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Abstract

This thesis aims to provide experimental insights on the transient phenom-
ena of ignition light-around and lean blowoff dynamics of turbulent flames in
annular combustors. Numerous ignition experiments have been performed
in single flame setups but are unable to replicate the physics of flame spread-
ing and propagation from one injector to the next in an annular geometry.
Similarly, lean blowoff studies of a single flame fail to account for any flame
interaction present in multi-injector configurations which is known to affect
the eventual lean blowoff limit. The present work aims to contribute to the
existing limited data concerning these transient flame dynamics through
various experiments conducted on three different laboratory-scale annular
combustors.

The first of such designs is the Cambridge/NTNU annular combustor which
has a greatly simplified geometry to facilitate fundamental studies. Igni-
tion studies using hydrocarbons corroborated past findings that the ignition
speed is positively correlated to a lumped parameter of laminar flame speed
and thermal expansion (quantified using dilatation ratio). Mixture blends
of hydrogen and ammonia were used to isolate effect of the dilatation ra-
tio and the laminar flame speed. The use of these non-carbon fuel blends
strongly suggests the dominant role of thermo-diffusivity in influencing flame
propagation speed. Notably, a decrease in the volumetric expansion effect
(lower dilatation ratio) leads to an unexpected increase in flame speed which
is contrary to behaviour of hydrocarbon fuels and highlights that due con-
sideration is needed when generalising existing findings to non-carbon fuels
which often have drastically different flame properties.

In collaboration with SAFRAN Helicopter Engines and CERFACS, two new
laboratory-scale combustors were conceived to replicate the design principles
of a SAFRAN spinning combustion technology (SCT) engine: (i) strong azi-
muthal swirl, (ii) Rich-Quench-Lean (RQL) combustion mode, and (iii) azi-
muthal fuel staging. These setups are named SCT V1 and SCT V2. SCT
V1 was used to assess effect of strong azimuthal swirl on light-around and
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lean blowoff in premixed flames. SCT V2 explored these effects in a RQL
configuration with and without azimuthal fuel staging.

The presence of strong azimuthal swirl in SCT V1 and V2 was shown to
promote higher injector-to-injector propagation speeds, and improve igni-
tion and lean blowoff limits. Under a RQL combustion mode in SCT V2,
non-premixed flame ignition behaviour was observed in that no clear correl-
ation could be established between propagation speed and bulk flow velocity.
Careful design of azimuthal fuel staging may lead to substantial improve-
ments in the ignition limits, increasing the operating envelope of an engine.

Lean blowoff limits of the three annular combustors and setups represent-
ative of their single flame equivalent were also mapped. It is found that
in all three annular configurations, multiple interacting flames may extend
the global extinction limits. Notably, in the case of SCT V1 and V2, there
are indications that under the influence of strong azimuthal swirl, flames
from an injector often have a piloting (and stabilising) effect on adjacent
injectors. This finding is substantiated with Large Eddy Simulation work
performed by CERFACS.

Efforts are currently underway to further characterise and elucidate the vari-
ous findings reported in this dissertation which have sought to (i) explore
the ignition dynamics of ammonia and hydrogen in anticipation of the trans-
ition to a carbon-free future, and (ii) evaluate the ignition and lean blowoff
physics of various combustor designs closely mimicking that of a Spinning
Combustion Technology (SCT) engine.
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Introduction

1.1 Motivation

Air travel is one of the safest modes of transportation with consistently low
accident rates (Barnett 2020). The good safety track record can be attrib-
uted to the stringent tests that an aircraft has to undergo before being cer-
tified as airworthy by the relevant aviation authority. For instance, the U.S.
Federal Aviation Administration (FAA) and the European Union Aviation
Safety Agency (EASA) regularly update guidelines detailing the aircraft’s
safety test requirements. Particular emphasis is placed on the relight capab-
ilities of an aircraft engine: both the FAA (Federal Aviation Adminstation
2020) and the EASA (European Union Aviation Safety Agency 2015) have
specific memoranda stipulating the relight scenarios which an engine must
fulfil. Specifically, an engine must demonstrate its ability to:

e restart immediately (¢ < 5s) after a flameout’ with typical temperat-
ure T' > 1000K (Lefebvre and Ballal 2010, Soares 2015),

'Defined by EASA as the global extinction of flame within the engine’s combustion
chamber. Distinction between various terminology (blowoff, blowout etc.) will be refined
later in the chapter.
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e re-ignite after extended periods (¢ > 15min) of engine shutdown or
when the fuel has cooled to its cold soak value” with ambient temper-
ature 7' < 200K for a cruising altitude of 30,000 feet (Soares 2015).

These criteria must be fulfilled across a reasonable range of altitude and air-
craft speed”, known as the relight envelope (Klinger et al. 2011). Depending
on the regime of the relight envelope, the permissible ignition methods dif-
fer. Figure 1.1 provides an overview of the permissible relighting methods
based on the prevailing airspeed and altitude of the aircraft.

starter assist restart . quick relight . wind-milling restart

30

[\
ot
T

Do
(=]
T

altitude (thousand feet)
= &

0
100 150 200 250 300 350
airspeed (knots)

Figure 1.1: Aircraft engine in-flight relight requirements laid out by EASA. Starter
assist restart refers to reigniting engine with starter assistance within a set time,
quick relight means to immediately relight engine after a flame out, and wind-
milling restart requires engines to be restarted within a specified time. Adapted
from Klinger et al. (2011). 1 knot ~ 0.514m/s. See footnote 3.

In addition to having an acceptable relight envelope (or ignition limit) under
vastly different thermal scenarios as described above, the engine must also
remain continually operational upon a successful relight. The range of oper-
ating conditions in which a stable, sustained combustion may be achieved is

2This refers to exposing the fuel to sufficiently low temperatures for long periods of
time, to the point that it has cooled to the ambient temperature.

3 Aircraft speeds are often reported in knots since one knot is the time taken to travel
a minute of latitude in an hour (International Civil Aviation Organization 2010).
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known as the stability limit (Lefebvre and Ballal 2010). Ideally, the engine
should be able to operate over a wide range of air-fuel ratio (AFR) for a
given temperature and pressure so that any fluctuations in the AFR will
have minimal impact on aircraft safety (Mellor 1990).

A typical range of the operational AFR limit, known as the combustor
stability loop, is shown in Figure 1.2. This shows that as the air mass flow
increases, the range of AFR which maintains stability narrows.

200 O\
ignition / \‘\
150 | limit °
= 5
<
= L
<t T “~ N\
= 100 stable operating \
= region /
= S
" R
rich extinction limit
0 >

air mass flow (g/s)

Figure 1.2: A typical combustor stability loop. Adapted from Soares (2015).

Fluctuations in the AFR can pose a threat to stability and may be due to
various reasons (Furopean Union Aviation Safety Agency 2020) such as:

e ingestion of rain or hail, reducing the effective fuel mass burned,
e mechanical failure leading to involuntary throttle, or

e over/undershooting of fuel intake rate due to imperfect response sys-
tem of aircraft control.

In extreme cases, rich extinction may occur. The rich extinction limit is
defined as the critical fuel mass flow rate in which any further increase in
the fuel flow rate will result in an engine flameout. On the other end of this
spectrum, is the lean extinction limit. The lean extinction limit, or the lean
blowoff (LBO) limit, occurs when excess air leads to global flame extinction
in the combustion chamber (Lefebvre and Ballal 2010).
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Aside from safety considerations, understanding LBO dynamics and its as-
sociated limits is of critical importance to the design of lean burn engines
that minimise emissions. Ambitious goals have been laid out by the EU
to achieve a 75% reduction in COy emissions and 90% reduction in NOx
emissions for all EU flights by 2050 (European Commission 2012), As such,
the lean burn mode has emerged as the main solutions to reducing the en-
vironmental footprint of the aviation industry. For each specific aircraft
engine, there is a need to determine the ideal lean operating conditions
since at high AFR values, the flame temperature is lower which reduces
thermal NOx formation (Dunn-Rankin et al. 2008). Too high an AFR how-
ever leads to an increase in CO emissions with an associated risk of lean
blowoff (Lieuwen and Yang 2013).

To better design engines with good relight characteristics that are capable of
reliable operations across a wide range of conditions, experiments investigat-
ing ignition and lean blowoff dynamics have been conducted on laboratory-
scale combustor setups. In the following sections, studies on ignition and
lean blow-off are presented. The objectives of the thesis are then stated,
indicating how experimental work performed within this thesis aims to con-
tribute to a better understanding of ignition and lean blowoff dynamics in
an effort to help contribute to an even safer and better aircraft engine.

1.2 Ignition dynamics
The successful formation of a flame kernel may occur either via:

e auto ignition in which inflammable reactants spontaneously combust
without any external source, or

e forced ignition whereby an external trigger, such as an electrical dis-
charge (in the form of a spark), heated surface, or pilot flame, is
required to initiate the combustion process (Glassman 1997).

Forced ignition via spark is by far the most common design in combustion
engines and as such, has been the focus of many studies (Lefebvre and Ballal
2010, Lieuwen 2012). Performing ignition studies in aeronautical engines
however, is challenging due to the following:

e ignition is a complex phenomenon by itself (Mastorakos 2009): tran-
sient chemical and thermal processes are interacting in a turbulent
flow field (Glassman 1997, Jiirgen Warnatz et al. 2006). This is fur-
ther complicated by flame-flame interaction which arises from injectors
tightly positioned in an annular configuration for compactness (Mellor
1990).
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e it is difficult and expensive to design an optically transparent com-
bustion chamber for pressurised conditions of more than 10 atm with
temperature T between 200 K to upwards of 1000 K (Lefebvre and
Ballal 2010, Soares 2015). Optical access is unavailable for the visu-
alisation of ignition dynamics in annular systems.

o for efficient combustion, air and fuel are usually introduced into the
combustion chamber in stages via different injection mechanisms and
is non-premixed: spray nozzles, dilution holes, etc., as shown in Fig-
ure 1.3. The complex flow field arising from multiple inlets may be
challenging for performing experimental diagnostics and/or numerical
simulation.

FLAME TUBE COMBUSTION

OUTER CASING

vvvvv
Igniter plug

vvvvv

FUEL MANIFOLD

COMPRESSOR CASING DILUTION
MOUNTING FLANGE AIR HOLES

(a) (b)

Figure 1.3: Parts of an aircraft engine. (a) Schematics showing the annular reaction
zone enclosed within the combustor inner casing and outer casing. (b) An annulus
sector view of the combustion chamber. Adapted from Soares (2015).

TURBINE CASING MOUNTING
FLANGE

Laboratory-scale combustors have therefore been conceived to allow detailed
experimental study on mechanisms governing the ignition process. These
setups have been simplified, by necessity, to allow high-speed diagnostics
with full optical access of the combustion chamber. Some ways in which the
complexity is reduced include:

e single-sector instead of multi-injector flames,

e atmospheric combustor outlet compared to a pressurised combustor
chamber,



6 Introduction

e fuel injected as a single premix inlet and flames stabilised on simple
geometry flame holders as an alternative to the engine’s complicated
injection mechanism(s).

These setups aim to replicate the essential physics of a real engine, and
have since deepened our understanding on various aspects of ignition. Some
examples include spark conditions influencing (forced) ignition (Ballal and
Lefebvre 1975a,b, 1977, 1981, Blanc et al. 1947, 1948, Swett 1957), the im-
pact of spray dynamics (Aggarwal 1998, Mastorakos 2017, Neophytou et al.
2012), and the stochastic nature of ignition (Ahmed and Mastorakos 2006,
Ahmed et al. 2007, Cordier et al. 2013, Neophytou et al. 2012). These
systems enable us to study flame kernel formation and propagation, and
flame stabilisation but cannot capture flame propagation from one burner
to another. This process of circular flame spreading (in an annular geo-
metry) is known as light-around, and is critical to complete ignition of an
annular combustion chamber (Boileau et al. 2008). Yet as recently as about
a decade ago, Mastorakos (2009) pointed out the absence of experimental
data concerning ignition in annular combustors, except for a single Large
Eddy Simulation (LES) study in a full 18-injector annular helicopter com-
bustor (Boileau et al. 2008). This is due to the fact that at that time, most
(if not all) laboratory-scale combustors had only single-sector flames and
flame propagation from one fuel injector to the next could therefore not
be replicated (Vignat et al. 2020). Full engine demonstrators on the other
hand, are fully capable of recreating the relight phenomenon (Klinger et al.
2011) but are very expensive to run and too complicated to have sufficient
optical access for light-around visualisation or allow fundamental studies
into the relevant physics involved.

Since then, annular combustors well-suited for the study of light-around in
a laboratory setting have been built. At present, these annular setups are
primarily based on two designs: (i) the Cambridge/NTNU annular combus-
tor, and (ii) the MICCA combustor which are shown in Figure 1.4(a) and
Figure 1.4(b) respectively.

The Cambridge/NTNU atmospheric combustor was first conceived by Worth
and Dawson (2013a,b). As the name befits, the setup has been built in both
Cambridge University, UK and later at NTNU, Norway. With a chamber
diameter of 170 mm, it allows either a 12-, 15-, or 18-injector configuration.
Flames are stabilised by means of conical bluff bodies and/or axial swirlers.
Details of the combustor are presented in Chapter 3.
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(a)

Figure 1.4: 2 main designs of laboratory-scale atmospheric annular combus-
tors: (a) that of Cambridge/NTNU, and (b) the MICCA (EM2C), reproduced
from Bourgouin et al. (2013).

The MICCA (short for Multiple-Injector Combustor for Combustion dy-
namics Analysis) was developed in EM2C, France. With a diameter of
350 mm, it is about twice the size of the Cambridge/NTNU combustor. A
radial swirler is used to aerodynamically stabilise each of the 16 flames. A
MICCA variant sharing similar geometric features as the one in EM2C has
also been built in Zhejiang University (Xia et al. 2019).

In both annular designs, geometric variation may be easily implemented, fa-
cilitating relevant parametric studies. For instance, injector spacing may be
adjusted (Ciardiello et al. 2020a,b, Machover and Mastorakos 2016, 2017a).
The gaseous fuel injectors may also be modified to introduce liquid spray
fuel (Lancien et al. 2018, 2019, Pricur et al. 2017, 2018), conical laminar
flames (Bourgouin et al. 2014, 2015), or azimuthally directed flames (Wang
et al. 2021, Ye et al. 2018).

Full optical access is also present in both designs. High-speed imaging could
then be used to track flame fronts from above the chamber by means of an
overhead mirror (Bach et al. 2013) or from the side (Bourgouin et al. 2013).
Time instants of flame fronts propagating past each injector may also be
recorded at a much higher temporal resolution by means of photomulti-
plier tube(s) or PMT(s), installed at each injector sector (Lancien et al.
2019). The measured ignition delay between successive injectors is known
as the light-around time and its significance is discussed in the following
paragraphs.
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1.2.1 Light-around time (and speed)

The light-around time is taken to be the duration between the onset of
an ignition sequence to the eventual ignition of all injectors in the annular
chamber. To identify the start and end ignition events, it is relevant to
understand the five phases of light-around proposed by Philip et al. (2014b,
2015):

(I) A hot gas kernel is formed from the high-energy deposit generated by
the spark.
There is a rapid increase in the heat release rate (HRR). Blue shaded
region in Figure 1.5.

(IT) The kernel expands and grows into a flame arch with two flame fronts:
one on the left side of the annulus, and the other on the right side.
The increase in HRR is constant. Yellow shaded region in Figure 1.5.

(III) The flame fronts propagate along the annulus in both directions: anti-
clockwise (ACW) for the left flame front, and clockwise (CW) for the
right flame front. The flame branches sequentially ignites injectors
along their circumferential paths until they meet and merge.

There is considerable fluctuations in the HRR during this phase before
reaching maximum value. Red shaded region in Figure 1.5.

(IV) Any fresh reactants still residing in the combustion chamber is pro-
gressively burnt off.
The HRR tapers.

(V) Flames of all injectors are fully stabilised.
A steady HRR is attained.

Figure 1.5 shows the time evolution of HRR segmented into phases (I) - (V)
for a typical light-around sequence. The normalised HRR is estimated from
integrated OH* chemiluminescence images. This is a reasonable assump-
tion since OH* chemiluminescence is a reliable HRR marker for premixed
turbulent flames (Balachandran et al. 2005, Higgins et al. 2001). Figure 1.5
also shows the instantaneous images of each light-around phase.

