NG as a fuel as a safety
precaution, but NG was suitable for validating the proposed combined technique (the
axial air and the nozzle with microstructured surface) for use in systems fuelled with
high hydrogen content blends which are particularly disposed to flashback due to their

higher flame speeds.

The instantaneous velocity components and the turbulence intensity downstream of
the burner mouth was measured during the isothermal tests by Laser Doppler
Anemometry (LDA). The LDA system used was a one-component Flowlight LDA

(Dantec) operated at backscatter mode, refer to section 3.2.3 in Chapter Three.

Figure 5-1: The tangential swirl burner with the new fitting (microstructured surface nozzle).
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5.2.2 Nozzle Manufacturing

Achieving the aim of this study required applying riblet manufacturing process to the
burner nozzle. The scalloped riblet microstructure was chosen based on to a previous
study of channel flow [265]. The results show that the geometry of the riblets has a
significant effect on the streamwise velocity profile. That study concluded that the
scalloped geometry was the best after numerical and experimental assessment of
different geometries and their limitations. The most significant effect of scalloped
riblets on the flow is represented by uniforming the flow near the wall and reducing
the drag. The scallop riblets showed a good drag reduction of around 6.7 % [265].
Although swirl flows have more complicated structures than diffusion flow, the swirl
flow near the wall is similar to other flow patterns. Consequently, scallop riblets as a
liner to the burner nozzle, a geometry that could be manufactured using the

manufacturing machines available at Cardiff University, were examined.

The height of the nozzle (hn) was chosen to be no more than 25 mm. The construction
of scalloped riblet on the nozzle wall was done according to the following steps: First,
a stainless-steel burner nozzle was cut with inner diameter of 59 mm, and height of
50 mm. Then the nozzle was cut horizontally into two pieces 25 mm each; one part
was milled to increase the inner diameter to 61 mm, the other piece was subject to
WEDM to construct a patch of scalloped riblet on the inner wall of the nozzle, giving
a final inner diameter of 61 mm. The two nozzles were inserted in the tangential swirl

burner in the Combustion Laboratory of Cardiff University.

5.2.3 Wire Electrical Discharge Machining (WEDM)

The scalloped microstructure was applied on the inner wall of burner nozzle
employing Wire Electrical Discharge Machining (WEDM) technology available at
Cardiff University. The Electrical Discharge Machining (EDM) process, in general, has
become the workhorse of the tool making industry for the precise machining of the
workpiece that can conduct electricity. It can produce holes or cavities of the complex
cross-section and to almost any depth in fully hardened steels or tungsten carbide
with relative ease. In the context of the research presented here, this capability of
structuring hard material is essential due to the expected applications in combustion
systems, in which the burners operate under high temperature, pressure and

acoustics level, especially during the flashback phenomenon [265].

EDM processes remove metal by discharging electric current from a pulsating DC
power supply across a thin interelectrode gap between the tool and the workpiece.

The gap is filled with a dielectric fluid, which becomes locally ionised at the point
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where the interelectrode gap is the narrowest-generally, where a high point on the
workpiece comes close to the high point on the tool. The ionisation of the dielectric
fluid creates a conduction path in which a spark is produced. The spark produces a
tiny crater in the workpiece by melting and vaporisation, and consequently, tiny,
spherical “chips” are produced by resolidifying the melted quantity of workpiece
material. Bubbles from discharge gases are also produced. In addition to machining
the workpiece, the high temperature created by the spark also melts or vaporises the
tool, creating tool wear. The dielectric is pumped through the interelectrode gap and
flushes out the chips and bubbles while confining the sparks. Once the highest point
on the workpiece is removed, a subsequent spark is created between the tool and the
next highest point, and so on. Literally, hundreds of thousands of sparks may be
generated per second [266].

WEDM strategy is promising to produce the structures required for this PhD study,
see Figure 5-2. This process uses a consumable, electrically charged wire to affect
very fine and intricate cuts. The process is particularly useful in cutting fine details in
the workpiece. A wire drive system constantly presents fresh wire to work, so
electrode wear is not a problem. Typical wire diameters range from 50 to 300 um.
Because the fresh wire is constantly brought to the cutting zone, the wear on the tool
can be ignored, and accurate microscale features can be produced in relatively large
areas. However, these wires will produce a kerf slightly larger than their diameter
depending on the discharge power used. WEDM'’s can run for long periods without
operator attention. Also, it can produce a sharp edge on the outside of a corner, but
it will always leave a small radius on inner corners. The size of this radius is

determined by the wire diameter plus the spark gap.
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Nozzle ¥
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Figure 5-2: Working principles of WEDM. Reproduces from [265].
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A jig was primarily designed to help build more complicated patterns more efficiently
and cost-effectively. The construction of the scalloped riblet using WEDM showed that
the length of the patch is significant to avoid manufacturing errors due to stresses,
which leads to change in space and depth of the riblet between the top and bottom of

the workpiece.

In order to validate the resulted surface profile on the nozzle wall, the light microscopy
imaging technique has been used, see Figure 5-3. This figure shows the surface
profile image of the scalloped riblet microstructure on the nozzle wall.

Figure 5-3: The geometry of scalloped riblet microstructure surface on the nozzle wall.

5.3 Results and Discussion

5.3.1 The lsothermal Tests

The LDA measurements of the isothermal flow were carried out to study the
hydrodynamic effects of the scalloped riblet microstructure on the swirl flow field
especially near the burner nozzle. Two configurations were tested, the smooth nozzle
and the nozzle with scalloped riblets on the surface. These two nozzles were tested
without axial air injection. It is challenging to directly measure the flow field
characteristics adjacent to the burner nozzle wall because of the difficulty of laser
access. Therefore, the turbulence profile and the velocity gradient were measured
5 mm downstream at the burner dump plane. This is a valuable way to describe the
effect of the scallop riblet microstructure properties on flame flashback resistance.
Tecplot 360 software was employed to plot the LDA results in terms of the axial

velocity contour.
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Two configurations were tested isothermally to examine the hydrodynamic effects of
the scalloped riblet on the swirl flow characteristics: the smooth nozzle and the
microstructured nozzle. By increasing the nozzle wall surface roughness employing
scalloped riblet microsurfaces, the sudden variations from high-velocity values at the
central axis of the nozzle to the low-velocity region near the wall are reduced, see

Figure 5-4.
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Figure 5-4: Axial velocity distribution downstream the burner rim (a) nozzle with scallop riblet,
(b) smooth nozzle.
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The effect is related to the reduction of the boundary layer, which is controlled by the
microsurfaces. Scallop structures reduce the radial distance where the viscous wall
effect on the flow and the high-velocity region is shifted closer to the wall. This shifting
results in a modification of the flow structure in the thin shear layer downstream the
nozzle exit. Consequently, lower gradients in the value of the velocity at the boundary
layer region near the nozzle wall were achieved, overcoming the flashback event at
this region, see Figure 5-4. Moreover, the use of the microsurfaces also had a positive
impact on the reduction of the turbulence generated close to the nozzle, see
Figure 5-5. This will certainly enhance the resistance against BLF and will be proved

in the next section.
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Figure 5-5: Effect of microstructure on turbulence intensity at the nozzle outlet.