The start of a light-around is typically defined to be at some time instant
during phase (I) when the flame kernel has exceeded a certain critical size.
This is inferred using an intensity threshold of the measured OH* emissions
(Bourgouin et al. 2013) and is therefore an arbitrary choice. For example,
Ciardiello et al. (2020a) considered 3% of the maximum measured OH* from
high-speed imaging as the start of light-around, as shown in Figure 1.6.
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Figure 1.5: The normalised integrated heat release (rate) is plotted against time.
Adapted from Philip (2016), Philip et al. (2014b).
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Figure 1.6: Light-around time defined using a threshold value (3% of maximum

OH*) for the start and a maximum intensity value for the end. Adapted from
Ciardiello et al. (2020a).
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Figure 1.7: The start of the sequence is chosen to be upon the successful ignition
of injector sector 2 (labelled S-1)T, which is marked by the HRR intensity peak. It
is considered complete when the two flame fronts are merged (determined through
visual inspection of high-speed images). Adapted from Topperwien et al. (2022).

T Injector sector 1 is designated as S-0.

Ignition and kernel formation during phase (I) is characterised by high tem-
poral variability, owing to the stochastic nature of initial flame growth (Lan-
cien et al. 2019). This is supported by past works studying spark ignition
probability in single flames (Ahmed and Mastorakos 2006, Ahmed et al.
2007). Recent studies by Lancien et al. (2019) and Topperwien et al. (2022)
consider the onset of a light-around to be only upon the successful ignition
of the first (or second) injector to reduce variability between experimental
runs. This corresponds to the linear HRR growth in phase (II) which is
shaded in yellow (see Figure 1.5). The peak intensity values measured by
the PMTs at each individual injector sector are used to identify the char-
acteristic times. Figure 1.7 is an example: in this case, the second injector
sector (denoted by S-1) is chosen to be the reference point to increase data
reproducibility.

For the end ignition event, a convenient choice is the peak integrated OH*
intensity measured at the end of phase (III) as shown in Figure 1.5 and
Figure 1.6. It reasonably estimates the flame merging instant compared to
the more accurate method (barring human error) of manually inspecting
images to determine the exact moment when the two flame fronts merge
(Bourgouin et al. 2013, Tépperwien et al. 2022).

A more representative quantity for characterising ignition delay is the (ab-
solute) propagation speed S,, since the light-around process of a larger
combustion chamber evidently takes longer than a smaller one. It may be
computed as: Sy = (7D/2) /Tign where D is the mean diameter of the com-
bustor and Tig, is the light-around time. The factor of 1 /2 assumes that
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the CW and ACW flame fronts each travel approximately half of the an-
nulus circumference, which is generally valid (Ciardiello et al. 2020a). If a
more accurate measurement of the distance travelled by the flame branch
is possible, S, may be computed using that (Lancien et al. 2019). For
ease of reading, all existing studies presented shall be described in terms of
propagation speed, whenever possible. A distinction between various con-
cepts of flame speeds is discussed in Section 2.1. For now, it suffices to
state that the (absolute) propagation speed, light-around speed, or ignition
propagation speed all refer to the same quantity S,, which is the distance
travelled by the flame branch divided by the ignition delay or time lapsed
between the start and end ignition event, as is discussed earlier.

1.2.2 Factors influencing light-around speed

Existing studies are primarily focused on investigating parameters which af-
fect ignition propagation speed S, since a quick and predictable light-around
are desirable characteristics of an engine. At present, the identified factors
can generally be divided into: (i) flow field effects, (ii) flame properties, and
(iii) thermal effects.

Bach et al. (2013) performed the earliest known light-around study on an
18-injector Cambridge/NTNU rig and showed that S, decreased signific-
antly when injector bulk flow velocity U is increased from 10 to 18 m/s
(Re = 12000 to 22000). Later studies have shown the contrary: using the
same combustor, Machover and Mastorakos (2017a) showed a positive cor-
relation between S, and U when considering identical operating conditions.
The same conclusion was also made for the MICCA combustor operating
at Re = 7800 to 15600 (Bourgouin et al. 2013, Philip et al. 2014b) or when
spray flames are considered (Lancien et al. 2018, Prieur et al. 2017). This is
attributed to increased turbulence fluctuation u’ and enhanced convection
effects from larger U values. A power law of the form: S, oc U%38 has been
proposed by Bourgouin et al. (2013) to characterise the flame-turbulence
interaction. This relationship predicts a diminishing effect of U on S, and
this has been observed in a recent study by Ciardicllo et al. (2020a): for
Re Z 24500, S, remains approximately constant despite an increase in U.
Several propositions have been put forth to explain the plateauing trend,
such as unfavourable flow conditions near injector exit (Machover and Mas-
torakos 2017a) or higher probability of local flame extinction (Ciardiello
et al. 2020a), but these have not been verified in detail. Ciardiello et al.
(2020a) has also drawn parallel between the diminishing effect of U on S,
with the “bending effect” of flame speed at increased levels of turbulence
fluctuation «’ (Poinsot and Veynante 2001).
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The effect of U may also be influenced by the operation mode of the combus-
tor. Under partially premixed and non-premixed conditions, the influence
of U diminishes (Gao et al. 2021a,b, Machover and Mastorakos 2016). The
order of spark and fuel injection also matters. In all of the above-mentioned
studies, the chamber is prefilled with air-fuel before spark is initiated, a
procedure described as Fuel First Spark Later (FFSL) by Xia et al. (2019).
If the ignition procedure is reversed to have Spark First Fuel Later (SFFL),
which is often the case for a starter assist restart (see Figure 1.1), the effect of
U on S, is much greater. Finally, combustors with non-negligible azimuthal
velocity components have a propagation speed which is more correlated with
U. The presence of azimuthal velocity may be due to:

e reactants being injected into the chamber at an oblique angle®, or
e the addition of swirlers as a flame stabilisation mechanism.

For the former, the strong circumferential velocity component resulting from
the oblique fuel injection makes S, almost solely dependent on U (Wang
et al. 2021, Ye et al. 2018). In the latter case, Machover and Mastorakos
(2017a) conducted light-around studies on both swirling and non-swirling
flames. They concluded that in the presence of a swirling flow field, S,
is higher for the same operating condition. An increase in U also leads
to a proportionally larger increase in S, for swirling flames compared to
non-swirling ones.

However, azimuthal velocity enhancing burner-to-burner propagation is likely
only applicable at sufficiently small injector spacing based on experimental
studies performed on a linear array injector setup. Barré et al. (2014) sys-
tematically varied the distance between adjacent injectors to evaluate its im-
pact on flame propagation. Consider /s the distance from the axial centreline
of one burner to the next, and di,; the diameter of the injector outlet. At
ls/dinj < 7.5, high S, values are reported due to the strong tangential ve-
locity component of the swirling flames promoting a spanwise propagation
mode. For [;/diy; > 10, flames are observed to propagate along a longer
axial trajectory at a much slower speed and higher variability. In an annu-
lar configuration, the effect of injector spacing on S, has so far only been
investigated in the Cambridge/NTNU combustor. Is/diy;j is varied between
2.34 to 1.56, corresponding to the 12-injector and 18-injector configuration.
Results have not been conclusive. For non-premixed flames, the 18-injector
combustor has a higher S, value compared to the 12-injector (Machover
and Mastorakos 2016). Under premixed conditions, the reverse is true with

4Oblique fuel injection is a geometric feature characteristic of certain combustor designs
and will be elaborated in Section 2.3.
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the 12-injector generally having a shorter ignition delay (Machover and Mas-
torakos 2017a). However, a recent study by Ciardiello et al. (2020a) suggests
that there is little or no influence.

Aside from flow field effects, flame properties play a major role in influ-
encing the ignition propagation speed. Laminar flame speed SE has been
identified by Bourgouin et al. (2013) as a critical parameter. Machover and
Mastorakos (2017a), Prieur et al. (2017), Xia et al. (2019) have since cor-
roborated this key finding via ignition studies of gaseous and spray flames
under premixed conditions. The strongest evidence correlating SE to Sy is
provided in a recent investigation by Ciardiello et al. (2020a): two different
hydrocarbon mixtures, specifically that of CHy-air and CoHy-air, produce
very similar light-around times (and hence speed) for the same S{ value.
Similar to flow velocity U, the effect of S under partially or non-premixed
conditions is much less clear (Gao et al. 2021a,b). It is important to men-
tion that when using pure hydrocarbon as fuel, S} is varied by changing
the equivalence ratio ¢. For ¢ < 1, an increase in ¢ leads to an increase in
both SY and dilatation ratio, which is the ratio of the density of unburned
reactants (p,) to that of the hot burnt products (pp) which is also known to
influence the ignition light-around speed. The effect of p,/pp is discussed
later in the section.

The dependence of ignition propagation speed on the bulk velocity U and
laminar flame speed S logically leads to the choice of expressing S, in
terms of the turbulent flame speed ST, a flame speed concept which en-
capsulates both turbulent flow field effects and the flame property SP.
Review papers by Driscoll (2008), Lipatnikov and Chomiak (2005, 2002)
provide a detailed summary on the extensive research concerning St cor-
relations. Notably, Bourgouin et al. (2013) modelled the flame ignition
behaviour using St = (58)0'6 U4 with reasonable success. Xia et al.
(2019), Zhong et al. (2021) have also used St correlation of the form:
Sp =SV + C(u')0'5 (53)0'5 Re; (Lipatnikov and Chomiak 2002, Zimont
1979) to characterise the propagation speed of the flame front’s leading
points. In the above St expression, Rey = u'L/v is the integral-scale
Reynolds number, v’ is the velocity fluctuation, £ is the integral length
scale within the combustor, v is the fluid’s kinematic viscosity and C is a
constant.

Some studies have also chosen to represent the light-around propagation
speed in the form: S, = (pu/pp) ST (Bourgouin et al. 2013, Prieur et al.
2017). The term py/pp reflects the effect of the volumetric expansion of hot
gases during ignition. It is also a key parameter affecting S, and is discussed
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in the following paragraph.

Across a flame reaction zone, there is a significant density change between
the downstream hot burned combustion products py, and the upstream cold
unburned reactants p,. During ignition, this difference in density enhances
flame propagation since the newly formed burned gas expands and drives the
fresh reactants further downstream. This phenomenon has since been aptly
known as the thrust (Barré et al. 2014) or the piston effect (Pricur et al.
2018). The concept of a density-weighted flame displacement speed given
by Sqa = Sa/(pu/pp) is used to quantify this combustion-induced density
variation (Poinsot and Veynante 2001, Ruetsch and Broadwell 1995), and
may be computed by considering the ratio of the adiabatic flame temperat-
ure to the temperature of the unburned fresh reactants (Prieur et al. 2017).
This expression has been extensively adopted in numerous flame research
(Echekki and Chen 1998, Im and Chen 1999) and more recently, in light-
around studies (Bourgouin et al. 2013, Ciardiello et al. 2020a, Prieur et al.
2017, Xia et al. 2019). Notably, the effect of the dilatation ratio py/p, was
evaluated by Topperwien et al. (2022) in a recent LES study on the MICCA
combustor. It was found that the volumetric expansion of hot burned gases
during the early phase of light-around may result in an increase of the azi-
muthal velocity component by up to 400%, greatly enhancing the ignition
speed. However, Ciardiello et al. (2020a) suggests that the influence of p, /py,
is much more limited compared to that of SE. It is also widely believed that
the effect of py/py, is highly dependent on the thermal operating conditions,
in comparison to SE. For instance, if the combustor is preheated prior to
ignition, there is minimal or no heat loss from the hot expanding gases to
the combustor walls since they are (almost) in thermal equilibrium. pp, and
thus py/pp remains largely constant. This adiabatic scenario is akin to an
immediate relight upon engine shutdown, and is known to exhibit speeds up
to 60% faster than in a (cold) non-preheated case (Philip et al. 2014b). In
contrast, for a non-preheated case, the combustion chamber is ignited with
combustor walls at ambient room temperature to approximately mimic re-
light after an extended period of engine shutdown. Considerable heat loss
is expected from the huge temperature gradient as hot flame fronts impinge
upon the cold combustor walls. The increase in burned gas density py, weak-
ens the thrust effect, with a reduced azimuthal velocity Uy, leading to an
eventual decrease in S, (Puggelli et al. 2020).

Two recent LES studies by the EM2C group however, has shed light on the
complexity of the interaction between dilatation ratio and thermal condi-
tions in liquid fuel spray combustion: (i) A higher p,/pp value due to little
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or no heat loss does not lead to a proportionate increase in S,. This is at-
tributed to a corresponding increase in the outflux of burned gases from the
combustion chamber outlet, which partially negates the increase in propaga-
tion speed due to a volumetric expansion of hot gases (Topperwien et al.
2022). (ii) The effect of dilatation ratio may be much more diminished than
previously thought. Despite considerable heat loss throughout the light-
around sequence in the ambient temperature case, the value of p,/pp at any
instant is still much larger that of the preheated, adiabatic case since py is
larger for preheated reactants (Topperwien and Viequelin 2022). Therefore,
the lower ignition speed for the non-preheated case as compared to the pre-
heated case cannot in any way, be explained by the dilatation ratio effect.
Instead, it was found that unburned reactants at elevated temperatures have
higher SY which leads to larger S, values. Compared to density variation
across a flame front, laminar flame speed is shown to be much more sus-
ceptible to changes in thermal conditions. The role of laminar flame speed
may be much more dominant and that of dilatation much more limited than
previously thought.
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1.2.3 Findings and knowledge gaps of existing light-around studies

Table 1.1:

Summary of past ignition light-around studies in annular combus-

tors. Unless otherwise stated, experiments are taken to be conducted on premixed
gaseous flames.

2008 - --

2013 - --

2014 - --

2016 - --

2017 - --

2018 - --

2018 - --

2018 - --

2019 - --

First LES performed by Boileau et al. (2008).

First experiments by Bach et al. (2013) on the Cambridge
combustor, and Bourgouin et al. (2013) on the MICCA.
Investigation of bulk velocity U and turbulence effects.

Experimental and LES investigation on ignition phases by
Philip et al. (2014a,b, 2015). Thermal effects identified.

First non-premixed flames study by Machover and
Mastorakos (2016). Investigation on bulk velocity U,
injector spacing ls/d and equivalence ratio ¢.

First liquid spray ignition experiment by Prieur et al.
(2017). Study on thermal effects, dilatation ratio py/pp,
and laminar flame speed SY.

Study on the effect of injector spacing ls/d, bulk velocity
U, equivalence ratio ¢, and swirl by Machover and
Mastorakos (2017a).

Numerical study on non-premixed flames by Machover and
Mastorakos (2017b). Investigation on stochasticity.

Ignition dynamics of liquid spray flames by Prieur et al.
(2018).
Two-phase reactive flow LES on spray flames by Lancien

et al. (2018).

First study on the effect of strong azimuthal swirl by Ye
et al. (2018).

Effect of volumetric expansion (dilatation ratio) on leading
point dynamics in liquid spray flames by Lancien et al.
(2019).

Study of ignition modes (Fuel First, Spark Later or Spark
First, Fuel Later) by Xia et al. (2019).
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2020 - --

2021 - --

2022 - --

LES on wall temperature for liquid spray flames by
Puggelli et al. (2020).

LES study on ignition dynamics by Zhao et al. (2020).

Spark location, lean ignition probability and laminar flame
speed SY by Ciardiello et al. (2020a,b).

Study of ignition modes (Fuel First, Spark Later or Spark
First, Fuel Later) and effect of bulk velocity U and
equivalence ratio ¢ under strong azimuthal swirl by Wang
et al. (2021).

Propagation dynamics and effect of bulk velocity U and
equivalence ratio ¢ in staged partially premixed flames by
Gao et al. (2021a,b).

Flame subgrid-scale wrinkling modelling of liquid spray
flames by Puggelli et al. (2021).

Experimental study on the flow field dynamics during
light-around by Zhong et al. (2021).

Low-order modelling of light-around by Ciardiello et al.
(2022a).

LES study on the impact of two-phase flow and wall heat
transfer on the propagation mechanism of liquid spray
flames by Topperwien and Vicquelin (2022), Tépperwien
et al. (2022).

Leading point dynamics in staged partially premixed
flames by Wang et al. (2022).

Existing studies have mainly focused on the investigation of light-around
propagation speed S, in annular combustors using premixed hydrocarbon-
air. A list of past works is listed in Table 1.1, and the experimental findings
could be summarised as follows.

e An increase in bulk velocity U generally leads to faster light-around
propagation speed S, likely due to increased turbulence and convection
effects. The effect plateaus with increasing values of U.
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e The presence of azimuthal velocity component favours spanwise over
axial flame propagation. This mode of propagation is faster, and leads
to increased S, values.

e The effect of flame interaction (through variation of injector spacing)
is inconclusive but seems to have little or no impact on Sy.

e Laminar flame speed SE is identified as a dominant factor influencing
ignition propagation speed which is further enhanced with increased
temperature 7.

e The volumetric expansion of hot burnt gases (quantified using dilata-
tion ratio p,/pp) has been shown to have a much more diminished
impact on S,.

In light of these past works, the relevant knowledge gaps may be formulated
into questions which are grouped into sub-topics:

On flame properties

Q1. Are current light-around findings based on hydrocarbon fuels applicable
to non-carbon fuel types such as NHs and Hy?

It is unknown if existing findings based on hydrocarbon fuels are equally
valid for carbon-free fuels that have different flame properties. For instance,
NHj3 has a much lower laminar flame speed (Valera-Medina et al. 2018) while
Hy has a much faster molecular diffusion (Ricth et al. 2022) with Lewis
number Le much less than one. Given that flame properties may heavily
influence ignition propagation speed S, as seen in previous studies which
have established a strong correlation between laminar flame speed SE and
Sa (Ciardiello et al. 2020a, Prieur et al. 2017, Xia et al. 2019) or that the
dilatation ratio p,/pp, has been suggested to be a key mechanism of flame
propagation (Bourgouin et al. 2013, Topperwien et al. 2022), it is imperative
to gain a better understanding on how these flame properties affect ignition
dynamics. This is particularly relevant when there is increased interest in
using non-conventional fuels such as NH3 and Hs to reduce carbon emissions
yet little is currently known about the effect of these fuel types on ignition
dynamics.

Q2. What is the isolated effect of laminar flame speed and dilatation ra-
tio on ignition light-around?

Related to the previous objective on the effect of flame properties on igni-
tion dynamics, the effects of dilatation ratio p,/p, and laminar flame speed
SE have not been independently investigated due to the limitation of using
a single hydrocarbon species as fuel: increasing equivalence ratio ¢ leads to
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larger SE values and invariably, increases py/pp, as well. As such, identifying
the individual contribution of p,/pp, and S} in light-around propagation of
lean premixed hydrocarbon fuel-air mixtures is not easily achieved.

On combustion modes

Q3. Do more realistic combustion modes like Rich-Quench-Lean (RQL)
share similar ignition behaviour to the conventional laboratory combustor?
Light-around ignition studies are usually conducted in greatly simplified
annular combustors operating in a non-staged, premixed mode. This is
done by necessity due to limitations in a laboratory setting. Limited studies
performed under non-premixed or partially premixed conditions, which are
more realistic to engines presently in operation, indicate that ignition under
non-premixed conditions is very different from that of premixed flames.
More complicated multi-stage burning modes, such as azimuthal staging or
Rich-Quench-Lean (RQL) staging” have so far not been investigated for its
effect on ignition dynamics as well.

On statistical convergence

Q4. Are conclusions drawn upon limited number of light-around runs (which
is a transient and stochastic process) valid?

Finally, current findings are concluded based on limited runs, usually between
three to five repetitions for a given operating condition. It is not exactly
clear if findings deduced from such small sample sizes are necessarily con-
clusive given that ignition light-around is a transient phenomenon occurring
under turbulent flow conditions to which we end off this introductory sec-
tion on ignition dynamics by quoting Mastorakos (2017) in his recent review
paper:

Since ignition is a transient process and the flows we are inter-
ested in are turbulent, the average behaviour must be understood
as an ensemble over many ignition realisations.”

There is evidently a need to provide more experimental data related to light-
around and Section 1.4 provides an overview of how various experiments are
conceived to address the relevant research questions.

5The different staging methods are discussed in Chapter 2.
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1.3 Lean blowoff dynamics

Similar to challenges in conducting ignition studies, the investigation of lean
blowoff (LBO) dynamics in actual engines is difficult due to: (i) the inher-
ent complexity of the transient phenomenon, (ii) lack of optical access, and
(iii) the complicated geometry of a typical engine as discussed earlier in Sec-
tion 1.2. Numerous LBO studies have since been performed in single flames,
and are summarised in the review papers of Longwell (1953), Mellor (1980),
Penner and Williams (1957), Radhakrishnan et al. (1981) and more recently
that of Shanbhogue et al. (2009). Compared to ignition light-around studies
however, investigation of LBO in annular configurations is even more lim-
ited. To the best of knowledge, studies have so far only been performed on
the atmospheric annular combustor in Cambridge, UK (Allison and Mas-
torakos 2017, Ciardiello et al. 2020c¢), as well as a preliminary LBO study of
a 4-injector annular combustor in Jadavpur University, India (Bhattacharya
et al. 2019). Before discussing existing LBO studies performed on turbulent
premixed flames which is the focus of this thesis, some definitions are first
briefly discussed.

First, a distinction between the terms blowoff and blowout is often made.
As described by Mansour (2003), blow-off (blowoff) refers to the extinction
of attached flame while blow-out (or blowout) is specific to the extinction
of a lifted flame. In the current work, no such distinction is made. The
choice is motivated by existing studies which show that a series of local
flame liftoff and subsequent reattachment /reignition events usually occurs
prior to the eventual global extinction of flames. Discerning whether it
is a blowoff or blowout event at each injector sector is complicated in an
annular combustor and generally not of practical interest. (Lean) blowoff
or blowout will be used interchangeably to refer to the global extinction of
fuel-lean flames independent of the status of the flame (lifted or attached)
prior to extinction, similar to the approach adopted in Cavaliere (2013) and
Ciardiello (2021). Blowoff however, is not synonymous with local extinction
as emphasised by Shanbhogue et al. (2009). In fact, local extinction should
be regarded as part of the blowoff process which is described below.

1.3.1 Lean blowoff process

The lean blowoff process can be regarded as a two-stage process (Lieuwen
2012) and is shown in Figure 1.8.

(I) Local extinction of flames. This is the instant where holes start form-
ing in the flame sheets, generally in regions with high stretch rate.
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With increasingly lean fuel mixtures or higher flow velocities®, the
occurrence and duration of these local extinction events increase.

(IT) Change in wake dynamics leading to global extinction of flames. As
the blowoff process progresses, the flow field becomes more unsteady
and is usually characterised by large velocity fluctuations (Hertzberg
et al. 1991) and strong flame flapping (Chaudhuri and Cetegen 2008,
Nair and Lieuwen 2005, 2007). Flames can no longer stabilise well at
the shear layers and all flames are eventually extinguished.

N
. ?M

\«’%

Stage (II): flapping of flame fronts which are also observed to be more wrinkled.

Figure 1.8: Sequence of flame images showing stages (I) and (II) of the lean blowoff
process. Reproduced from Nair and Lieuwen (2007).

5The experimental procedure for lean blowoff studies is discussed in detail under Sec-
tion 3.7.
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It is worth mentioning that in stage (I) of the blowoff process, the unstable
flame undergoes cycles of local extinction and recovery, but is able to persist
in this state perpetually according to Nair and Lieuwen (2007). It is only
at some point in stage (II) that flame recovery is impossible, resulting in
the inevitable consequence of global flame extinction. Recent advances in
high-speed optical diagnostics have provided insights on the instants leading
to the final blowoff event.

1.3.2 Lean blowoff mechanism

Planar light scattering from seeded oil droplets and OH* chemiluminescence
performed by Muruganandam and Seitzman (2005) suggested that highly
strained lean flames have holes which allow continual penetration of cold
reactants into the recirculation zone. The hot gas recirculation is disrupted
and the heat release rate decreases to a point whereby successful reignition
along the shear layer is no longer possible, leading to the eventual global
flame extinction. Simultaneous measurements of OH*-Planar Laser-Induced
Fluorescence (PLIF) and Particle Image Velocimetry (PIV) by Chaudhuri
et al. (2010, 2011) support this finding. However, it was emphasised that
the findings do not exclude other possible blowoff mechanisms, particularly
for combustors with different geometries and operating conditions. LBO
experiments conducted in Cambridge University suggested that it is also
the entrainment of cold reactants, but from the downstream end of the
recirculation zone that leads to the eventual blowoff (Dawson et al. 2011,
Kariuki et al. 2012a,b). A later study by Kariuki et al. (2013) showed
that geometric factors such as injector spacing and the presence of swirl
alter the flow field and influence whether the entrainment of reactants is
along the sides or at the downstream end of the recirculation zone. An
experimental and numerical study by Zhang et al. (2021) suggested that
aside from geometric factors, the blowoff behaviour is also affected by the
fuel type. For a swirling CH4 flame, a decrease in heat release rate (from
decreased fuel consumption) results in local extinction near the flame root,
causing the flame to lift off and eventually lead to a final blowoff. In the
case of a NH3 flame, excessive strain rate was identified as the reason which
causes local extinction at the downstream end of the recirculation zone that
progressively leads to the flames being fully extinguished. Wiseman et al.
(2020) also considered different fuel types, and it was reported that for a
given strain rate, CH4 flames have a much lower heat release rate compared
to NH3-Hs-Noy blends, and therefore have worse blowoff limits. PIV and
OH* chemiluminescence by Morales et al. (2019) provided insights on how
interaction between the flames and flow field vorticity along the shear layer
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induces high strain rates, leading to flame extinction.

Simultaneous OH and CHoO PLIF has also been recently employed by Ku-
mar et al. (2020) to quantify reactant pockets (or flame holes) of a pre-
mixed swirl-stabilised flame. The reactant pockets were found to be small
in volume and with short lifetimes. They do not entrain far into the wake,
and simply react and/or mix quickly with the hot gases. The average wake
composition of a lean, unsteady flame approaching blowoff is thus, surpris-
ingly not very different from that of a stable flame. The large-scale flow
disruptions observed during stage (II) of the blowoff process therefore can-
not be explained solely by the presence of reactant pockets.

In all existing studies, identification and generalisation of a unifying physical
mechanism(s) governing the final blowoff event in stage (II) of the LBO
process remains an unresolved key issue (Licuwen 2012, Shanbhogue et al.
2009).

Geometric factors influencing lean blowoff limits

Aside from fundamental investigations on the LBO mechanism, various geo-
metric influences on the eventual lean blowoff limits of premixed flames have
also been studied. The presence of a confinement chamber improves the
LBO limits in both bluff body stabilised (Dawson et al. 2011) and swirling
flames (Ji et al. 2022), and is likely attributed to the different stabilisation
mechanisms involved. In addition, Ji et al. (2022) concluded that a larger
confinement area leads to flames which are more resilient to lean extinction,
similar to previous findings by Tong et al. (2017). The chamber height was
also investigated by Kariuki et al. (2013) but the results were inconclusive.
Interestingly, it was found that a square enclosure better stabilises a flame
compared to a circular one.

In the same study by Kariuki et al. (2013), the presence of a swirling flow
field in a twin-flame configuration was found to have minimal impact on the
eventual blowoff limits. However, it is suggested that a higher swirl intensity,
measured in terms of swirl number 8, does lead to an improvement in LBO
limits for a single flame (Jerzak and Kuznia 2016, Syred et al. 2014).

Injector spacing in a multi-injector combustor is another key geometric para-
mter which has also been considerably studied in various works (Ciardiello
et al. 2020c, Jella and Bergthorson 2022, Kariuki et al. 2013, Kwong and
Steinberg 2019a,b, Yamaguchi et al. 1985). This is discussed later in the
chapter under Section 1.3.4.
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1.3.3 Lean blowoff correlation

Despite the difficulty in determining the actual LBO mechanism as discussed
earlier, there has been some considerable success in formulating lean blowoff
correlations based on existing single flame studies.

Early works suggested the blowoff limit equivalence ratio ¢ to be a function
of injector diameter dj,;j, temperature 7', pressure P, and bulk flow velocity
U, as summarised by Longwell et al. (1953). To better relate the blowoff
phenomenon to fluid and chemical fundamentals, Zukoski and Marble (1956)
proposed the use of Damkohler number Da which is the ratio of the charac-
teristic fluid time scale 7o to the characteristic chemical time scale Tehem
as shown in Equation 1.1:

Dq = v (1.1)
Tchem

Karlovitz number Ka may also be used, and is usually regarded as the
inverse of Damkohler number Da. A critical value of Da or Ka exists such
that the relevant chemical process needs to occur at a faster rate than that
of the characteristic fluid time for the successful stabilisation of flame. This
critical value is dependent on the choice of the characteristic times g4y and
Tchem- For the fluid mechanic time scale 7qqy, it is given as Taow = % where
[ is the characteristic length scale which may be the wake length behind a
flameholder or diameter of the flameholder. U is the characteristic velocity
at the blowoff limit which may be chosen as the average burned gas velocity
or the injector exit velocity. For the chemical time scale 7¢hem, there is a
lack of consensus on the definition, reflecting the limited understanding of
the underlying reaction and blowoff mechanism as discussed earlier. In the
most recent review paper by Shanbhogue et al. (2009), different Tehem were
considered:

e the “blowoff residence time” of a perfectly stirred reactor e, or

e the inverse of extinction strain rate of a laminar premixed flame (flame-
let) Text = 1/Kext-

e the unstretched laminar premixed flame time 7p¢ = 61,/ SE where J, is
the laminar flame thickness and SE is the laminar flame speed.

The computation of these characteristic chemical times is usually obtained
from CHEMKIN (Morales et al. 2019, Shanbhogue et al. 2009). In the case of
Tpsr, it is assumed that there is rapid mixing of cold reactants and hot burnt
gases within the combustor, similar to a well-stirred reactor. Within this
homogeneous reaction zone, extinction occurs if the entrainment rate of cold
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reactants into the recirculation zone exceeds the consumption rate at which
these reactants are being burned (Law 2006, Longwell et al. 1953, Penner
and Williams 1957). However, there is little or no evidence to support the
assumption of a well stirred reactor (with infinitely quick mixing) as pointed
out by Driscoll (2008). On the other hand, existing studies suggest that the
concept of flamelets is applicable to a wide range of flow conditions and is
more appropriate (Driscoll 2008). In this case, the flame front is assumed to
consist of numerous small laminar flames (flamelets). When these flamelets
are subjected to sufficiently high strain rates’” and/or heat losses, extinction
occurs (Law 2006, Poinsot and Veynante 2001). It is interesting to note
that despite limited understanding of the final flame extinction mechanism
in stage (II) of the blowoff process, Da values reported from various datasets
using different choices of Tchem all give a reasonable collapse with respect
to the Reynolds number of the flow. This is likely attributed to current
approaches being capable of capturing at least part of the physics involved
in stage (I) of the blowoff process (Shanbhogue et al. 2009).

Another possible expression of the fluid and chemical time scale is proposed
by Radhakrishnan et al. (1981) and expressed as in Equation 1.2.

- q1/2

5~ |°(0) (&) "

————

1 Tchem
THow

It is derived based on consideration of coherent structures in turbulent flows,
assuming that the time needed for laminar flame propagation through tur-
bulent small eddies, taken as Tchem, needs to occur faster than the char-
acteristic fluid mechanic time g4y for successful flame stabilisation. It has
been used to scale the blowoff limits of not just single flames (Cavaliere et al.
2013, Kariuki et al. 2012a) but also two adjacent flames (Kariuki et al. 2013)
in one of the first attempts to describe the lean blowoff limits of a multi-
injector setup by means of a Damkohler number Da. Reasonable collapse
was achieved for the twin-flame configuration at different injector spacing
for both swirling and non-swirling cases. At present, there are limited lean
blowoff studies in multi-injector configuration to conclusively validate the

"This is also known as the flame stretch rate x, which is the rate of change of a flame
surface element A, given by x = (1/A) dA/dt. See Chapter 2 for details.
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generality of Equation 1.2, especially given the much more complex flame
interaction taking place in an annular geometry. This is illustrated in the
following section whereby key findings of lean blowoff investigations in linear
array and annular combustors are summarised.

1.3.4 Blowoff dynamics in multi-injector combustor

Studies on correlations and governing mechanism of the lean blowoff (LBO)
have been mainly restricted to only single flames by necessity to reduce the
associated complexity and cost, but with a clear limitation of being incap-
able of replicating the complex flame interaction present in adjacent inject-
ors as highlighted earlier in Section 1.2 when discussing ignition dynamics.
An early study by Yamaguchi et al. (1985) using multiple cylindrical rod
bluff bodies suggested that with decreased injector spacing, the lean stabil-
ity limit is reduced. A twin-flame study by Kariuki et al. (2013) arrived
at similar conclusions in which the single flame cases always have a leaner
fuel limit for a given injector bulk velocity. Consideration of the Damkd&hler
number Da in Equation 1.2 did however, result in a reasonable collapse of
the blowoff limits for both single and twin flames.