5.3.2 The Combustion Tests

To completely understand the effect of the scalloped riblet on flame stability in swirl
flow, it is necessary to ensure that the flame flashback mechanism is mainly BLF.
Therefore, two flame flashback resistance techniques will be discussed here, i.e.,
central injector in the right position (L,=150 mm) with no air injection, central air
injection and the nozzle with microstructured surface. These techniques can work

together to develop the flame flashback resistance for BLF and CIVB.

The first set of experiments was implemented at low flow rates to avoid the risk of
severe flashback that could lead to damaging the system. The best procedure for
burner operation under these conditions was to inject fuel first. This was done by

shutting the air valve and allowing fuel injection through the air injector pipe. Then the
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tangential premixed injection was started at a 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 axial air injection can be started (if necessary) with
simultaneous increasing of the tangential premixed mixture until a stable swirl flame

was observed.

The blowoff point was determined when the flame zone was visibly lifted from the
burner mouth. Flashback points were defined before the flame zone appeared to
retreat into the plenum. Both envelopes, i.e., flashback and blowoff, were deduced
and compared between cases. To check the accuracy of the results, experiments
were repeated five times, showing deviations not greater than 5%.

Figure 5-6 illustrates a comparison between the flame structure of the smooth nozzle,
Figure 5-6 (a), and the scalloped riblet microstructure nozzle, Figure 5-6 (b), at
¢stab|e = 079

((pstable =
0.79) Re =

Figure 5-6: Effect of using scalloped riblet microstructure nozzle on the outer boundary layer
propagation, no axial air injection.

For the smooth nozzle, Figure 5-6 (a), the function of the appropriate central fuel
injector diameter (with no axial air) as a physical body performed high resistance
against centra upstream flow breakdown propagation imposes radial propagation of
the flow. Consequently, the outer shear layer stabilised at the nozzle lip (or inside the
nozzle) could be more likely onset the BLF when increasing equivalence ratios (®).
In most practical applications this contact between flame and nozzle lip has 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
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equivalence ratios (@), the outer boundary layer between the shear layer and the
nozzle wall starts an upstream propagation via low-velocity sublayer leading to flame
BLF. However, for the scalloped riblet microstructure nozzle, the high axial
momentum near the burner wall produced by the microstructure surface pushed
the flame away from the burner rim towards the axial direction, see Figure 5-6 (b).
This effect will undoubtedly reduce the possibility of the BLF when central fuel
injectors (no axial air) or central air injection are used as flame stabilisation
techniques. Moreover, the scalloped riblet microstructure nozzle flame looked more

coherent than the smooth nozzle flame.

Figure 5-7 shows the flame structure across different equivalence ratios at stable
operation (@stwnie) for the microstructure flashback resistance scenario (no axial air),
i.e., due to the scalloped riblet burner nozzle. The effect of the scalloped riblets is
quite clear especially at high Reynolds number. Interestingly, the figure shows that
flame behaviour remained unchanged across the stable operational region when

using the scalloped riblet microstructure.
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(Dstable = 0.75)
(Dstable = 0.71) Re = 14082
Re = 11754

(Dstable = 0.76) (Dstable = 0.77)
Re =16421 Re = 18851

(Dstable = 0.79) (Dstable = 0.82)
Re = 21269 Re = 23642

(d)stable = 0-86) (¢stab|e = 0.91)
Re = 26082 Re = 28455

Figure 5-7: Flame structure of the scalloped riblet burner nozzle (no axial air) for stable
operation at different Reynolds number (Re) and equivalence ratios (®).

PAGE | 149



Chapterb: Ali Alsaegh_Cardiff University

5.3.2.1 The Scallop Riblet Combined with the Central Injector Flame
Stabilization Techniques

The best position of the central injector is (L,=150 mm) as discussed in Chapter Four.

In this technique, the flashback mechanism is mainly BLF. The axial air injection rate

is equal to zero, i.e., central fuel injector technique. In this section the stability map

nozzle with scalloped riblet will be compared with a smooth nozzle under the same

operation conditions. Both nozzle heights are equal to (hn=25 mm). The term

"microstructured nozzle" refers to the nozzle with a scalloped riblet surface.

Figure 5-8 shows the stability map for the microstructured nozzle with the flame
flashback resistance scenario (flame images) for different equivalence ratios (®rs),
the flame images for blowoff case are also included in this figure across different

eguivalence ratio (®so).
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Flame stability map of the microstructured nozzle, hn=25 mm - central injector

technique (i.e., no axial air injection).
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Figure 5-9 depicts the effect of the microstructured nozzle on the stability
regime as compared with that of the smooth nozzle. It can be seen that the
using of the microstructured nozzle in tackling flame flashback is promising. It
expands the stability region to double in both directions (Re and @) as
compared with the smooth nozzle allowing the burner to work with high
tangential velocities and a wide range of equivalence ratios. This opens a
promising approach to flame stability of high hydrogen blend flames in gas
turbines. The figure shows that the use of the microstructured nozzle achieved
a wide range of stable operation limit across the region (0.45 > & < 0.87), and
a tangential velocity ranging from 2.25 m/s to 7 m/s. Moreover, at higher
flowrates the potential flame flashback resistance provided by the
microstructured nozzle consolidated the flame stability, and no flashback was

observed (see the green line).
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Figure 5-9: Effect of using microstructured nozzle on the stability map, hn=25 mm - central
injector technique (i.e., no axial air injection).

On the other hand, when using the smooth nozzle, the stability operation
region was (0.45 > & < 0.67), and the maximum tangential velocity that could

be achieved was just below 3.5 m/s. This could be attributed to the limitation
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of nozzle surface resistance to BLF flashback at high tangential velocities.
Higher values of tangential velocity led 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 a damping mechanism BLF flashback can occur earlier in
the case of the smooth nozzle. It is seen that the blowoff limit is almost the

same for the two techniques at low tangential velocity.