The first LBO study in an annular configuration was performed only as
recent as 2017 by Allison and Mastorakos (2017) on the 18-injector Cam-
bridge combustor. The annular combustor was noticed to have an asym-
metric blowoff behaviour in which individual injectors blowoft at different
instants. Two distinct stages of LBO were identified: (I) local flame ex-
tinction on individual injector sectors, followed by (II) the eventual global
extinction, There was a 20% reduction in equivalence ratio ¢ from the first
instant of local flame extinction to the eventual global extinction, an in-
dication of the prolonged transient process of lean blowoff. This is similar
to stages (I) and (II) of the LBO process described by Shanbhogue et al.
(2009) for single premixed flames. The preliminary study was followed up
with a detailed investigation by Ciardiello et al. (2020¢) in which the lean
operational limit of a 12- and 18-sector combustor was mapped. These geo-
metric configurations correspond to an injector spacing of ls/dinj = 2.34 and
1.56 respectively where [ is the distance from the axial centreline of one
burner to the next, and di,; is the diameter of the injector outlet. The 12-
injector setup was able to better withstand blowoff when compared against
the 18-injector. Equation 1.2 was again used to correlate the LBO limits.
The Da values corresponding to the 12-injector combustor agrees well with
the single flame results previously measured by Kariuki et al. (2012b) if the
blowoff limit is taken to be at the onset of stage (I) which is the time instant
when local flame extinction first occurs. This follows a similar hypothesis
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by Shanbhogue et al. (2009) in which he reasoned that Da correlations work
well in correlating stage (I) of the LBO process (see Section 1.3.3). However,
no satisfactory scaling was possible for the 18-injector configuration which
has a greater extent of flame interaction due to the tighter injector spacing.

The flow field and flame interaction between adjacent injectors, a character-
istic noticeably absent in single flame setups, also amplifies any local flame
extinction and/or lift-off as reported by Ciardiello et al. (2022b). Whenever
flames at an annular sector is lifted or extinguished, the sector(s) in proxim-
ity also undergo subsequent local extinction and when the flame reattaches
back to the injector bluff body, the adjacent (lifted) flames are also likely
to reattach in successive instants. The dependence behaviour of adjacent
flames has also been previously observed in multiple injectors arranged in
a linear array as evidenced by the experimental works of Kwong and Stein-
berg (2019a,b). Simultaneous OH*-PLIF and stereoscopic-PIV were per-
formed, and local extinction and reattachment events occurring at a single
injector site were observed to drastically change the flow fields in the im-
mediate vicinity. In a two-injector configuration, it enhances and extends
the lean operational limit compared to a single flame while the reduced in-
jector spacing in a 5-burner case increases flame strain rate x and weakens
the recirculation zone, resulting in a poorer LBO limit. A subsequent Large
Eddy Simulation (LES) study was also conducted to replicate the flame sta-
bilisation observed experimentally (Jella and Bergthorson 2022, Jella et al.
2021). Interestingly, the reactant residence time, which is closely related
to the perfectly stirred reactor model, was able to account for the observed
non-monotonic LBO trend with decreased injector spacing. Flame strain
rate however, was unable to explain the LBO behaviour.

A recent LBO study was also performed by Ciardicllo et al. (2022b) in a lin-
ear arrangement of five injectors and exhibited very similar LBO behaviour
to that of the 12-injector annular combustor. The reported 1/Da values
computed using Equation 1.2 for the case of the linear array of injectors lie
in the same range as that of the annular combustor. It was concluded that
the linear arrangement can reliably replicate the lean blowoff limits of an
annular combustor.

1.3.5 Findings and knowledge gaps of existing blowoff studies

Existing studies have established that lean blowoff is a two-stage process for
which:

e the onset of stage (I) local extinction may be reasonably predicted by
the Damkohler number Da for the case of single flame and to some
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extent, multi-injector flames.

e Flame interaction in a multi-injector setup (be it in an annular or
linear arrangement) amplifies any local flame extinction or local flame
reattachment, and may either worsen or improve the LBO limits.

Various pertinent questions concerning lean blowoff dynamics remain unad-
dressed and are attributed to the lack of understanding in the underlying
mechanism particularly in the case of multi-flame combustors. This is due to
the lack of experimental studies as shown by the limited past investigation
in Table 1.2.

From single flame studies, it is clear flames are able to withstand some
form of extinction, given that they may exist perpetually in stage (I) of
the blowoff process. However, current studies have not been able to exactly
pinpoint the mechanism triggering the global extinction event which could
either be the entrainment of cold reactants quenching the reaction or overly
stretched flames rendering flame stabilisation impossible, to name a few.
There is also no agreement on the appropriate measure of quantity which
determines the critical limit at which flame recovery is impossible, resulting
in the inevitable global flame extinction. For instance, strain rate x and heat
release rate (indicative of the reaction rate) have been used to define relevant
thresholds for different stages of the blowoff process. However, flames have
been observed to survive even when x exceeds the supposed extinction strain
rate or when the heat release rate (indicative of the reaction rate) is well
below the extinction value. As discussed earlier in Section 1.3.2, the analysis
of the blowoff process requires advanced imaging diagnostics which may not
always be available.
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Table 1.2: Summary of past lean blowoff studies in annular combustors. Relevant
studies on linear array combustors are also included. Unless otherwise stated,
experiments are taken to be conducted on premixed gaseous flames.

Visualisation of twin-flame lean blowoff by Kariuki et al.

2013 - (2013).

92017 First LBO study in an annular configuration by Allison
and Mastorakos (2017).

2019 Detection of LBO in an annular combustor by

Bhattacharya et al. (2019).

LBO dynamics in a linear combustor by Jella et al. (2021),
2019 - - ¢ Kwong and Steinberg (2019a,b). Investigation on injector
spacing ls/d and reattachment dynamics.

LBO study on single sector and annular configurations by
2020 - - ¢ Ciardiello et al. (2020c¢). Investigation on the use of
Damkohler number Da to characterise LBO limits.

Comparison of LBO dynamics under premixed and
2022 - - - ¢ non-premixed mode for both linear array and annular
combustors by Ciardiello et al. (2022b).

Numerical study on the influence of injector spacing in a
linear array combustor by Jella and Bergthorson (2022).

In view of the inherent complexity of LBO mechanism(s) and the possible
limitations in our laboratory, the thesis mainly focuses on the characterisa-
tion of lean blowoff behaviour in an annular configuration. The following
questions are considered:

On combustion modes

Q5. Is it possible to modify laboratory-scale combustors to more closely rep-
licate the lean blowoff physics of real engines? If so, does it still share similar
lean blowoff characteristics to the conventional laboratory combustor?

Similar to ignition studies, experimental work on lean blowoff are usually
performed in simplified non-staged laboratory-scale combustors. It is not
unknown whether the physics of lean blowoff process replicated in these
model combustors are drastically different from actual engines which typ-
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ically have quench cooling or in some cases, have unique geometric design
inducing strong azimuthal swirl for instance.

On multi-flame interaction

Q6. How does the lean blowoff dynamics of annular combustors compare to
that of a single flame?

Compared to light-around ignition which is unique to annular combustors,
the lean blowoff phenomenon can be found in both single and multiple
flames arranged either in a linear or annular configuration. Despite the
large amount of literature on the lean blowoff dynamics on single flames,
current data concerning annular combustors is too limited however to arrive
at any conclusive findings, such as whether the Damkohler number Da can
always be used to describe multiple-flame extinction as in the case of single
sector flames, or determining the effect of flame interaction on LBO which
current studies have only just begun to investigate.

As the first step to better understanding LBO in annular combustors, there
is a pertinent need to gather more experimental data concerning the lean
blowoff dynamics in such a geometry which constitutes part of the research
objectives discussed in the following section.

1.4 Objectives

The past decade of research has increased our understanding of the relev-
ant physics governing the light-around process but also highlighted various
knowledge gaps. Likewise, advances in high-speed diagnostics have painted
a better picture of lean blowoff dynamics yet fundamental questions remain
unaddressed. This section outlines how experimental work performed in
the framework of this thesis attempts to address the various research ques-
tions for ignition and lean blowoff dynamics of turbulent flames in annular
combustors listed in Section 1.2.3 and Section 1.3.5 respectively.

First, to address Q4, multiple runs are performed for each experiment to
ensure at least some form of statistical convergence In the case of igni-
tion light-around, each operating point is repeated 10-15 times for the data
presented in Article II, and at least 30-50 times for Article III. For lean
blowoff, each operating point of interest is also repeated multiple times on
separate occasions to check for repeatability.

The remaining research questions could be classified into three main research
objectives as shown in Figure 1.9 which are elaborated in the following
paragraphs.
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Figure 1.9: Chart summarising the research objectives.

O1. Ignition studies using non-carbon fuels

Fuel blends of NH3 and Hs are investigated in the NTNU annular combustor
for their effect on ignition dynamics. To the best of understanding, this is
the first such attempt to consider the use of non-carbon fuels in light-around
studies. This helps to answer Q1 and verify if current findings are applicable
to non-carbon fuels which have vastly different flame properties. The use
of NHs and Hs blends also helps to address ()2 since a mix of different
fuel types allows independent variation of the laminar flame speed SY and
dilatation ratio py/pp, something which is not achievable when using only
a single hydrocarbon fuel. Details of these are discussed in Article III.

02. Lean blowoff studies using different annular injector configurations

To the best of knowledge, there has been only one detailed lean blowoff
(LBO) study performed on the Cambridge annular combustor (Ciardicllo
et al. 2020¢). LBO experiments are thus conducted on annular combus-
tors as well as their single flame equivalents, details of which is covered
in Chapter 3, to provide more experimental insights to address Q6. The
lean extinction limits are mapped for different geometries of the annular
combustor, and high speed diagnostics are employed in the form of OH*
chemiluminescence imaging and planar laser-induced fluorescence (PLIF)
and PIV will be used to characterize flame-to-flame interactions, which has
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been identified as a key factor influencing LBO in multi-lame configura-
tions. Preliminary data is presented in Chapter 4.

03. Studies more closely replicating physics of real combustors

In response to Q3 and )5, two new laboratory-scale combustors are con-
ceived to mimic key design features found in the SAFRAN spinning combus-
tor, in collaboration with SAFRAN Helicopter Engines under the innovative
Training Network of ANNULIGhT, an EU funded project under the Marie
Sklodowska-Curie Actions. The simplified laboratory-scale models are de-
signed to include:

e a strong mean azimuthal swirl around the annular chamber,
e a Rich-Quench-Lean (RQL) staging mode, and
e azimuthal fuel staging.

Section 2.3 describes these features in detail. Though these two combus-
tors are still simplistic in nature, they serve as more realistic replications
of actual engines compared to current laboratory models which may have
been grossly simplified in some instances. A preliminary characterisation
followed by ignition and lean blowoff experiments are performed to identify
the relevant physics which are replicated from high to low technology read-
iness level (TRL). The characterisation data serves to validate the fidel-
ity of Large-eddy Simulation (LES) performed by CERFACS, France and
SAFRAN Helicopter Engines, France in simulating flames present in a spin-
ning combustor, and is documented in Article I. Results pertaining to igni-
tion dynamics under the effect of strong azimuthal swirl in a RQL staged
combustor is presented in Article II. Azimuthal fuel staging is also evaluated
for its impact on ignition limits in the second part of the paper. The effect
of strong mean azimuthal swirl on lean blowoff is discussed in Article IV.

1.5 Thesis outline

This current chapter gives an introduction to ignition and lean blowoff dy-
namics of turbulent flames in annular combustors, providing the relevant
research context and motivations. Relevant concepts are next discussed in
Chapter 2 before a presentation of the relevant experimental setup and dia-
gnostics in Chapter 3. Chapter 4 briefly covers some unpublished data,
mainly pertaining to that of lean blowoff dynamics. The relevant research
articles are summarised in Section 5.1 before concluding with a future out-
look. Appendix A contains the technical drawings of experimental setups
which have been specifically conceived for the purpose of this thesis.



Fundamentals

In this chapter, various definitions and concepts used in the current work
are briefly outlined as follows.

(2.1) The properties of a canonical flame is briefly presented,
(2.2) followed by characteristics of a swirling flow before finally introducing,
(2.3) the design concepts of the SAFRAN Spinning Combustion Technology.

2.1 Flame properties

Different non-carbon fuel blends are used to independently vary combus-
tion properties, specifically the laminar flame speed SY and dilatation ratio
Pu/pPb, to study their effects on the absolute flame speed S, during the ig-
nition light-around process. It serves to evaluate whether existing findings
based upon hydrocarbon fuels are equally valid for non-carbon fuels. As
seen in Article III, it is revealed that the thermo-diffusivity properties of a
fuel mixture, which may be quantified by the effective Lewis number Le.g,
may also influence the ignition propagation speed. These key flame prop-
erties are thus briefly presented in the following sections to provide readers
with the relevant context. The content is based on Cant and Mastorakos
(2007), Law (2006), Poinsot and Veynante (2001) and readers may wish to
refer to them for details.

33
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Figure 2.1: Simple illustration showing the relevant flame quantities of a 1-D lam-
inar flame propagating in a premixed gas under adiabatic conditions.

Consider a one-dimensional (1-D) stationary, planar, unstretched laminar
flame freely propagating in a premixed gas under adiabatic conditions as
illustrated in Figure 2.1. Quantities denoted with (-), are that of the un-
burned fresh reactants upstream of the flame, and (-),, refer to that of the
burned products downstream of the flame. Upstream of the flame, the react-
ant mixture has temperature 7T),, density p,, and fuel mass fraction Y, = 1.
Reaction only takes place within a very narrow spatial zone as denoted
by the red box. The flame surface, usually defined by an isocontour of a
scalar quantity®, lies within this region. It is characterised by a spike in
heat release rate (HRR) with a fuel consumption rate of ws that eventually
depletes the fuel (assuming the oxidiser is in excess), such that Y; — 0. The
formation of hot combustion products from the exothermic reaction leads
to a rapid rise in temperature from T, to T},. In the simple case where we
assume 1o heat loss and no work done (constant volume), the temperature
of the burned mixture T}, is known as the adiabatic flame temperature T,q.
The density of the cold fresh reactants p, also decreases to p, which is the
density of the hot combustion gas. The ratio p,/pp, is known as the dilata-
tion ratio. The speed at which this laminar planar flame freely propagates
into the premixed gas is known as the laminar flame speed or the laminar

8The scalar quantity may be for instance, temperature T or the mass fraction of a
species 1, Y;.
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burning velocity SY. The superscript (-)0 is used to denote that the laminar
flame speed is that of an unstretched flame (see Section 2.1.1 for stretch
effects).

Typical values of the flame properties are listed in Table 2.1. Depending on
the fuel type, the values of the quantities, in particular that of SE, may vary
by up to an order of magnitude for a given equivalence ratio ¢. For instance,
at stoichiometric, NHg has SE which is 5 times slower than that of CHy, while
that of Hy exceeds 2m/s. The vast differences may be attributed to the
following properties of the fuel species: (i) the adiabatic flame temperature
Tad, (ii) the thermo-diffusive effects quantified by Le (See Section 2.1.2),
and (iii) the molecular structure of the fuel. A detailed discussion on the
influence of these factors on SY may be found in Law (2006). The speed
at which the flame propagates, denoted as St is also affected by the rate
of change of flame surface A, otherwise known as the stretch x which is
discussed in Section 2.1.1. In this case, the superscript (')0 is dropped since
the assumption of an unstretched flame is no longer valid.

Table 2.1: Table summarising typical values of flame properties at equivalence ratio
¢ = {0.7,1.0} for a 1-D freely-propagating planar, unstretched premixed laminar
flame. Values corresponding to ¢ = 0.7 is in blue. Properties computed using
Cantera (Goodwin et al. 2018).

Fuel SO (mfs)  pafov () Tual(K)
hydrocarbon fuels

CHy {0.19, 0.35} {6.27, 7.66} {1838, 2227}
CoHy {0.34, 0.64} {6.84, 8.22} {2003, 2373}
CsHg {0.19, 0.39} {6.62, 8.14} {1885, 2270}
non-carbon fuels

NH3 {0.02, 0.07} {6.12, 7.43} {1723, 2059}
H, {1.33, 2.28} {6.06, 6.98} {2002, 2378}

Flame speeds

Three types of flame speeds are often defined and they are: (i) consumption
speed Se, (ii) displacement speed Sy, and (iii) absolute speed S,.