5.3.2.2 Scallop Riblet Combined with Axial Injector Flame Stabilization

Techniques
Axial air injection has confirmed its potential for flame flashback resistance, as
proposed in Chapter Four. However, this resistance is mainly against CIVB. Further,
it has been visually observed that the high momentum axial jet at the central axis
forces the flame to propagate via the nozzle wall boundary. Consequently, another

flashback damping mechanism for BLF flashback is also required see Figure 5-10.

(Dstable = (Dstable =
0.91) Re = 1.01) Re =

Figure 5-10: Flame shape of scalloped riblet microstructure nozzle; (a) without axial air, (b) with
50 I/min axial air injection.

Figure 5-11 illustrates the stability region for the microstructured nozzle with the flame
flashback resistance scenario (flame images) across different equivalence ratios
(®ee). The flame images for blowoff case are also included in this figure across
different equivalence ratios (®so). It can be seen that as the flame approached
flashback, the flame became attached to the nozzle, thus modifying the behaviour of
the flow field. The effect is demonstrated when considering the change in the burner

stability map when using the microstructured nozzle for additional flame stability.
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Figure 5-12 shows a comparison between the two techniques. The figure
shows the big difference in the stability region achieved by including the
microstructured nozzle. A good improvement in flashback resistance is
observed when the microstructured nozzle is used for additional stability.
Flame flashback was observed for an inlet tangential velocity ranging from
2.1 to 3.7 m/s; beyond this limit, no flame flashback occurs, and operation is

stable for higher equivalence ratios and high tangential flowrates.

However, for the smooth nozzle, at a tangential velocity of 1.8 m/s, blow off and
flashback curves are approaching each other, leading to a narrow stability region.
Upon raising the equivalence ratio and tangential velocity, the stability map became
wider. Nevertheless, there are still some limits over which the flame cannot be stable,
and flame flashback happens. The last conditions where flashback was observed
were tangential velocity = 6 m/s, @ =0.83; beyond these values, no flashback was
observed.
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Figure 5-12: Effect of using microstructured nozzle on the stability map, hn=25 mm - axial
injector technique (50 I/min axial air jet).

5.3.2.3 Further observations on flame stability map
Here, a further observation is made regarding the stability map when using the

microstructured nozzle concerning the stability map of the burner nozzle with
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microstructured nozzle (no axial air injection) versus that for the smooth nozzle with

50 Ipm axial air injection at best injector position.

It can be seen from Figure 5-13 that the stability map of the microstructured nozzle
without axial air injection is wider in both lean and rich directions than that for the
smooth nozzle with axial air injection. The improvement in operability caused by using
the microstructured nozzle allows a wider operation range (0.48 > & < 0.87) over a
tangential velocity ranging from 2.5 m/s to 7 m/s. For the smooth nozzle with the axial
air, operability limits are narrower (0.48 > @ < 0.82) over a smaller tangential velocity
range of only 2.5-4.0 m/s, after which no stable flame could be achieved. It is also
seen that no flashback was observed after a tangential velocity of 5 m/s (Re=26000)
with the microstructured nozzle. However, this value is higher for the smooth nozzle
under the effects of axial air, 6 m/s (Re=31000). This means that using the
microstructured nozzle configuration alone without any other techniques can

significantly impact the burner operability.
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Figure 5-13: The stability map of the burner the microstructured nozzle (no axial air injection)
versus that of the smooth nozzle with 50 Ipm axial air injection.

This chapter demonstrates that it is possible to run premixed swirl burners with a wide
range of gaseous fuel blends to substantially minimise flashback behaviour, thus
permitting wider use of the technology to reduce NOx emissions. However, no
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CO/NOx measurements have been done within this chapter's scope due to the

limitation of the study program timescale.

5.4 Chapter Summary and Conclusions

Based on the previous results, it appears that the two flame flashback resistance
techniques, i.e., central injector method with microstructured nozzle, and central air
injection with microstructured nozzle, can work together to achieve high flame
flashback resistance for BLF and CIVB flashback. However, different to previous
studies, this chapter combined two different techniques increasing even further the
final resistance compared to using these techniques separately. Using both combined
techniques shift the operating envelope to richer conditions, and a much wider
equivalence ratio can be achieved when the microstructured nozzle used. Thus,
stable operation is achieved with the microstructured nozzle at more than double the
central injector with no air injection. This outcome is of great importance because it
opens the possibility of increasing power output without increasing the size and
dimensions of the combustor. Moreover, since microstructured nozzle leads to wider
operability margins, it enables smoother fuel switching, a technical problem that has
become one of the important milestones for modern, flexible gas turbines using
alternative fuels. Additionally, wider operation limits reduce power input fluctuations,

which is an important parameter when operating gas turbines on a baseload basis.
The main conclusions of this chapter can be summarised as follows:

e Increasing resistance against boundary layer flame flashback needs
enhancement of the surface characteristics of the interior wall of the nozzle
which leads to the velocity gradient close to the nozzle wall to be higher than
the critical velocity gradient, hence avoiding it being overcome by the turbulent

flame speed in this region.

e The effect of the microstructured nozzle technique has been investigated

regarding its effect on velocity gradient and hence flame flashback trends.

e Results showed that the microstructured nozzle configuration has excellent
potential in increasing flame flashback resistance. This was seen visually and
through increasing operation stability margins compared with the smooth

nozzle.

e Using both improvement techniques (the central air injection and the

microstructured nozzle) enhanced stability limits considerably, stability
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margins increased in terms of both equivalence ratio and inlet tangential

velocity.

¢ Regarding industrial applications, using such techniques is considered a
possible commercial solution to simultaneously protect swirl combustors from
CIVB and BLF flashback.
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CHAPTER SIX

6 EFFECTS OF DIFFERENT NOZZLE CONFIGURATIONS ON
SWIRL FLOW TOPOLOGY AND FLASHBACK
PROPENSITY

"We are stuck with technology when what we really want is just
stuff that works"

Douglas Adams, English author (1952-2001)

6.1 Introduction

as turbine designers are simultaneously targeting improvement in thermal
Gefficiency while reducing noxious emissions (NOx), which poses a significant
challenge as the two are usually controlled in opposite ways. From the available
means to achieve these objectives, lean premixing (LPM) is an efficient technique that
has been used to reduce NOx emissions and increase power outputs. However, this
technique requires further analysis to prevent instabilities such as extinction,
flashback or thermoacoustic oscillations when introducing alternative fuels. These
factors represent the deciding issues limiting the improvement of the gas turbine
combustion systems which should be designed and developed to overcome these

and other problems.