The consumption speed S, is the speed at which reactants are being con-

sumed, and is defined as - il/f fj;o wrdn where wy is the consumption
uXfu

rate’, p, is the unburned gas density, Y;, is the unburned fuel mass frac-
tion, and 1 is a unit vector normal to the flame surface pointing towards the

9% has units of kg/(m®s) and has a value < 0 since it reflects the consumption of fuel.
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unburned fresh gases. It is a global quantity that considers the net reaction
rate integrated over the entire domain, and is therefore relatively insensitive
to the choice of the flame surface. In contrast, the displacement speed Sq
and absolute flame speed S, are local quantities which vary spatially and are
dependent on the chosen flame surface. Sq at a point p on the flame surface
is given as the difference between the gas flow speed u(p) and the flame
front speed w(p), i.e. (W(p)— u(p)) - n. Given that d(p) is the unburned
gas speed just upstream of the flame front, it is hard to measure experi-
mentally. A more convenient choice, often by necessity in experiments, is to
consider the flame front speed at point P relative to a fixed spatial position,
and not relative to the flow. This is known as the absolute flame speed S,.
The definition of S, used in this thesis is described later in Flame speeds:
Sa.

Next, these definitions are applied to the canonical case of a 1-D planar,
unstretched laminar flame freely propagating in a premixed gas as depicted
earlier in Figure 2.1 but with an inlet flow velocity of U, in the positive x
direction, so U, = u,n = —u,x."

The consumption speed S. is only dependent on the global fuel consumption
rate, and is equal to the fuel burning rate of the laminar flame, which is SE.
Taking a point far upstream (z = 0) as the spatial reference (see Figure 2.1),
the absolute flame speed S, is simply: S, =W -0 = —u, + SE. To compute
the displacement speed Sy at the flame surface'', Equation 2.1 is used to
obtain the flow velocity component along .

p (i — W) -1 = py (, — W) - & (2.1)
flame surface unburned
reactants

Sq is then defined as: Sq = S} (p/pu). Readers may wish to refer to Poinsot
and Veynante (2001) for the mathematical details. If we take the density
p at flame front to be that of the hot burned products py,, we retrieve the
expression for density-weighted displacement speed: Sq = S} (pp/pu) Which
quantifies acceleration through the flame front (Giannakopoulos et al. 2015,
Ruetsch et al. 1995).

Flame speed concepts which have been briefly discussed in this section are
summarised in Table 2.2.

10We recall that @i points towards the unburned fresh reactants.
HSince we consider a 1-D case, the notation (B) to denote a point B on the flame surface
is omitted in subsequent discussion.



2.1. Flame properties 37

Table 2.2: Table of flame speed definitions. Adapted from Poinsot and Veynante
(2001).

Speed Definition Equation Canonical
case
. 3 . 1 400 . — 0
consumption speed at which reactants ~pYin fioo wedn ST

are consumed
displacement flame front speed relative (W (p) —d(p)) -4 S (%)
to the flow
absolute flame front speed relative w(p) - i —uz+ S
to a fixed reference frame

Flame speeds: S,

For the purpose of our research, we are concerned with the flame speed
when propagating from one burner to another. The absolute flame speed
S, is taken to be the experimentally measured propagation speed relative
to a fixed reference frame. An example is given below: consider a sector
of an annular combustor with an arc length of /5 between injectors I; and
I as shown in Figure 2.2(a). PMT; and PMT, detect the normalised
flame intensity along a line-of-sight (1D) exceeding 20% at time ¢; and to
respectively (see Figure 2.2(b)). S, is then given as:

distance
ls
(ta —t1)

time delay

S, = (2.2)

The choice of 20% as a threshold is arbitrary and other values such as 3%
(Ciardiello et al. 2020a) or 100% (Topperwien et al. 2022) are possible. The
idea is that the chosen threshold is representative of an ignition event. For
instance, a peak in flame intensity (which occurs at the end of light-around
stage (III) as described earlier in Section 1.2.1) is indicative of the instant
of successful flame stabilisation at an injector. Alternatively, a certain per-
centage of the measured peak intensity (e.g. 3% or 20%) is used to quantify
the instant at which the flame kernel propagates past an injector and ig-
nites a sufficient amount of unburned reactants. This may then be used
to represent any time instant between stages I and III of the light-around
process.
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Figure 2.2: Figure showing: (a) schematic of setup for measuring absolute flame
speed S, and (b) plots of the 1-D line-of-sight intensity measured by PMTs posi-
tioned at injector sectors I; and Is.

2.1.1 Flame stretch

One of the factors influencing flame speed is flame stretch x which is the
rate of change of a flame surface element A given by:

1dA
Al (2.3)
The reason why x influences flame speed is mainly due to the inflow of fresh
gas reactants when the flame is stretched which also inevitably subjects the
flame to more cooling. This competing effect of reactant diffusivities into
the flame and the heat transfer between the cold fresh reactants and the
hot burned gaseous products then plays an important role in determining
whether the flame speed accelerates or decreases. A detailed discussion
may be found in Cant and Mastorakos (2007), Lieuwen (2012), Poinsot and
Veynante (2001).

The rate of change of flame surface is affected by both (i) local flow (due to
flow non-uniformity), and (ii) motion effects of a curved flame. x may thus
be expressed in the form of Equation 2.4 to reflect the contribution from
these two factors (Candel and Poinsot 1990).

n:—ﬁﬁ:Vﬁ+V-ﬁ+Sd<V-ﬁ) (2.4)
~~
flow non-uniformity
or flame strain flame curvature

. K
Rstrain curv
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The two terms of Kgain may be grouped into a single expression:
K = (ah + Gq) : Vi + Sq (6 : ﬁ) (2.5)

=V i+ Sy (6-ﬁ) (2.6)

where m and q in Equation 2.5 are two orthonormal vectors lying in the
tangent plane of the flame, and (-), in Equation 2.6 refers to the tangential
components of the V operator. In a Cartesian coordinate (x,y,z) where
the flame normal vector i at a particular time instant is along the X (axial

direction), ¥ and Z are the two orthonormal vectors lying in the tangent
plane, and V-1 = duy, /0y + Ou./0x.

At weak flame stretch rates, flame strain and flame curvature have similar
roles (Poinsot and Veynante 2001). This is a particularly useful property
since in certain cases, one may then simply consider only the strain values
which are obtainable from computationally inexpensive simulation of a 1-D
velocity field using Equation 2.7 (Klarmann et al. 2016, Long et al. 2019).

Oug
strain — T 2.7
st ox (27)

Note that Equation 2.7 is valid because of the incompressible assumption:

- Oouy n % n ou,
Ox oy 0z
—_——

KRstrain

=0 (2.8)

The inherent complexity of measuring the flame curvature, which is multi-
dimensional in nature, is thereby avoided (IKlarmann et al. 2016). In highly
turbulent flows, the contribution of flame curvature is also limited and may
be neglected (Klarmann et al. 2016, Nassini et al. 2021).

2.1.2 Effective Lewis number

The response of laminar flame speed Sy, to stretch k is strongly dependent
on the thermo-diffusive property of the mixture which may be quantified
by the Lewis number Le. Le; of a species i in a mixture is Dy, /D; where
Dyy, is the thermal diffusivity of the mixture and D; is the mass diffusivity
of species ¢ into the mixture. The overall or effective Lewis number of the
mixture is known as the effective Lewis number Leqg and is computed based
on a two-reactant approach (Jackson 1987, Joulin and Mitani 1981) given
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by:

(Lep, — 1) + (Lep — 1) - A

L =1
Ceff + 11 A

The relevant variables are:

e Leg: Lewis number of excess reactant
e Lep: Lewis number of deficient reactant
o A: mixture’s strength which is defined as: A =1+ Ze(® — 1).

In a lean mixture (¢ < 1), the oxidiser (oxygen) is the excess reactant, and
Leg = Leok. Fuel is the deficient reactant, so Lep = Ler. In a fuel-rich
mixture (¢ > 1), fuel is the excess reactant, and Leg = Le;. Oxygen is the
deficient reactant, and Lep becomes Legy.

Lewis numbers: Le,; and Leg

Computing the Lewis number of the oxidiser Leyy is usually straightforward.
The Lewis number of fuel Le; however, requires careful consideration. If
only a single fuel is used, Les is simply that of the single fuel species. In
instances whereby two or more fuel types are used in a premix, .e.g. a CHy-
H, blend, a weighted Les has to be computed. Currently, there are three
main approaches to compute a weighted Le; but with no general consensus
on a common definition (Bouvet et al. 2013). They are: heat release-based,
volume-based, and diffusion-based.

Leg: heat release-based

First introduced by Law et al. (2005), the heat release-based expression is:

N
doim1 4 (Lei — 1)
N«
Zi:1 q;

Les =1+ for i = 1%, ..., N'* fuel species  (2.10)

where Le; is the Lewis number of the i** fuel species, and ¢* is the non-
dimensional heat release:

. 4Yi

4; = C.T

ptu

(2.11)

In Equation 2.11, ¢ is the specific heat of reaction (kJ/kg), Y; is the species
mass fraction, ¢, is the specific heat capacity of the mixture at constant
pressure (kJ/(kgK)), and 7}, is the unburned mixture temperature (K).
Existing works by Vu et al. (2009, 2011) have applied Equation 2.10 for
mixtures up to N = 3 fuel species.
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Leg: volume-based

Proposed by Muppala et al. (2009), the volume-based expression is:

N N
Les = Z)@Lei, EXi =1fori=1%, ..., N*" fuel species (2.12)
i=1 i=1

where y; refers to the mole fraction of each fuel species.
Ley: diffusion-based

Introduced by Dinkelacker et al. (2011), the diffusion-based expression is:

N N
Les = ; L;i’ ;Xi = 1for i = 1%, ..., N*" fuel species (2.13)

Equation 2.13 is formulated on the assumption of a predominantly positively
curved flame front.

Mixture strength A

To compute A =1+ Ze(® — 1), the following expressions are used:

1 .
q):{¢” ifg<l1 (2.14)

¢  otherwise

E (T, — Ty) E dIn(puSy)
Ze=—b W here — = —2—L2°LJ
Troor o TR a(1/Ty)

(2.15)
Equation 2.14 characterises the equivalence ratio ¢ of the mixture and
is always > 1. Equation 2.15 is the Zel’dovich number which is a non-
dimensional quantity characterising the activation energy of a chemical re-
action with R the universal gas constant, E the activation energy of the
chemical reaction, T}, the burned mixture temperature, T3, the unburned
mixture temperature, p, the density of the unburned mixture, and SE the
laminar flame speed. To compute E/R, small increments of T,, were con-
sidered to vary T}, (Beeckmann et al. 2017, Bradley et al. 1998).

2.2 Swirling flow

In most engines, flames are stabilised by means of swirl which is achieved
by imparting an azimuthal velocity component Up to the flow via swirler(s),
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creating a 3-D flow with a number of large-scale flow structures (Candel
et al. 2012, 2014). If the angular momentum is sufficiently large, i.e. Uy is
sufficiently high, vortex breakdown occurs, creating a central recirculation
zone (CRZ)'?. This flow region is characterised by a circulating hot flow of
combustion products which helps to reignite fresh, cold reactants injected
into the combustor. The swirling flow region is surrounded by a high velocity
reactant flow which creates a shear layer where the flames can stabilise
(Lieuwen 2012, Lilley 1977). An outer recirculation zone (ORZ) of hot
burned gases is also formed in the region enclosed by the flame fronts and
the confines of the combustor (chamber walls and back plane). A typical
swirling flow field is shown in Figure 2.3.

7ﬂameholder
~— swirler

Figure 2.3: Illustration depicting the recirculation zones of a confined swirling
flame. Adapted from Farisco et al. (2021).

"l

Ti

To
Figure 2.4: Isometric view of an axial swirler (left), and its relevant geometric

dimensions (right). The red arrow denotes the axial flow direction, X.

In this thesis, an axial swirler is used to generate the swirling flow field and
is shown in Figure 2.4.

250me literature use the term: internal recirculation zone.
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The degree of swirl in a flow is characterised by the swirl number 8. It is
a dimensionless number defined as: Gy/(r,G,) where Gy is the axial flux
of angular momentum, G, is the axial flux of axial momentum, and 7, is
the characteristic radius which is usually the swirler outlet radius (Chigier
and Beér 1964). By neglecting pressure effects (Candel et al. 2014), the
expression for § may be approximated as:

Gy
roGz
N fOR ugpugr? dr

~ R
To o uirdr

S —

(2.16)

where ug is the azimuthal velocity component and u, is the axial velocity
component.

Equation 2.16 requires the knowledge of u, and ug which are not always ac-
cessible. An alternative formulation may be used such that the swirl number
of an axial swirler is defined solely by its relevant geometric dimensions in
Figure 2.4.
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The final expression Equation 2.17 approximates the velocity ratio Uy /U,
using tan @ where 6 is the angle between the axial flow direction, z, and
the trailing edge of the swirler. Comprising only geometric parameters, it
is fittingly called the geometric swirl number 8,. For 6 = 60°, r; = 5.1 mm
and 7, = 18.8 mm, this gives 8, = 1.22.

The critical swirl number § for vortex breakdown is § > 0.6 (Lilley 1977,
Palies et al. 2009). In this work, we have directly measured 8 of an axial
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swirler under cold flow conditions by means of 2-dimensional, 3-component
(2-D,3-C) stereoscopic particle image velocimetry (PIV). Details of it may
be found in Section 3.8.2 which briefly describes the stereoscopic PIV per-
formed. under Chapter 3 on experimental setup and diagnostics.

2.3 Spinning Combustion Technology

Part of this thesis focuses on investigating transient dynamics and charac-
teristics of ignition light-around and lean blowoff in the presence of strong
azimuthal swirl produced by a novel injector design of the SAFRAN Ar-
rano 1A engine. Two simplified laboratory-scale combustors were built to
investigate the physics of the novel injector design. Notably, it features:

(2.3.1) a mean azimuthal swirl flow round the annulus chamber,
(2.3.2) a Rich-Quench-Lean (RQL) combustion mode,
(2.3.3) and azimuthal fuel staging.

These three distinctive features are made possible with unique geometric
designs such as angled injectors and perforated cooling plate. Images of
these components are shown in Figure 2.5. The following sections briefly
describe how these unique combustion modes of the engine help enhance its
operational limits while realising reductions in greenhouse emissions.

Figure 2.5: Components of the SAFRAN Arrano spinning combustor: (a) an angled
fuel injector for oblique air-fuel injection (of mass flow rate ri;,;) into the chamber,
and (b) perforated cooling plate for tangential air dilution (of flow rate 1coo1) as
part of the RQL process. Adapted from Savary and Taliercio (2016).

2.3.1 Mean azimuthal swirl

In the SAFRAN Arrano engine, angled injectors are installed along the outer
circumferential wall of the chamber to inject air-fuel in an oblique angle. Air
from the perforated plate is also introduced into the chamber through angled
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slots to generate a tangential velocity component. This arrangement imparts
a strong azimuthal velocity forming a pseudo-continuous spinning flame
ring as shown in Figure 2.6. The tangential orientation of the flames and
cooling air is in sharp contrast to the conventional axial injection of a typical
combustor as illustrated in Figure 2.7, and is referred to as the Spinning
Combustion Technology (SCT) by Safran Helicopter Engines (2016D).

Other strategies exist to induce a mean azimuthal flow round the annulus
chamber, and is not unique to a SCT engine. Combustor designs like the
Short Helical Combustor (SHC) (Ariatabar et al. 2016, 2017, Hoffmann et al.
2021), Compact Helical Arranged combustoRs with lean LIFTed flames
(CHAIRLIFT) (Shamma et al. 2021), the angled flow combustor (Burd and
Cheung 2007), the tangential flameless combustor (Toqan et al. 2015) or the
recursive sequential combustor (Giuliani et al. 2022) also have similar fuel
injection concepts. The increased popularity of this novel concept is due to
its advantages over convention axial design described below.

injector

R e

Figure 2.6: True-color image showing the annulus flame ring of the SAFRAN Ar-
rano spinning combustor during ignition light-around. The approximate positions
of the injectors are circled in red. Adapted from Safran Helicopter Engines (2016a).

X A A X
(a) (b)

Figure 2.7: Schematic showing: (a) conventional axial fuel injection compared with
(b) tangential injection of the SAFRAN Arrano engine utilising the SCT. The blue
arrows represent cooling air effusing from the angled slots of the perforated plate.
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Thermoacoustic stability

The mean azimuthal flow has a symmetry breaking effect which alters the
thermo-acoustic azimuthal modes as suggested from analytical studies per-
formed by Bauerheim et al. (2014, 2015). In some cases, this may lead
to a dampening of self-sustained oscillations as shown in the experiments
conducted by Humbert et al. (2021) on an annular combustor model with
electroacoustic feedback. It was demonstrated that the introduction of a
mean azimuthal flow alters the nature of self-sustained oscillations and in
some cases, helps to dampen the instabilities.

Increased operational limits and reduced emissions

The SCT combustor design approach aims to promote flame-flame inter-
action since hot combustion products from each injector impinge on the
next injector. A pseudo-continuous azimuthal flame is then generated. The
continuous hot exhaust recirculation round the annulus helps sustain com-
bustion especially in regions with lean fuel mixture (Ariatabar et al. 2016,
2017, Giuliani et al. 2022, Savary and Taliercio 2016). The lean blowoff
limit may potentially be extended. Compared with conventional injectors,
the enhanced mixing (of hot combustion products and fresh reactants) and
increased residence time from the gas recirculation also increase the fuel ho-
mogeneity within the combustion chamber Giuliani et al. (2022), leading to
(1) more complete combustion which reduces CO emissions, and (ii) reduc-
tion of hotspots, which reduces NOx emissions (Lefebvre and Ballal 2010,
Lieuwen and Yang 2013).

Reduced costs

Engines utilising such a principle are more economical and the reasons are
twofold. As mentioned, residence time of hot gas circulation in an angled
flow configuration is longer than a conventional axial flow. The combus-
tor could therefore be shortened in length (Ariatabar et al. 2016, Burd and
Cheung 2007). Also, the angled injectors impart a significant azimuthal
velocity component to the flow and require less turning by the turbine
vanes downstream of the combustor chamber exit so vane design is simpli-
fied (Burd and Cheung 2007). Simpler vanes and shorter combustor height
contribute to lighter engines which are more fuel efficient. In the case of
the SAFRAN Arrano 1A engine, fuel consumption is reduced by 15 to 30%
compared to conventional axial injection engines (Safran Helicopter Engines
2019).
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2.3.2 Rich-Quench-Lean (RQL)

One of the challenges in combustor design is reducing both CO and NOx
emissions. In general, design considerations to reduce CO leads to increase
in NOx, and vice versa as pointed out by Lefebvre and Ballal (2010). This
can be summarised in Figure 2.8 whereby high temperatures lead to forma-
tion of nitrogen oxides while low temperatures contribute to increased CO.
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Figure 2.8: Plot showing CO and thermal NOx emissions in parts per million
volume (ppmv) against temperature (K). The operating point at T = 1734 K (de-
noted in red) provides a good trade-off between CO and thermal NOx emissions.
Adapted from Lefebvre and Ballal (2010).

The Rich-Quench-Lean is a successful strategy conceived in the 1970s to
ensure high combustion efficiency and reduce NOx. The combustion mode
can be described by the following stages and illustrated in Figure 2.9.

(I) Fuel-rich mixture is first injected into the combustor (rich-burn, typ-
ically 1.2 < ¢ < 1.6) leading to a stable diffusion flame.

(IT) To reduce the temperature, substantial amount of dilution air is rap-
idly added to the fuel-rich zone to quench the fuel-rich flames (quick-
quench) and create a lean premixed flame.

(III) The resultant lean mixture burns at a steady state with an air-fuel
ratio greater than stoichiometric conditions (lean-burn, ¢ < 1) at a
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lower temperature to minimise NOx emissions.

rich-burn
(D): (1.2 < ¢ < 1.6)

flow to

wick-
,-¥ turbine (I1): Zuench

lean-burn
II1):
I <)

2 @)
(1)~ (ID)

Figure 2.9: Illustration of the Rich-Quench-Lean (RQL) mode. The blue arrows
represent the quenching air flow exiting the dilution holes and angled slots of the
perforated cooling plate. The shaded colour gradient represents the equivalence
ratio ¢ of the burning mixture with orange for ¢ > 1, and blue for ¢ < 1.
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Figure 2.10: Plot showing NOx emissions in parts per million per millisecond
(ppm/ms). Reproduced from Lefebvre and Ballal (2010).

The combustion pathway in a RQL process is represented in Figure 2.10 as
the low NOx route. It is imperative that the progression from rich-burn to
lean-burn happens rapidly so that the pathway of low NOx route is followed.
If the transition is slow (i.e. progressive addition of air), the temperature
within the combustor will rise, increasing NOx levels (see Figure 2.8). Aside
from low NOx formation through quick-quenching of fuel-rich flames, the
RQL procedure also minimises carbon monoxide (CO) and unburned hy-
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drocarbon (UHC) emissions since the excess air oxidises any unburned or
partially burned hydrocarbons (Tracey et al. 2018). It is worth noting that
the combustor is globally lean, ¢ < 1.

To realise the RQL mode, air jets are placed downstream of the primary
combustion zone to dilute the fuel-rich mixture (Lefebvre and Ballal 2010,
Lieuwen and Yang 2013). This is also the case for the SAFRAN Arrano
1A engine described in Section 3.5. Careful consideration needs to be given
to various design aspects, such as the position of these dilution jets, mass
flow rate (rg;1) which may dramatically affect the efficacy of the RQL com-
bustion mode in minimising emissions as shown in studies performed by
Mastorakos and co-workers (El Helou et al. 2021, Gkantonas et al. 2020,
Tracey et al. 2018).

2.3.3 Azimuthally staged combustion

In an annular combustion chamber, injector staging is another strategy em-
ployed to reduce emissions. Aside from lower emissions, Noiray et al. (2011)
has also demonstrated that azimuthal staging may be used to control com-
bustion (thermoacoustic) instabilities. To achieve this, localised variation of
air or fuel in the combustion chamber is performed and Figure 2.11 shows
the possible fuel staging configurations. The following description is useful
to interpret the figure.

o A blue circle @ represents injector with a fuel mass flow rate of 17 piye,
with the subscript (-)f referring to the mass flow rate of fuel, and (-)piye
meaning that it is colour-coded blue.

e A white circle O represents injector with a fuel mass flow rate of
mf,black, where mf,black #* mf,blue- (')black means that it is colour-coded
black(white).

e The air flow rate in each injector 7h,; is constant for all cases.

Figure 2.11(a) shows the conventional non-staged combustor where the same
fuel mass flow rate (7ixplue) is supplied to each injector. The illustration of
Figure 2.11(b) shows a sectorised staging whereby different fuel rates (either
(Mg black OF Mgplue) are supplied to sectors of injectors. Fuel flow rates of
g black and 7 plue May also be supplied in an alternate fashion as shown
on Figure 2.11(c).

The non-uniform fuel flow distribution in a staged combustor may introduce
potential hot spots which are not ideal for the material integrity of the
engine and may result in increased NOx emissions. However, when the
engine is operating at a low power where high flame temperature is not a
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concern, fuel staging has been shown to be particularly effective in reducing
UHC and CO emissions Bahr (1982, 1987). Consider an engine operating
at idle or low power. In an unstaged configuration, there is a consistently
low temperature around the chamber since an equally low fuel flow rate is
supplied to all injectors and we recall that at low temperatures (power),
CO emission levels are high (see Figure 2.8). With fuel staging however,
the same power (fuel) may be delivered to only half of the injectors, for
instance as in Figure 2.11(b), such that locally fuel-rich regions are present
in the combustor. Having combustion take place in only these fuel-rich
regions leads to a marked increase in temperature which are naturally much
more favourable to low CO and UHC formation. Studies by Bahr (1982)
have found that the reduction in emissions may be up to 98%. Locally fuel-
rich regions in a staged combustor are also favourable in extending the lean
blowoff limits (Lefebvre and Ballal 2010). In the current work, the effect
of fuel staging on ignition and lean blowoff limits is investigated on the
laboratory-scale combustor meant to replicate the SAFRAN Arrano engine.
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Figure 2.11: Schematic showing fuel staging configurations. Injectors which have
the same colour codes have identical fuel flow rates. (a): unstaged uniform fuel
injection for all injectors. (b): sectorised staging where sectors of two or more
adjacent injectors have the same fuel mass flow rate. (c): repetitive staging in
which fuel flow rates are alternated for adjacent injectors. Adapted from Bahr
(1982), Lefebvre and Ballal (2010).

2.3.4 Study on Spinning Combustion Technology

Two laboratory-scale combustors have been conceived to study the physics
of these combustor designs as stated in 03. Studies more closely replicating
physics of real combustors. The first combustor, SCT V1, served as a pre-
liminary test rig to study the effects of azimuthal swirl on flame dynamics.
The staged combustor designs of Rich-Quench-Lean (RQL) and azimuthal
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fuel staging were studied in a second version of the laboratory-scale com-
bustor, known as SCT V2. In the following chapter, the laboratory setups
which include SCT V1 and V2 combustors and the relevant diagnostics
employed are presented.
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Experimental setup and diagnostics

In this section, setups used in the current work are presented in the order:

(3.1) the single sector combustor

(3.2) flame stabilisation mechanisms in both single and annular setups

(3.3) general overview of the annular combustor and details of the NTNU
atmospheric annular combustor

(3.4) details of version 1 (V1) of the simplified SCT combustor, SCT V1

(3.5) details of version 2 (V2) of the simplified SCT combustor, SCT V2

The chapter includes a rundown of the ignition procedure (3.7), LBO pro-
cedure (3.8), and relevant diagnostics (3.9) used to characterise ignition and
lean blow-off dynamics. A brief discussion on experimental uncertainty and
statistical convergence (3.10) concludes this section of the thesis.

3.1 Atmospheric single combustor

A single flame setup was used for lean blow-off studies. It represents a
single injector sector of either the NTNU annular combustor or version 1
(V1) of the simplified SCT combustor, SCT V1. If a straight axial injector
is used, it is assembled in an upright position as shown in Figure 3.1(a). In
Figure 3.1(b), the setup is oriented 90° when a bend injector is used instead.
A schematic representation in Figure 3.1(c) shows two impinging jets feeding

93
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air-fuel premix into the plenum. Grids are placed for flow conditioning
before converging into the injector tube. Pressure transducers or hot-wire
probes may be inserted into either of the two ports at hp; = 105 mm and
hpsa = 45 mm upstream of the injector outlet for diagnostics. The injector
exit (dipj = 19 mm) expands into a dump (back) plane which is enclosed by
a quartz tube of diameter dj = 34 mm and height h; = 130 mm. Different
bluff bodies and swirlers can be installed. These are described in the next
section.

di=34 injector
A i exit (dinj:19)

hpa=105

injector
tube

grids

|j'air—fuel‘i|

premix

()

Figure 3.1: The NTNU atmospheric single combustor: (a) in an upright position
when fitted with an axial injector, (b) oriented 90° when mounted with a bend
injector, (c) schematic side view in upright position.
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3.2 Injector configurations

Imperative to the design of combustors is the fuel injector and its role in
flame stabilisation. The different injector configurations investigated were
as follows:

(a) an inverted conical bluff body of dp;, = 13 mm mounted on a rod of
diameter 5mm, Figure 3.2(a)

(b) a swirler with a central rod of 5mm at the injector exit plane Fig-
ure 3.2(b), or

(c) the combination of a bluff body and a swirler positioned h = 10 mm
upstream Figure 3.2(c).

Photos of the bluff body and swirler viewed from the injector outlet is shown

in Figure 3.3, and rendered drawings of the swirler are in Figure 3.5.

dyh,

—

I
450 ? 45° F

— e — e — e
inj dinj dinj

(a) (b) (c)

Figure 3.2: Different configurations of injectors for flame stabilisation using: (a)
a bluff body, (b) an axial swirler, or (¢) a combination of both. The red arrow
denotes the mixture mass flow in the axial direction, X and the blue dashed line
represents the back plane axis.

(a)

Figure 3.3: Photos of (a) a bluff body, (b) an axial swirler at the injector exit of a
single flame setup.
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To generate azimuthal swirl, new injectors were designed that were inclined
at an angle (3 relative to the back plane as shown in Figure 3.4.

Figure 3.4: The oblique angled injectors designed for: (a) SCT V1 with g = —5°
0 or 5° is also possible, and (b) SCT V2 with a fixed § = —22.5°. The blue lines
denote the back plane axis, and the red arrows denote the fuel flow direction.
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&

dhub

dinj an

Figure 3.5: Rendered illustration of the swirler. Top row shows the top and isomet-
ric view. Middle and bottom left show the side view of a swirler used in straight
axial injector, while middle and bottom right show the swirler with a semi-elliptic
profile enclosed in red.

To improve flow uniformity through the injector’s oblique bend, the swirler
upstream has a semi-elliptic profile at the hub with major axis of hyy, and
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minor axis of dpyp/2 as denoted in Figure 3.5. Barring that, the swirler is
identical to the one used in the straight axial injectors of the NTNU com-
bustor and previous studies of Ciardiello et al. (2020a,c¢), Dawson and Worth
(2014, 2015), Nygard et al. (2019, 2021), Worth and Dawson (2013a,b). The
six-vane axial swirler has a trailing edge angle of 8 = 60° to the axial flow
direction and a geometric swirl number of § = 1.22, which is computed based
on Equation 2.17. Details of the computation may be found in Section 2.2.

For the case of a swirler at h = 10mm upstream of the back plane (see
Figure 3.2(b)), stereo-PIV was performed in an unconfined, cold flow. The
measured ug and wu, were used to compute 8, using Equation 2.16. § was
found to be approximately 0.65 at z/din; = 0.5. And at z/din; = 2, S was
at the maximum value of 1. Details are presented in Section 4.1.

Two variations of the swirler were used: one that induces a ACW swirling
motion, or one that induces a CW swirling motion when viewed from the
top. See Figure 3.6.

X
—

~— 7 ~_
ACW swirl CW swirl

Figure 3.6: Possible geometric variations of the swirlers: (a) one that imparts a
ACW swirl, (b) or one that imparts a CW swirl when viewed from top. The red
arrows denote the axial flow direction, X.

3.3 Atmospheric annular combustor

A schematic depicting the side view of the annular combustor is shown in
Figure 3.7. It shares similar features as the single sector setup, but a hemi-
spherical body has been added at the plenum exit to evenly distribute the
air-fuel mixture into injectors which are arranged circumferentially around
the annulus. The back plane is enclosed by an inner tube (d; = 127 mm)
and outer tube (d, = 212mm) to form the combustion chamber walls. The
inner and outer height of the chamber is h; = 130 mm and h, = 200 mm re-
spectively. Different tubes may be used to vary the heights or to allow/block
optical access. A transparent quartz outer wall and an opaque steel inner
wall is depicted in this case. Its modular design allows geometric modific-
ation of the combustion chamber (enclosed in red) to perform ignition and
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lean blow-off studies.

outer d,=212

wall ~ W
inner l :
wall ho = 200
dump combustion
plane ™ chamber

{ 0000

I hp1=45
injector
ports tube hpa=105
N
hemispherical
body

air-fuel
premix

Figure 3.7: The NTNU atmospheric annular combustor. Geometric variations
may be made on the combustion chamber (in red box) to perform any relevant
parametric studies.

Modifications to the injection system were made to produce mean azimuthal
swirl. Figure 3.8(a) shows the NTNU atmospheric annular combustor which
consists of a number of bluff body or rod stabilised premixed flames with
or without swirl. Figure 3.8(b) is an illustration of the SCT V1 combustor,
and is described in Section 3.4. Finally, Figure 3.8(c) depicts the SCT V2
combustor presented in Section 3.5.
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Figure 3.8: Different modular designs of the annular combustor: (a) premixed for a
typical NTNU configuration, (b) spinning premixed for SCT V1, and (c) spinning
RQL for SCT V2.

NTNU atmospheric annular combustor

The NTNU annular combustor has a simple annular geometry consisting
of straight axial injectors fitted with simple flameholders and/or swirlers
(Worth and Dawson 2013a,b) as described in Section 3.2 for fundamental
studies concerning the physics of ignition and lean blowoff. A 6- or 12-
injector configuration is used as shown in Figure 3.9. In addition to variable
injector spacing, the global swirl dynamics may be modified as well. CW
and ACW swirlers may be alternated round the chamber to produce a zero
bulk swirl, as is the case in Figure 3.9(a). The swirlers may also be mounted
in the same ACW (or CW) swirling orientation to produce a corresponding
net ACW (or CW) swirl when viewed from downstream. To ensure the
rotational symmetry between each injector sector, each swirler has two of
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their trailing edges aligned radially towards the centre of the combustor
(Nygard 2021). This is illustrated in Figure 3.9(a) whereby the red dotted
lines show the swirlers’ edges pointing towards the centre marked in red.