A well-designed gas turbine combustor will meet the requirements of a vast spectrum
of gas turbine applications with regard to efficiency, reliability, fuel flexibility and
environmental acceptability. Many techniques can be used in developing conventional
gas turbine burner design to ensure stable operation with fuel variability and flexibility.
The most common is to develop the aerodynamics of the swirling flow. Flashback is
an instability that occurs with premixed combustion in gas turbines and can occur
under a variety of conditions as the flame may stabilise where the fuel and oxidiser
miX, upstream of the reaction zone, which could cause considerable damage to the
combustion system and increase pollutant levels. The BLF and CIVB flashback
mechanisms receive particular attention as they commonly occur in swirl combustors
[246].
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Many techniques can efficiently mitigate flashback: including geometric modifications
or changing flow field patterns. These techniques range from using diffusive fuel
injection to push the vortex breakdown downstream or employing bluff bodies as
stabilisers in the swirling flow [79]. As discussed in Chapter Four, central air injection
systems have been presented to mitigate the CIVB flashback in tangential swirl
burners. It was found that using central air jets affects turbulence characteristics and
the defect of negative axial velocity, and hence promotes CIVB flashback resistance
with a wider operability limit. However, using such methods for the mitigation of the
CIVB flashback mechanism will lead to BLF flashback. With BLF flashback, the
geometry of the nozzle and the properties of its walls play an essential role in
upstream flame propagation [193]. Furthermore, the interaction between nozzle wall
surface and the parallel flow generates a viscous drag that produces an adverse
pressure gradient, consequently promoting the velocity gradient. The degree of wall
roughness is of particular importance in this context as it promotes heat transfer,
hence decreasing or increasing the shear wall stress [160]. The contribution of the
effect of the surface type on the mean velocity profile and hence the wall turbulent
boundary layer is usually described by a roughness function which represents the
difference in normalised velocity distribution between smooth and rough surfaces
[267]. Itis known that the shear stress can be reduced using micro surfaces extending
from the wall, and such reduction leads to a better velocity gradient at the wall and a
drag reduction in the flow [268]. In a more recent study, it was noticed that the high
turbulent velocity fluctuation near the burner wall increases the tendency to flashback.
Thus, to avoid flashback, it is required that the local premixed flow speed is higher
than the flame speed. This concept is valid for all flashback mechanisms except for
CIVB [269].

This chapter aims to expand the understanding of the role of different burner nozzle
configurations (different nozzle heights) with/without different heights of micro-
structured surfaces as a liner in improving system resistance to the main flashback
mechanisms, CIVB and BLF. A stainless-steel woven mesh was employed to serve
as a liner for the nozzle burner with different lengths (hn) to examine the effects on
swirl flow characteristics near the burner rim and the burner stability map. The
isothermal experiments are conducted using Laser Doppler Anemometry (LDA) to
measure the swirl flow characteristics close to the nozzle wall and downstream of the
burner exit. The combustion experiments were done to determine the impact of these

nozzle configurations on the stability map of the tangential swirl burner.
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6.2 Experimental Setup

Tests to promote the stability of the previously designed 150-kW tangential swirl
burner took place at Cardiff University’s combustion laboratory. Burner details are
illustrated in section 3.2.1 Chapter Three. The best central injector position L,=150
mm has been used for this study, as discussed in Chapter Four. In addition, a
25%-25% insert was selected to provide suitable geometric swirl numbers (5,=0.9)
where vortex breakdown coherent structures exist in the flow. Two nozzle
configurations with different lengths (hn) were tested, the previous design with hn=25
mm, and a second new design with hn=70 mm. Both with a same inner diameter of

61 mm.

Producing a machined micro-structured surface (like the scallop riblet discussed in
Chapter Five) can be costly and difficult or even impossible to introduce inside a
circular nozzle. Here, a 316 stainless steel woven wire mesh with 150 um between
valleys ( as recommended elsewhere [265]) was employed to investigate the effect of
the nozzle surface roughness in different heights (hg) on the swirl flow and flashback
resistance, as it presents some structural similarities to diamond and lotus geometries
[193]. Three different lengths (hg) of mesh strip, i.e., 25, 40, and 70 mm, were
attached firmly to the internal wall of the nozzle as a liner to increase the roughness
of its surface as shown in Figure 6-1. The main idea is to examine the effect of different
grid height on the swirl flow characteristics. The liner thickness was scanned by
Shared Labs Europe LTD [265]; Figure 6-2 shows the microstructure geometry and

dimensions of the 316 stainless steel woven wire liner.

150—,;&1} staink

=

Figure 6-1: Nozzle inner surface with 316 stainless steel woven wire as aliner.
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Figure 6-2: The geometry of the Microsurfaces.

6.3 Results and Discussion

6.3.1 The Isothermal Experiments

6.3.1.1 Effects on Axial Velocity Defect

The primary objective of this research was to observe the impact of different nozzle
lengths (hn) on the swirl flow characteristics under isothermal (no combustion) and
atmospheric conditions. Average axial velocities (i) and the velocity fluctuations (Urms)
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were determined employing 1D LDA system to show the axial velocity and turbulence
distribution at the burner dump plane (5 mm downstream the burner rim) for nozzle
lengths hn=25 and 70 mm. Two tangential flowrates 800 and 1000 I/min without
central air jets were used to set different operating conditions. The term “smooth
nozzle” is referring to the nozzle without microstructure grid. To check the accuracy

of results, experiments were repeated three times.

Figure 6-3 shows the reduction in axial velocity defect (negative region) under a
moderate inlet tangential flowrate (800 I/min) for two smooth nozzle lengths (hn=25,
70 mm). It is apparent that the long nozzle (hn=70 mm) is significantly more effective
in reducing the axial velocity defect at the tip of the central recirculation zone (CRZ)
which is one of the main causes of swirling flow instabilities particularly the CIVB.
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Figure 6-3: LDA results, axial velocity for different nozzle heights (hn=25, 70 mm), 800 I/min
tangential flowrate.

For the higher tangential inlet flowrate (1000 I/min), the effects of the long nozzle
(hn=70 mm) were more influential in reducing the velocity defect, as shown in
Figure 6-4. The axial velocity defect is minimised by 50% at the CRZ tip under the
effects of the long nozzle compared with the short nozzle (hn=25 mm). This is a
promising finding as the long nozzle will automatically self-correct the axial velocity
defect at the CRZ tip without any other system by adding an axial momentum directly
proportional to the tangential flowrate. These hydrodynamic effects undoubtedly

promoted the stability limit of the burner, as demonstrated in Chapter Four.
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Figure 6-4: LDA results, axial velocity for different nozzle heights (hn=25, 70 mm), 1000 |/min
tangential flowrate.

6.3.1.2 Effects on Turbulence Intensity

Turbulent intensity at the dump plane was calculated from the experimental results by
dividing the root mean square of the axial velocity fluctuations by the average axial
velocity as measured by the LDA system. At the higher tangential inlet flowrate
(2000 I/min), the long nozzle had a positive effect on the turbulence intensity, as
illustrated in Figure 6-5. This was a very promising observation as actual gas turbine
combustors operate on high flowrates under pressurised conditions. Moreover, the
long nozzle (hn/Ro=2.3) can be used as an alternative technique to the central air
injection system especially for high inlet flowrate to promote resistance to CIVB

flashback, reducing cost and complexity of the swirl burner.
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Figure 6-5: Turbulent intensity for different nozzle lengths (hn) and different inlet tangential
flowrates with air injection.
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6.3.1.3 Effects of Nozzle with SST Woven Wire Grid in Different Lengths
To investigate the effects of internal burner nozzle surface roughness on the swirl flow
characteristics near the wall, three lengths of 316 stainless steel woven wire, as
described above, were used as nozzle liners, see Figure 6-1. The insertion lengths
(hg) were 25 mm, 40 mm, and 70 mm. The tests were performed for 800 I/min inlet
tangential flowrate. The influence of the SST grids has been analyzed by other
authors using numerical simulation but for channel flow. Another author [193][265]
examined the grid for swirl burner, but the effect of different strip lengths is not studied
yet.

For the long smooth nozzle without mesh lining, the wall effect is clear and is seen as
a reduction in axial velocity due to viscosity and wall shear stress. On the other hand,
when using woven wire meshes as lining regardless of length, limited the wall effects
by maintaining the axial velocity at a relatively high value near the wall, see
Figure 6-6.
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Figure 6-6: Axial velocity downstream the burner nozzle for different surface roughness length
strip.

Such behaviour can be explained using the concept of antifouling surfaces, which use
regular surface roughness patterns as a passive control of the boundary layer. Also,
the length of the lining has only a small effect on overall velocity values. A wide strip
of the mesh caused a drop in the flow while the narrower one did not produce such
noticeable reduction in overall velocity. The better the reduction of the wall effect the
greater the resistance to BLF flashback, which was achieved using the 25 mm wide
strip. This approach of simply inserting a wire mesh into the burner looks quite

promising since there is no need for a long and costly micro surfaced burner nozzle.
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In Figure 6-7, the LDA axial velocity downstream the nozzle is plotted. The results
show that the axial velocity gradient is affected by changing the length of the wire
mesh liner. The results show that the velocity gradient in the radial direction was
decreased with the 25 mm length of liner, which means that the high-velocity region
was shifted towards the nozzle wall. The velocity gradient in the downstream direction
shows some significant results regarding the impact of these structures on the flow.
This result is important because it explains the improvement in BLF flashback
resistance when using the shorter mesh. According to the Lewis von Elbe formula for
laminar flame speed, a sharp velocity gradient increases the likelihood of flashback,
where the flame attacks the low-velocity region near the wall to penetrate towards the

premixing channels.

Axial direction (mm)
Axial direction (mm)

Figure 6-7: Contour of axial velocity downstream the dump plane (a) lining grid length (25 mm)
(up left), (b) lining grid length (70 mm) (up right).

Velocity gradient measurements show that a wire mesh has a similar effect on the
flow as the riblets. The wire mesh traps some fluid (air) in the texture (holes), which
act as fluid bubbles that provide a fluidic bed for the flow, reducing the contact of high

momentum flow with the wall.

6.3.2 The Combustion Tests

The hydrodynamic effect of the long nozzle suggests a better flame stability in the
burner. Figure 6-8 shows the flame structure across different equivalence ratios at

stable operation (@sabie) for the long nozzle hn=70 mm (no axial air).
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Figure 6-9 shows the effect of the long nozzle on the stability regime as compared
with the base case nozzle (hn=25 mm). It expands the stability region in both
directions (Re and @) as compared with the short nozzle allowing the burner to work
with high tangential velocities and a wide range of equivalence ratios. The figure
shows that the use of the long nozzle achieved a wide range of stable operation limit
across the region (0.42 > @ < 0.75), and a tangential velocity ranging from 2.2 m/s to
5.6 m/s. It is also seen that the long nozzle affects the blowoff limit by shifting it further
towards the lean region. On the other hand, when using the short nozzle (the base
case), the stable operation region was (0.45 > ¢ < 0.67), and the maximum tangential
velocity that could be achieved was just below 3.5 m/s. These results suggest that the
best ratio of the nozzle length to its inner radius should not exceed (hn/Ro=2.3) to

have better flame stability.

7 35000
hn=70 mm nozzle hn=25 mm nozzle

6 30000
=
g 5 25000
=
=y
L
=]
? W
> =
=
= 4 20000
£
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£
&

3 /> 15000

2 10000

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Equivalence ratio (®)

——Blowoff- hn=70 mm- no axial air injection —a&— Flashback- hn=70 mm- no axial air injection

—&—Blowoff- hn=25 mm- no axial injection ——Flashback- hn=25 mm-no axial injection

Figure 6-9: Effect of using the long nozzle on the stability map, hn=70 mm - central injector
technique (i.e., no axial air injection).

Figure 6-10 illustrates the flame structure across different equivalence ratios at stable

operation (@stanie) for the long nozzle.
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Figure 6-10: Flame structure for stable operation at equivalence ratios (®).

6.4 Chapter Summary and Conclusions

The swirl flow manipulation represents an essential technique used to improve the
resistance of the swirl burner against different flashback mechanisms such as CIVB
and BLF. This chapter aimed to increase the resistance to CIVB using different burner
nozzle hights. On the other hand, using a stainless-steel micromesh strip was proved
to be essential to tackle the BLF mechanism. The effects of different nozzle heights
with and without an added microstructure, on the swirl flow characteristics were
investigated experimentally using a 1D LDA system. Different strip lengths (hg) of
stainless steel (SST) woven wire mesh were employed as liners on the smooth nozzle

to change its surface roughness. It was found that long smooth nozzles (hn/Ro=2.3)
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led to promotion of stability in the swirl burner by minimising the axial velocity defect
while decreasing turbulence downstream of the dump plane. Moreover, the average
measurements show that the burner nozzles with micro-structured surfaces improved
control of the BLF flashback and hence reduced outflow drag. It was found that the
microstructure mesh alters the flow pattern near the wall by increasing the velocity

adjacent to this region increasing resistance to BLF flashback.