0= :i:180°
(b)

Figure 3.9: (a) Configurations of the NTNU annular combustor: (a) 6-injector
with a zero net bulk swirl, (b) 12-injector with an ACW net bulk swirl. The grey
rectangle positioned on the inner side of the combustor at # = 0° represents the
spark electrode. Blue (arc) arrows denote ACW swirl, and the green arrows denote
CW swirl.
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3.4 V1 of the spinning combustor (SCT V1)

A salient feature of the SAFRAN spinning combustor is the strong azi-
muthal swirling motion within the annular chamber. In this 1st iteration,
strong azimuthal swirl is introduced by 90° bend injectors attached to the
combustor back plane. Cooling ducts are also introduced to cool the com-
bustor back plane. This setup served as a preliminary test bed to perform
various parametric studies, and is named SCT V1. The eventual test bed
is a culmination of more than 30 design iterations to ensure maximum flex-
ibility in the variation of geometric parameters. Photos of the SCT V1
and instantaneous true-color flame images are shown in Figure 3.10(a) to
Figure 3.10(d).

(d)

Figure 3.10: Photos of the SCT V1 combustor from (a): top, and (b) side view.
The true-colour flame images from the corresponding views are shown in (c) and

(d).
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3.4.1 SCT V1 geometric details

Figure 3.11 shows key dimensions of the V1 configuration. Details of draw-
ings are included in Appendix A. The fuel injector has two angles of inclin-
ation: angle a for the yaw, and angle S for the pitch. The pitch angle
is varied using a pair of inclined wedges which are shaded in red (for the
bottom wedge), and grey (for the top wedge) as shown in Figure 3.11(c).

90° bend injector

)
(s

> cool

top wedge —
bottom wedge —

Figure 3.11: Relevant geometric dimensions (in mm) of the SCT V1.

Figure 3.12 illustrates the 3 possible wedge configurations to vary the pitch
angle 8. At the neutral position of angle 8 = 0°, the bend injector sits atop
the top and bottom wedge. At angle 8 = —5°, the bend injector is placed
on a wedge which has a declination of 5°. The same arrangement applies
for angle 8 = 5°, but with the bottom wedge rotated to form an inclination
instead.
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top wedge

Figure 3.12: Schematics and photos showing the three different geometric config-
urations of the pitch angle 3 for the 90° bend injector in SCT V1. Left: 8 = 0°,
middle: § = —5°, and right: 8 = 5°.

The adjustment of yaw angle a for both the 90° bend injector and the cooling
duct is made possible via arc-shaped slots machined onto the combustor back
plate shown in Figure 3.13. The cooling duct is fixed at a = 12° as seen in
Figure 3.14(a). For the 90° bend injector, three yaw angles are considered:
a =—23°, 0°, and 23° which are depicted in Figure 3.14.

arc-shaped slots

= Wiy

Figure 3.13: Arc-shaped slots are machined onto the combustor back plate so that
the fuel injectors and cooling ducts may be attached at various positions, thereby
varying the yaw angle a.
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(d) Bend injector at o = 23°.

Figure 3.14: Figure showing the possible pitch angle o of the SAFRAN spinning
combustor V1. (a): cooling duct fixed at o« = 12°, and the 90° bend injector at (b)
a=-23° (c) a=0° and (d) a = 23°.

3.4.2 SCT V1 assembly

The combustor back plane has three components: the bottom piece, the
top inner piece, and the top outer piece. The assembly stages are shown in
Figure 3.15 and the assembly is as follows:
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(i) The 90° bend injector and wedges are placed into the recess of the
bottom piece, and fastened through the arc slot to the desired yaw
angle a.

(ii) The top inner piece of the combustor plate,

(iii) followed by the top outer piece, are both fastened onto the combustor
bottom piece, forming the combustor back plane (outlined in blue).

(iv) The cooling ducts are then fastened onto the combustor back plane.

bottom piece §

-

-

Stage (i): bend injectors and wedges positioned into recess of bottom piece.

top outer piece

’

— ¥

cooling duct

Stage (iv): cooling ducts affixed onto the top pieces.

Figure 3.15: Sequence of photos illustrating the different assembly stages of the
SCT V1 combustor.
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3.5 V2 of the spinning combustor (SCT V2)

To replicate the Rich-Quench-Lean (RQL) combustion mode used in the
SAFRAN spinning combustor, a second version of the laboratory-scale setup,
SCT V2, was developed and is presented in Figure 3.16. It features: (i) a
circumferential array of dilution ports of diameter, dg; = 4 mm. The mass
flow of dilution air, 743, could be independently varied. (ii) a back plane
with a uniform distribution of elliptical holes (major axis of 2 mm and minor
axis of 1 mm) for effusion air cooling of 771c401, (iii) and an oblique injection
of air-fuel mixture at a flow rate of 7h;,; to produce a strong azimuthal swirl.
The geometric complexity of the perforated back plane meant that it had
to be manufactured using 3-D metal printing with Inconel as material for
rigidity and thermal resistance. The elliptical holes were also enlarged from
the original size of 0.8 mm by 0.4 mm which proved too challenging to be
fabricated.

Compared to the lean premixed flames (¢ < 1) in SCT V1 however, 1y
exiting the injector is fuel-rich (¢ > 1) which is then rapidly quenched by
the high air flow rate of rig; to provide a globally lean fuel mixture. Details
of the RQL operation mode is the focus of Article II. The angled injector in
this setup has a fixed value of § = —22.5° and o = 45°, and is positioned
around the outer circumference of the combustion chamber to better mimic
the actual engine’s injection mechanism. Photos of the angled injector and
the effusion-cooled back plane are in Figure 3.17 and their dimensions in
Figure 3.18.
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Figure 3.16: Photos of the SCT V2 combustor from the (a) top, and (b) side. The
true-colour flame image is shown in (c).
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(d)

Figure 3.17: Photos of the angled injector from the (a) front view, and (b) side
view. Photos of the perforated plate which permits tangential effusion cooling of
the back plane seen (a) from the top, and (b) close-up. The red arrow depicts the
air-fuel flow rate through the injector (r,;) and the blue arrows show the cooling
air through the plate (1¢o01)-

Figure 3.18: CAD of the angled injector and perforated plate. All dimensions in
mm. The red arrows depict the fuel-rich (¢>1) premixed flow through the injector
(Minj), the cooling air through the plate (7ico01), and the dilution air through the
holes of the inner combustor wall (rigj).
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3.5.1 SCT V2 assembly
The SCT V2 is assembled in a 3-stage process which involves:

(i) positioning of the angled injected around the outer circumference of
the combustion chamber,

(ii) fastening the perforated plate atop the combustor back plate, and
(iii) insertion of the inner combustor wall (with dilution ports).

Figure 3.19 illustrates this assembly.

Stage (i) Stage (ii) Stage (iii)

Figure 3.19: Sequence of photos illustrating the different assembly stages of the
SCT V2 combustor. Stage (i): angled injectors attached around the chamber
circumference. Stage (ii): perforated plate fixed onto the combustor. Stage (iii):
inner combustion wall (with dilution holes) is placed onto the setup.

3.5.2 SCT V2 staging

Aside from replication of the RQL mode, the concept of azimuthal fuel
staging was also examined in SCT V2 to investigate the effect on the ignition
limit. Fuel injectors are split into two sets: (i) the first set has a fuel mass
flow rate of i pe. The subscript (-)pe denotes that the fuel injector is
color-coded blue. (ii) A second set of injectors has a fuel mass flow rate of
M plack- The subscript (-)plack denotes that the fuel injector is color-coded
black. From Figure 3.20(a) and Figure 3.20(b), these two sets of injectors
may be arranged with either (i) one half of the annulus having identical flow
rates, or (ii) in an alternate manner respectively. Asshown in Figure 3.20(c),
fuel is introduced through the angled injectors via the upstream injector port
at position hpy (see Figure 3.7) with a black pipe providing 1 plack and a
blue pipe for 7 plye-
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Figure 3.20: Azimuthal fuel staging on the SCT V2. (a) and (b) show the two
different staging configurations considered in the current work. The grey rectangle
positioned on the inner combustor at § = 0° represents the spark electrode. (c)
shows either a black or blue pipe carrying fuel mass flow rate of 1 plack and 7 piue
respectively to the injector tube port position at hps. Adapted from Article II.

3.6 Ignition studies

Electrical discharge from a spark was used to provide the necessary energy
to initiate a flame kernel. The spark ignition system is similar to that of
the MICCA in EM2C, France (Bourgouin et al. 2013). A single electrode
was connected to a Danfoss transformer unit (Model: EBI4 1-Pole) and
positioned about 10mm above the back plane. The azimuthal position
of the electrode has little to no influence on ignition system as found by
Ciardiello et al. (2020a). In the case of the NTNU 6-injector combustor, the
electrode was positioned equidistant between two injectors at § = 0° (see
Figure 3.9) to minimise any possible saturation resulting from the intense
energy (mainly in the UV spectrum) of the spark deposits. This avoids any
signal artifacts since optical diagnostics positioned at each injector sector are
recording 1-D (photomultipliers) or 2-D signals (images) in the UV range.
For the SCT V1 and V2 configurations, the electrode was positioned directly
behind the bend or angled injectors as illustrated in Figure 3.20(a). The
transformer unit and its connections are shown in Figure 3.21.

Type EBIA 1P S
No. 052F4046

iy

l\ﬁl\l\\l\i\l\\“\mlIIllIl

Figure 3.21: Photos of (a): the igniter transformer unit and (b) the electrical
connections powering the spark ignition.
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Ignition was controlled via a LabView program. The spark was generated
between the electrode tip and the inner steel wall with a gap of approx-
imately 2mm with an energy of approximately 50mJ every 20ms. The
spark duration was 7.5ms. Figure 3.22 shows the electrode position in the
combustor and the spark instant.

The procedure of ignition is summarised as:

(i) Temperature was measured to ensure the thermal conditions of the
combustor were fulfilled for the relevant study.

e For experiments meant to approximate a quick relight scenario
(adiabatic conditions), the combustor was first preheated to a
sufficiently high temperature 7.

e For cold-start experiments, the combustor was cooled to room
temperature.

(ii) Air-fuel mixture through the injectors (and any cooling or dilution
flow if applicable) was started for 5s.

(iii) Igniter system was switched on for 0.5s.

(iv) There were two possible outcomes:

e A successful run whereby there was complete ignition and propaga-
tion around the annular combustor, or

e A failed run with no ignition or ignition of only one/some in-
jector(s).

Steps (i) to (iv) were repeated between 10 to 30 times for a given operating
point for repeatability. Details of statistical convergence are in Section 3.8.6.

()

Figure 3.22: Photos showing the spark igniter in the NTNU atmospheric annular
combustor (a): side view, (b) front view, (¢) at sparking instant.
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3.7 Lean blowoff studies

To determine the lean blow-off limit of each operating point, two main
approaches are possible (Dawson et al. 2011, Zhang et al. 2021):

(i) Keeping the fuel mass flow rate 7 constant, incrementally increase
the air mass flow rate ma;;.

(ii) Keeping 7715;, constant, incrementally decrease ris. The mixture ve-
locity U and the thermal load Py, is thus constant throughout the
procedure.

The flow rates mys and 1m,; at the instant of global flame extinction is the
LBO limit. Dawson et al. (2011) noted that using any of the two approaches
leads to similar if not identical LBO limits. The LBO trajectories repres-
entative of these methods are shown in Figure 3.23 and circled in red: solid
arrow (—) for method (i), and dashed arrow (---») for method (ii).

LBO

mixture velocity Uy, (m/s)

v

equivalence ratio ¢p, (-)

Figure 3.23: A typical LBO limit curve. The solid triangle markers represent the
LBO limit at each operating point. The blue curve is the curve fit of LBO limit.
Enclosed in the red circle are two hollow triangle markers with arrows representing
the different possible trajectories to the eventual LBO limit.

Lean blow-off experiments were performed as follows using method (i) and
as described in Wiseman et al. (2020):

(i) Combustor was ignited at a stable point far from the LBO limit.

(ii) The air flow rate 7h,;; was ramped up till about 90% of the estimated
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LBO limit. The fuel flow rate r¢ was kept constant.

(iii) Combustor was left operating at this point for 3 to 5 minutes to ensure
steady state conditions.

(iv) 4 was increased in steps of 1 to 2% every 20 s until blow-off occurred.

For each value of 7, multiple runs were performed on separate occasions for
repeatability. The associated mass flow uncertainties are in Section 3.8.6.

3.8 Measurements

Several different high-speed diagnostics were used to characterise the transi-
ent phenomena of ignition and lean blow-off. Figure 3.24 is a photo illustrat-
ing the diagnostics employed with Figure 3.25 providing additional details
through the use of schematics. This section describes the various methods.
Optical diagnostics using photomultipliers and high-speed imaging (for OH*
chemiluminescence, PIV, and PLIF) are first discussed, followed by pressure
measurements. Temperature measurements using thermocouples and pyro-
meter are then briefly presented. Experimental uncertainties and statistical
convergence for some of the measurements are also discussed.
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Figure 3.24: Photo annotated with the various diagnostics employed for ignition
and LBO studies.
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Figure 3.25: Schematics illustrating additional diagnostics (microphone positions
and thermocouples) which are hidden from view on Figure 3.24. The dimensions
of this schematic are not to scale to keep the figure compact

3.8.1 Photomultipliers (PMT)
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Figure 3.26: Schematics of PMT positions (not to scale) around the combustor

with the coordinate system shown in inset. The field of view (FOV) of the PMT is
shaded in green, and is defined at the centre of the bluff body, in terms of (z x y)

mm. The vector X is the axial flow direction and is out-of-plane
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One-dimensional (1-D) time series of global heat release rate (HRR) was
measured using Hamamatsu PMTs of type H11902-113 with a spectral re-
sponse of 185 to 700 nm with a high sampling frequency of 51.2kHz. Each
PMT was fitted with a UV filter which has a center wavelength of 310 nm,
a full width at half maximum (FWHM) of 10nm, and a transmission of
> 85%. The PMTs were placed in a circumferential array around the an-
nulus at positions 8 = +30°, £90°, and 4+ 150° as depicted in Figure 3.26.

Alignment of the PMT’s line-of-sight is critical to ensure consistent and
repeatable flame detection of each flame. The field of view (FOV) shown
in Figure 3.26 is defined as (z X y) mm measured at the centre of the bluff
body. The FOV value (z x y) may be varied using extension tubes and
slits with adjustable apertures to achieve the intended integrated line-of-
sight. To achieve precise alignment, the vertical distance between the PMT
and the combustor back plane was measured, and procedures were also in
place to align the PMT’s FOV to the intended injector sector as shown in
Figure 3.27.

To amplify the 1-D signals recorded by the PMTs, the power supply con-
trol box (Hamamatsu model C7169) was used. Input voltage may be varied
to adjust the signal gain. To individually adjust the gain of each PMT, a
voltage control box (see Figure 3.28) was custom built. It features poten-
tiometers with knob control and banana ports for ease of use.
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Figure 3.27: Photos showing the positioning of the PMTs: (a) a fixed vertical
distance with respect to the injector exit plane, (b) alignment of the FOV to each
injector sector. (c) shows the PMTs placed equidistant around the combustor
(traced in red dots). The front of a PMT is covered by a slit (in white) to control
the FOV.

Figure 3.28: Photos of the custom-made PMT voltage (gain) control unit showing
(a) front panel with knob for precise control, (b) back panel with banana ports for
easy plug-and-play, and the (c¢) internal wire connections.
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3.8.2 High-speed imaging

Either the Phantom V2012 or the Photron Fastcam SA1.1 camera was used
for high-speed imaging. For all setups, simultaneous side and overhead
imaging were performed as shown in Figure 3.25. To capture images of the
entire annulus, a first surface mirror (Edmund Optics) with a peak-to-valley
flatness of 4-6 A'? was mounted at an angle of 45° and positioned within
the overhead camera’s FOV. The camera trigger signals were recorded and
widened according to the procedure described by Nygard (2021) to facilitate
synchronisation with other acquired signals (1-D PMT and pressure trans-
ducer signals). High-speed images were recorded for OH* chemilumines-
cence, Planar Laser-Induced Fluorescence (PLIF), and stereoscopic Particle
Image Velocimetry (stereoscopic PIV), and they are briefly discussed in the
following paragraphs.