Two different nozzle lengths (hn=25 mm and 70 mm) have been tested regarding the
promotion of CIVB flashback resistance in a tangential swirl burner. In the combustion
experiments, it was observed that the long nozzle increased the resistance to CIVB
flashback. On the other hand, a new technique inspired by biomimetic engineering
has been developed and tested using two different strip lengths (hg) of microsurfaces
to improve burner performance regarding BLF flashback phenomena. It was found
that the length of the micromesh is important, the shorter the better. A micromesh
strip of length 25 mm gave better results than the longest one (70 mm), because the
former produced a better shift in the velocity gradient close to the wall. The effect of

the grid on the flame stability was not tested due to the safety precautions at the time.

The results showed that decreasing the turbulence in certain positions, such as the
CRZ tip and near the nozzle's wall, resulted in several benefits, including an increase
in the resistance of CIVB flashback and the BLF, respectively. However, increasing
the turbulence within the CRZ improves the circulation and heat released, improving
the flame stability. It was found that the turbulent kinetic energy levels increased by a

factor of three as heat release increased [270].
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CHAPTER SEVEN

7 RESULTS AND DISCUSSION

"Experiments are mediators between nature and idea"

J. W. von Goethe, scientist (1749-1832)

7.1 Summary of Discussion

wirling flows have been widely used for many years in such applications as
S combustion chambers of gas turbines (GTs), jet engines, turbomachines, and
mixing tanks. Swirl combustors offer such superior flame stabilisation over a broad
range of equivalence ratios that they are widely considered to have been the greatest
single improvement in GT combustion. They not only enhance the intensity of the
combustion process by improving mixing, but they also increase residence times and
improve flame stabilisation. The high swirl levels generated produce vortex
breakdown phenomena that create a Central Recirculation Zone (CRZ) and an off-
centre, Precessing Vortex Core (PVC). The vortices produced and their breakdown
increase flow turbulence and the shear processes, greatly enhancing the efficiency of
combustion by stimulating mixing of fuel and air and making sure every molecule of
fuel has numerous oxygen molecules in their proximity. The circulation and mixing of
combustion gases with air entering the combustion zone also aids the ignition

process.

Efficient configuration and operation of GT burners can be significantly facilitated by
measurements attained from parallel experimental and modelling investigations. Such
studies merge experimental and theoretical combustion aerodynamics with advanced
computational fluid dynamics (CFD) and its development and use will decrease the
cost of improvement programs noticeably. The turbulent combustion in GTs, in
general, is the sequence of two central interactions, the very complicated
hydrodynamics and the chemical reactions. This interaction can enhance or reduce

the combustion turbulence and hence affect the combustion stability.

Flashback is an instability that takes place when a flame moves upstream away from
its desired position in the direction of the pre-mixing zone and is particularly prevalent
with lean premixed combustion. Flashback is an important factor in determining the

dependability of low NOx burners. In turbulent swirling flows mechanisms likely to
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produce flashback include autoignition, combustion instabilities, vortex breakdown
and Boundary Layer Flashback (BLF).

In swirl combustors common flashback mechanisms that have attracted special
interest are Combustion Induced Vortex Breakdown (CIVB) and Boundary Layer
Flashback (BLF) because they are a severe risk to the stability of operation, and can,
in extreme conditions, result in system failure with consequential financial losses.
Flashback is more likely to occur with fuels with higher flame speeds particularly
blends with a high hydrogen content. Presently, this is judged to be a barrier to the
production of GTs. This problem is considered a severe obstacle in developing GT
combustors that can be switched to an alternative fuel, such as when the use of low

pollutant blends becomes required for low emissions.

To better understand the various flashback mechanisms, intense numerical and
experimental research is needed. Such investigations need to consider modifications
to both system hardware and flow fields. A number of techniques are known to
efficiently reduce Combustion Induced Vortex Breakdown Flashback and successfully
fix the Central Recirculation Zone downstream of the burner by making a modification
to system geometry and/or changing the patterns of flow. Placing a bluff body in the
flow can act to stabilise the flow, while altering the pattern of fuel flow by changing the
fuel injector can move the position of the vortex breakdown further downstream and

so reduce the likelihood of Combustion Induced Vortex Breakdown.

Nevertheless, useful as these techniques are they cannot fully solve the problem of
flashback and have potential drawbacks. Inserting a bluff bodys (or central injector)
in the presence of high-temperature combustion processes for extended periods of
time could produce material degradation and increase maintenance costs. The use of
a central fuel injector could increase NOx emissions and downgrade the fuel/air
mixing process. The injection of air into the central core of the vortex to reduces
negative axial velocity and turbulence characteristics is another possible way of
mitigating CIVB flashback. In the present context this appears to have the significant
benefits of avoiding any increase in pollutant levels which providing the required flame

stabilisation.

The interactions between the hardware and the very turbulent swirling flows of the
combustion system are important and should be considered when seeking methods
to solve the problems of combustion stability issues. As a result, this research has
investigated both numerically and experimentally the viability of various methods of

retarding flame flashback in GT swirl combustors. In this experimental programme,
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Flowlight LDA laser diagnostic system from DANTEC was used, while in the numerical
studies the most recent ANSYS Fluent R19.2 CFD code were utilised to simulate the

isothermal swirl flow in the tangential swirl burner under consideration.

This investigation targeted the hydrodynamic impact of air injected axially using a
centrally located fuel injector to tackle the Combustion Induced Vortex Breakdown
flashback mechanism. The effect was investigated numerically by changing the
characterisation of the turbulence intensity and velocity profiles. The LDA average
measurements were used to compare with the isothermal RANS based numerical

simulation results as a validation approach.

The effect on the stability map of axial air injection was also reviewed. It is clear from
the study of the flashback mechanisms with axial air injection that improving the
swirling system against Combustion Induced Vortex Breakdown reduces resistance
of the system to BLF. Thus, resistance to boundary layer flame flashback needs to be
increased by some appropriate technique.

Increasing system resistance to BLF could be achieved via cooling of the wall or
injection of air through small slits parallel to the burner walls to diluting the fuel mix
close to the wall, though this would risk increasing NOx emissions. BLF is sensitive
to the velocity gradient at the wall as shown by the Lewis Von Elbe formula [265].
Consequently, in this work, a passive technique to control the velocity gradient near
the burner nozzle wall has been investigated experimentally. A technique referred to
as the sharkskin effects was used. Regular roughness of the skin caused by small
protrusions on the surface referred to as riblets which reduce drag forces and, for
example, enable a shark to swim faster. After reviewing published experimental
studies, a scalloped riblet geometry was selected to manipulate the flow adjacent to
the nozzle wall and hence improve the resistance to Boundary Layer Flashback. In
these experiments, a scallop riblet microstructure geometry was used to change the
surface roughness of the burner nozzle. It was found that applying scalloped riblet
microstructure on nozzle surface changes the flow patterns close to the wall,
delivering further resistance to Boundary Layer Flashback. The finish was applied to
the burner nozzle using Wire Electrical Discharge Machining. Results show that using
both techniques together (axial air injection and microstructured nozzle) show
promise of a more comprehensive stable operation for swirl combustors, enabling

them to burn a wider range of fuel mixes efficiently without high NOx levels.

Then the work was extended using the LDA system to investigate the results of

different burner nozzle heights on the characteristics of the swirl flow. Additionally, the
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new biomimetic approach was tested using three different strip heights of
microsurfaces as an internal insert applied onto the internal surface of the longest
smooth nozzle to improve the burner resistance to Boundary Layer Flashback. In
these experiments, a woven stainless-steel wire mesh liner was used to change the
surface roughness of the burner nozzle. The wire diameter was 150 um. It was found
that using the microstructured mesh as a liner to the burner nozzle changes the flow

patterns close to the wall, delivering further resistance to Boundary Layer Flashback.

7.2 Summary of Results

The most essential conclusions of this thesis are:

e Swirl combustors in general use are subject to a number of combustion
instabilities but have the potential for stable operation subject to the formation
of so-called coherent structures. Such combustors would have the potential to
operate in the LPM mode with the possibility of undesirable instabilities with

multiple fuels.

e Combustion Induced Vortex Breakdown is a source of flashback in swirl
combustors, particularly when there is no centre-body or axial injection. Such
upstream flame propagation can be initiated even if the velocity of the
unburned mixture is greater than the flame speed. CIVB is associated with
interaction between flow field turbulence and the heat released at the tip of the

Central Recirculation Zone.

o Despite extensive investigations into the mechanisms of flame flashback,
studies of the Combustion Induced Vortex Breakdown are still relatively few.
CIVB was first observed and recorded in 2003 by [156][185], so investigations
into CIVB represent state of the art research when compared to other
flashback mechanisms. Despite much interest in this phenomenon, both
theoretically and experimentally, there remains significant and important

ambiguities and further investigations in this area are important and urgent.

e Here, 1D LDA investigative technique was used to determine the effect of
changes in the configuration of the burner on the Combustion Induced Vortex

Breakdown and boundary layer flashback mechanisms.

e Computational fluid dynamics codes used to model swirl flows often lack
adequate validation, and the vast majority of work carried out on swirling flows

has been done experimentally, a process that is both complicated and costly.
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Despite the modern approaches to turbulent combustion modelling, the lack
of precise and reliable turbulence closure models is still a leading obstacle in
modelling complex, swirling, turbulent combusting flows. As a result, studying
the hydrodynamics of the isothermal flow in swirl combustors can give primary

predictions about the behaviour of combusting flows.

o Fuel injectors when placed centrally can provide significant flashback
resistance and suppress Combustion Induced Vortex Breakdown. Such
centrally placed injectors undergo significant life degradation as they are in
contact with the flame. An effect which is likely to be increased when high
hydrogen content blends are used, increasing maintenance Ccosts.
Additionally, central fuel injectors may increase pollutant levels and less
effective mixing. Axial air injection, rather than fuel injection, used for flame
stabilisation can provide solutions for at least some of the problems that arise

when using central fuel injectors.

e The axial air jets will often mimic the shape of a central fuel injector and will
cause considerable changes in the stability map. They produce wider
operational stability, and the limits of stability increase regarding both
eguivalence ratio and inlet tangential velocity. Changes in the air jet diameter
may give more flexibility of operation whereas central fuel injectors do not have

this possibility.

¢ An extended region of operation obtained with central air injection allows the
burner to operate at higher power than when a central fuel injector is used,
hence it is possible to increase power to higher levels at a constant
equivalence ratio, which is difficult for burners using central fuel injectors due

to the limitations imposed by their stability maps.

o Greater resistance to flame back-propagation obtained when using axial air
injection increases the possibility of flame re-stabilisation under flashback
conditions. Slightly increasing axial air injection pushes the CRZ downstream
and prevents the flame from propagating towards the burner plenum, which is

impossible to achieve when using a central fuel injector.

o Defects in the axial velocity occurring in the central vortex core and leading to
Combustion Induced Vortex Breakdown can be reduced significantly when
axial air injection is used. An air jet also leads to a wider vortex core, with a
consequent lower pressure gradient, hence reducing baroclinic torque effects

which are considered as one of the factors that provoke CIVB.
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e Axial air injection clearly and definitely effects the downstream flow
characteristics. This is seen in the considerable reduction in turbulence levels,
hence reduction in local turbulent flame speed. This reduction of turbulent
flame speed, especially close to the burner exit plane, will enable the
upcoming fresh mixture to compensate for the velocity effect that occurs at the

tip of the CRZ providing the necessary velocity balance at this region.

e The relative positioning of burner base plate and air injector is critical for stable
operation.

e Air injected from the level of the burner baseplate maintains flow coherence
and is not so affected by tangential flow via the inlet. This allows the burner to

work under reasonable conditions.

e Air injected downstream (L,=29 mm, say), is directly subject to the tangential
flow with its high level of momentum which induces pressure fluctuations and
enhances turbulence intensity in this region, which can cause flashback to

occur at a lower @.

e Air injected further downstream (L,=150 mm, say) significantly decreases the
turbulence level and hence provides better flashback resistance and wider
stability operation margins. The reason for that is at this position the air injector
is protected by the burner sleeve and hence is less affected by the inlet

tangential flow.

e Axial air injection rather than axial fuel injection can noticeably reduce
maintenance costs. In addition, axial air injection better enables fuel switching

due to its wider stability operation map.

¢ Measurement of axial turbulence intensity and velocity (using 1D LDA) based
on instantaneous velocity seem to be useful tools to investigate the effect of

different configuration on flashback limits.

e CFD simulation (using ANSYS Fluent R19.2) of the flow for different air
injection rates and positions 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 reduced turbulence intensity.

o Relative flow rates of centrally injected air and tangential inlet flow are very
important and should be chosen carefully. This relation directly effects the size

and velocity values of the CRZ and other coherent structures. The ratio will
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depend on the required swirl structure: high axial injection could reduce the
swirl strength to be less than $=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.

e The Precessing Vortex Core depends on axial injection: too great axial
injection will reduce the Precessing Vortex Core, reduce the frequency of

oscillation and lessen acoustic-combustion instabilities.

¢ Air injected at the central burner axis will generate a positive axial velocity
gradient that enhances Combustion Induced Vortex Breakdown resistance.
But a positive gradient at the centre produces negative velocity gradients close
to the nozzle wall, resulting in Boundary Layer Flashback. This effect has been
observed. Axial injection with large diameter fuel injectors will cause flame

propagation via wall boundary layer.

e To attain the desired benefits from axial air injection, its effects on Boundary
Layer Flashback need to be considered.

e To enhance BLF resistance in the burner, a scalloped riblet geometry was
applied to the burner nozzle. A stainless-steel woven mesh with wire of

diameter 150 ym was used as the liner.

e Using scalloped structures decreases the radial distance at which viscous walll
effects on the flow and the high-velocity region (u/U > 0.5) are moved nearer
the wall. This shift results in changes in the flow structure in the thin shear
layer downstream of the nozzle exit, which assists in avoiding Combustion
Induced Vortex Breakdown when used in combination with central air
injection.

e Applying microstructures to the nozzles of burners via Wire Electrical
Discharge Machining has its own difficulties. On the one hand, the access to

the work piece is limited due to the mechanism of wire feeding. However, more

complicated show little difference from simple geometries.

e Good enhancement in the radial velocity gradient was found when using the
scalloped geometry. Furthermore, in the combustion tests, the scalloped

geometry improved protection against boundary layer flashback.

¢ Velocity gradient measurements show that a wire mesh has a similar effect on

the flow as the riblets. The wire mesh traps some fluid (air) in the texture
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(holes), which act as fluid bubbles that provide a fluidic bed for the flow,

reducing the contact of high momentum flow with the wall.

e Using micro meshes demonstrated their potential for Boundary Layer
Flashback resistance. The structure changed the behaviour of the boundary
sublayer in such a way that the velocity of the fresh mixture remains high even
close to the wall which in turn increases the velocity gradient to above the

critical value that can overcome turbulent flame speed.

e The use of a micromesh increases the operational stability map, the effects of
which can be observed visually. The optimum conditions were obtained when

using axial air injection and micromesh surfaces simultaneously.

e The microstructure use for flame stabilisation seems to be useful for
commercial and industrial applications. However, considerable research is
needed to predict the manufacturing cost of suitable microstructure geometry,

with more detail of the flow control to be achieved.

¢ Regarding the different nozzle configurations, it was seen that longer nozzle
increased the resistance to CIVB flashback. Using these techniques, i.e., a
long flat nozzle (hn=70 mm) gave substantial axial velocity defect reduction,
while minimizing turbulent intensity and hence achieving swirl flow stability for

a wider range of inlet flowrates.

e |t was found that the height of the micromesh strip is important. A strip of
micromesh of height 25 mm gave better results than the longest one (70 mm)
as the former produced the best shift of the velocity gradient close to the wall
and hence improve the resistance against BLF.
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CHAPTER EIGHT

8 CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER WORK

"The true subject of science is the beauty of the world"
Simone Weil, French philosopher (1909-1943)

8.1 CONCLUSIONS

The main conclusions of this thesis are:

CFD codes utilising different software packages are used widely in industrial
design for many reasons: CFD simulations are relatively convenient and easy
to use, CFD is an inherently more flexible way to investigate a change in
operating conditions as the change to the computer code is quicker and
cheaper than designing and conducting experimental tests, which may require

the redesign, manufacture, and testing of modified components.

Air injected axially can be used for flame stabilisation and can provide
solutions to the many difficulties that can occur if central fuel injectors and/or
bluff bodies are used. Axial air injectors can produce wider regions of stable
operation than can central fuel injectors. The major result is to push the Central
Recirculation Zone downstream and avoid the high turbulence that may

induce flashback.

Combining axially injected air, with scallop riblet microstructure enhancements
can expand stability limits considerably and enhance flame flashback
resistance against Boundary Layer Flashback and Combustion Induced

Vortex Breakdown.

Using different nozzle heights could have the potential to control the swirling

flow and hence the operability limit.

8.2 Recommandations for Further Work

The present research programme identified questions that were outside its scope but

could be explored in further studies. Therefore, based on the present work, some

related further studies should be considered. To investigate:
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e The effect on flame stability and swirl structures of preheated, and/or

pressurised mixture.

e The use of gas mixes other than air injected axially at different rates on flame

stability.

e The effect of air injected axially on a range of fuels, in particular blends high
in hydrogen.

e The effects of a variable diameter air jets on stability limits.

¢ How air injection affects combustion products and correlates with pollutant
products such as NOx, CO and UBC.

¢ How more modern (2-D and 3-D) laser diagnhostic systems could improve

system diagnostics compared to the 1-D laser system used here.

¢ How microstructure manufacturing, using techniques such as Electrical
Discharge Machining (EDM) could produce more complex surface geometries

for surfaces such as the entrance to the nozzle.

¢ How different injector positions define the turbulence intensity and affect the
Precessing Vortex Core (PVC) to determine the effect of turbulence intensity

on flame structure.

e How the presence and type of micro mesh impacts of the stabilisation

mechanisms and the Precessing Vortex Core (PVC).

e Carry out more combustion tests using microstructures and micromesh for a

wide range of fuel blends.

e Substitution of part of the NG used in this study by syngas to provide the
opportunity of lowering the possible overall equivalence ratio in the
combustion zone and to extend the operation range towards lower minimum
power output without violating emission limits (CO and UHC), flame out or

combustion instabilities.
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APPENDIX : (PHOTOGRAPHS AND DIAGRAMS)

g X

'g B i"l. i
J?E"

— il H
Cc
Gas pipelines
] w— Air pipelines
I |—1 w—— Premixed pipelines
Z 1 w— Electricwires
“ s Diffusive air pipeline

Sl

1 Emer gency Button H  Main Centrifugal Air Pump switch
2 Ignition System Push Button G  Secondary Centrifugal Air Pump
A Main Gas Valve K Gas pump switch

B Intermediate Gas Valve L Ignition System Switch

C Tangential Gas Rotameter L1 Premixed Valves

D Diffusive Gas Rotameter M  Diffusive air Rotameter

E,F An Rotameters

Figure A-2: The arrangement of the testing rig during the experiments.
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Figure A-3: The LDA setup.
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Figure A-4: Calibration of traverse movement.
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Figure A-5: Camera setup for flame imaging, Nikon 7200 DSLR camera.
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