OH* chemiluminescence

In premixed flames, a reliable heat-release rate (HRR) marker is the emission
of OH radicals (OH*) (Balachandran et al. 2005, Higgins et al. 2001). To
capture OH* chemiluminescence images, a high-speed camera was connected
to a LaVision high-speed intensified relay optics unit. This is to amplify the
weak OH* chemiluminescence emissions from the short exposure time of
the high frame rate shots. A UV lens (Sodern Cerco 2178, focal length
= 100 mm, aperture F/2.8) fitted with a UV bandpass filter (310nm with
a FWHM of 10nm) was used to block out emissions outside the intended
wavelength. Samples of these images recording the integrated OH* intensity
within the camera’s line of sight (LOS) are shown in Figure 3.29.

Figure 3.29(a) shows the instantaneous side image. The normalised pixel
intensity outlines the reaction zones (integrated LOS) with each of the bluff
body stabilised flames assuming a V shape. Adjacent flames have limited
flame interaction with flame brushes barely touching each other. Image
taken simultaneously from the top provides an overview of the global flame
dynamics. 12 distinct flame sectors can be identified in Figure 3.29(b),
again indicative of limited flame-flame interaction. Each flame assumes an
annulus shape when viewed downstream with minimal or no HRR detected
directly above each bluff body (black circular disc), suggesting little or no
reaction within the bluff body wakes.

13\ is the wavelength of the interferometer laser used for measuring surface flatness,
and is usually taken to be 632.8 nm.
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0 intensity (-) 1

(a) (b)

Figure 3.29: Example of instantaneous OH* chemiluminescence images of the 12-
injector bluff body stabilised flames. (a) adjacent flames captured by side camera,
and (b) global annulus view recorded using a top camera.

Planar Laser-Induced Fluorescence

OH-PLIF was performed on SCT V1 to validate the HRR computations
predicted in the LES simulation. A detailed procedure on PLIF is given in
Donbar et al. (2000). A brief description is given below with a schematic
shown in Figure 3.30.

A diode-pumped, frequency-doubled Nd:YAG laser (Edgewave IS 400-2-L)
with a pulse energy of 10mJ and wavelength A\ = 532nm was operated at
10kHz to pump a Sirah Credo dye laser using Rhodamine 6G dissolved in
ethanol. A frequency conversion unit was used to generate a wavelength
A of approximately 283.55nm. The wavelength was tuned to obtain the
maximum signal, with the resultant pulse energy from the dye laser at ap-
proximately 0.3 mJ.

The sheet forming optics comprised a pair of cylindrical lenses, with focal
lengths —8 mm and 100 mm. The laser sheet was focused to a width of
approximately 0.2 mm by a plano-convex (PCX) lens with a focal length of
1m. PLIF images were acquired with a gate width of 80ns which is more
than sufficient to capture the fluorescence from the 10ns laser pulse but
resulted in almost no contribution of chemiluminescence to the measured
signal. Flame surface density (FSD) plots were calculated using the method
described in Balachandran et al. (2005). An example of a FSD plot is shown
in Figure 3.31.
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Figure 3.30: Schematic illustrating the OH-PLIF laser setup (not to scale). The
green arrows represent the laser beam when wavelength A = 532nm while the
purple ones depict the laser beam at A ~ 283 nm (which is now in the UV range)
after frequency conversion. The beam passes through the sheet (forming) optics
which consists of a pair of cylindrical lens. A plano-convex (PCX) lens is used for
adjusting the thickness of the laser sheet.
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Figure 3.31: Example of a flame surface density (FSD) plot computed from OH-
PLIF images.

Stereoscopic Particle Image Velocimetry

Local velocity components u, and ug were measured using 2-dimensional, 3-
component stereoscopic PIV for non-reacting, unconfined flow with swirler
placed at h = 10,20, and 30 mm upstream of the combustor back plane as
depicted in Figure 3.2(c).

o d

Details of a stereoscopic-PIV procedure may be found in Raffel et al. (2007).
A schematic of the setup is shown in Figure 3.32 and is briefly discussed
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below. Scheimpflug adapters were first attached to the high-speed cameras
before the camera lens (Sigma 105 mm, F/2.8) were mounted. The adapters
were then iteratively tilted until the entire field of view (FOV) was in focus.
This was performed with the lens at the widest aperture of F/2.8. The
laser sheet was aligned at the position y = 0 where a 2-level calibration
plate (Davis Type 106-10) was placed. To correct for any laser sheet mis-
alignment with respect to the calibration plate position, a self-calibration
was performed using Davis 8.4.0. The non-reacting flow was seeded with
olive oil particles using an in-house seeding unit. Double pulsed laser (Litron
LDY303HE-PIV of 532nm) was then fired at a rate of 1kHz. Similar to
the OH-PLIF setup, the laser beam passed through a pair of cylindrical
lenses to form a laser sheet which then had its thickness adjusted by means
of plano-convex (PCX) lens. The physical FOV was (89.3 x 90.4)mm and
seeding images were acquired at a resolution of 896 x 896 pixels. Vector
field was computed using the (dewarp) images in Davis 8.4.0 using a five
pass method: two passes of 64 x 64 pixel window with 50% overlap followed
by three passes of 32 x 32 pixel window with 75% overlap.

Details of the computation is presented in Section 2.2 and the data in Sec-
tion 4.1.
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Figure 3.32: Schematic illustrating the stereoscopic PIV setup (not to scale).
Scheimpflug adapters were mounted on the cameras to bring the camera’s entire
FOV to focus. The inset of figure shows the global coordinate system (z,y, z). The
vector X is the axial flow direction and is out-of-plane. The laser sheet was aligned
at y = 0, and the corresponding (local) cylindrical coordinates (r, 8, 2) showing the
local vectors % and 6 is in the second inset.
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3.8.3 Hot-wire anemometry

Constant Temperature Anemometry (CTA) was also performed on the swirl-
ing flow. The Dantec 55P11 single hot-wire probe, which has a diameter
of 5um and a length of 1.25 mm, was used in combination with the Dantec
Streamline Pro system for this purpose. Details of the Dantec hot-wire setup
may be found in Jorgensen (2002). In brief, the upstream unburned bulk
mixture flows and cools the heated hot-wire. To maintain the temperature
of the hot-wire, which is operating at an overheat ratio of 0.8, a voltage E
is applied. Varying values of E are recorded depending on the extent of
cooling by the mixture flow which is taken to be proportional to the bulk
speed U. This relationship between voltage E and bulk speed U is known
as the King’s Law:

E? = (T — T,) (A + BU%) (3.1)

where Ty, is the wire temperature, T}, is the (unburned) fluid mixture tem-
perature, and A, B are constants. In the current work, voltage E was
recorded across a range of known mixture flow velocity U. The values were
fitted with a fourth order polynomial:

4
U=> cF (3.2)
=0

where ¢; are constants. This polynomial calibration curve fit, with an ex-
ample shown in Figure 3.33, was used to convert subsequent voltage readings
measured from flows with unknown bulk velocity U.

4
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Figure 3.33: Hot-wire calibration curve correlating voltage E to bulk velocity U.

Calibration measurements were taken at the start and end of each day to
check for repeatability. Since air was supplied from a central compressor
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with a well-regulated temperature at all times, no temperature corrections
were made.

3.8.4 Pressure measurements

Acoustic measurements were used to detect any onset of instability during
ignition and LBO. They also served to supplement the 1-D PMT signals in
detecting the successful ignition of an injector sector (Philip et al. 2014b).
This was done using piezoelectric pressure transducers (type Kulite XCS-
093 0.35bar) which were inserted into the ports of each injector tube at
positions hpy and hpe (see Figure 3.7). The acoustic signals were amplified
using a bridge amplifier (type Flyde FE-579-TA).

3.8.5 Temperature measurements

Thermal effects may drastically impact the ignition (Lancien et al. 2018,
Philip et al. 2014b, Puggelli et al. 2020, Tépperwien et al. 2022) and lean
blowoff dynamics (Korusoy and Whitelaw 2004, Russi et al. 1953, Zhang
et al. 2011). Temperatures were therefore taken at various locations of the
combustor throughout the entire ignition and LBO experiment run so that
one may:

e Control the initial temperature before an experimental run for a well-
defined boundary condition.

e Use the temperature profile as empirical input for relevant numerical
simulation, and

e provide data for high fidelity numerical simulations (for our collabor-
ation with SAFRAN and CERFACS).

Temperature may be measured using thermocouples and pyrometer, and is
briefly presented as follows.

Thermocouple

Temperature profiles along the combustor wall were measured using Type-K
thermocouples with a sheath diameter of 1 mm. They were welded on the
inner combustor wall or inserted into slots on the combustor back plate as
shown in Figure 3.34. The thermocouples are capable of measuring up to
temperature 7' = 1473 K, with an accuracy of max{1.5,0.4% T} depending
on the operating range.
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Figure 3.34: Thermocouple positions on (a) combustor inner wall, and (b) the
combustor back plate.

Pyrometer

Optical instruments may be used for non-intrusive temperature measure-
ment of surfaces which are physically inaccessible, such as the flameholder.
A pyrometer was used to ensure the same thermal conditions were used
during ignition experiments. To do this, an infrared pyrometer (type Optris
CTlaser 3MH) was mounted as shown in Figure 3.35. The target meas-
urement spot in this case is the bluff body illuminated in red indicative
light. The pyrometer is capable of measuring temperature T" between 373
to 873 K, and provides a fast response time of approximately 1 ms. Readings
are accurate up to £(0.3%) of reading + 2 K but requires user’s input of the
emissivity value of the measured surface, €. To determine the emissivity e,
the following steps apply:

(i) An estimated value of € for the target surface is used as input for the
calibration of the pyrometer.

(ii) The intended area of measurement is first heated up to a sufficiently
high temperature.
(iii) The heat source is then removed and the surface is left to cool.

(iv) Simultaneous temperature measurements of the cooling process are
made from both the thermocouple (which acts as the reference tem-
perature Tyef) and pyrometer (Thyro)

(v) The temperature profiles of Tyef and Tpyro are compared.

Steps (i) to (v) are repeated until a reasonable collapse of the temperature
profiles are obtained as shown in Figure 3.35(c).
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(b) ()

Figure 3.35: Images of pyrometric measurement: (a) shows a photo annotated with
the infrared optical path from the pyrometer to the measurement spot which in
this case is a flameholder. This is illuminated in red as shown in (b). (c) is a plot
of the temperature profiles measured by a thermocouple (Tyef) and a pyrometer

(Tpyro)-

3.8.6 Experimental uncertainty and statistical convergence
Mass flow uncertainty

Air and fuel flow rates are regulated by Alicat MC and MCR series mass
flow controllers (MFCs) which have an accuracy of + (0.8% of the reading
+ 0.2% of the full scale). For each operating condition, the MFC is thus
chosen to maximise its full scale flow rate whenever possible to minimise
the uncertainty. This allows a more accurate determination of the bulk
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flow velocity and the mixture equivalence ratio during instants of flame (re-
)ignition and extinction. Table 3.1 lists the typical mass flow uncertainties
in a single flame and a 12-injector annular setup for the lean blowoff studies.
Flow rates of the MFCs are given in standard litres per minute (slpm)'*.

Table 3.1: Table showing mass flow uncertainties. The uncertainty errors (in %)
for U and ¢ are written in brackets.

single bluff body stabilised flame at lowest bulk flow velocity
fuel: 1x 50 slpm MFC
air: 1x 250 slpm MFC

air flow rate (slpm) fuel flow rate (slpm) U (m/s) ¢ (-)

8.734+0.14 0.51 £0.02
(1.56%) (4.84%)

75.00 £ 1.10 4.00 £0.13

annular bluff body stabilised flames at highest bulk flow velocity
fuel: 1x 250 slpm MFC
air: 1x 2000 slpm MFC, 1x 1000 slpm MFC

air flow rate (slpm) fuel flow rate (slpm) U (m/s) o (-)

24.45+0.26  0.55 % 0.01
(1.04%) (2.21%)

2510.69 £ 26.09 143.93 £ 1.65

Statistical convergence

The stochastic nature of the light-around process requires multiple runs of
the same operating condition for repeatability, and the term § (expressed in
%) is used to quantify the statistical convergence of the light-around time
Tign- 0 is defined in Equation 3.3 as:

§— Tign(IV) — Tign(N — 1)
?ign(N)

x 100 (3.3)

4 The mass reference condition is taken at 25 °C and 14.696 psia (pound-force per square
inch absolute).
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where Tign (V) is the mean value of N measured runs. Tijgn is the light-around

time for the 7% run.
_ 1 j
Tign(N) = N Z 7—ign

Figure 3.36 shows the statistical convergence of a typical ignition experiment
with 50 runs. At N Z 25 runs, ¢ lies within £1%, as indicated by the grey
shaded band.

15+

(@23
T

5 (%)

0 18] < 1%

_10 1 1 1 1 1 1 1 1 1 |
0 5 10 15 20 25 30 35 40 45 50

Number of runs, N

Figure 3.36: Plot showing the variation of § (in %) with number of runs N. The
grey shaded band represents |§| < 1%.
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This chapter briefly covers some unpublished data.

Section 4.1 presents some data from the measurement of swirl number 8 by
means of stereoscopic Particle Image Velocimetry (stereo-PIV) as described
in Section 3.8.2.

The remaining chapter summarises some of the key findings of lean blowoff
(LBO) dynamics in annular combustors. The presented LBO data is incom-
plete since data processing is still ongoing. An overview is first presented
in Section 4.2.1 before concluding with a brief comparison of LBO limits
between single and multi-injector combustors in Section 4.2.2.

87
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4.1 Characterisation of swirling flow

by
11

dinj

Figure 4.1: Injector configuration with swirler placed upstream of combustor back
plane at h = {10,20,30} mm. The red arrows denote the axes X and 7. All
dimensions are in millimetres.

The swirl number 8 is measured for swirler placed at h = {10, 20,30} mm
upstream of the combustor back plane as depicted in Figure 4.1. Data is
presented for the cases h = 10 and 30 mm which are plotted in Figure 4.2.
The 2-D velocity fields are shown in Figure 4.2(a). The axial velocity u, and
azimuthal velocity ug profiles along the radial direction at axial positions
x/dinj = 1,2,3 are shown in Figure 4.2(b) and Figure 4.2(c). The measured
u; and ug values from the stereo-PIV setup are used to compute the swirl
number § using FEquation 2.16 which is restated here for ease of reading.

Gy
roGa
N fOR ugpugr? dr

~ R
To fo uZrdr

S —

The discretised form of Equation 2.16 is:

N

\ 2
Zuxue <TJ) Ar
=1 "
8§ = ~ -
Zui <]> Ar
=1 \Te

(4.2)
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swirler at h = 10 mm swirler at h = 30 mm

Up/U (-)

Figure 4.2: Velocity profiles for swirler placed at h = 10 mm (left) and A = 30 mm
(right). (a) 2-D velocity field, (b) axial velocity u, along the radial direction r
at «/dinj = {1,2,3}, and (c) azimuthal velocity uy along the radial direction r at

x/dinj = {17 2, 3}
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In Equation 4.2, rj—ny = r, is the swirler outlet radius and is equal to
radius of the injector exit diy; /2. The radial direction is also uniformly
discretised into NN intervals so Arj—i2 .. n = Ar. The calculated swirl
number § is presented in Figure 4.3. 8 decreases when the swirler is placed
further upstream, with the case of h = 10 mm having a maximum value of
8§ ~ 1 at x/dinj = 2. When h = 30 mm, the maximum value of § is 0.8 at
z/din; = 1.5. The swirl number computed using solely geometric parameters
(see Equation 2.17) assumes a spatially uniform value of 85 = 1.22.

12 Sg =122

VJﬁ 11

g

"5 08}

2

— 0.6

= h [mm]

@92 0.4+ 30 —e—20 —e—10

0.5 1 1.5 2 2.5

z/din;j ()

Figure 4.3: Computed swirl number § along the axial direction = for swirler at
h = {10, 20,30} mm.

4.2 Lean blowoff dynamics

4.2.1 Lean blowoff sequence in annular combustors

True colour flame images taken with a DSLR camera are shown to illustrate
the change in flame dynamics during the lean blowoff (LBO) sequence. All
cases considered are air-methane premix. Figure 4.4 illustrates the LBO
sequence of: (i) version 1 (V1) of the simplified Spinning Combustion Tech-
nology (SCT) combustor known as SCT V1, with a = 23°, § = 0° on the
left, and (ii) the NTNU 12-injector combustor on the right. For the NTNU
combustor, it was observed that with decreasing equivalence ratio ¢, well-
attached flames started to elongate. At some point of the LBO sequence, all
flames were fully detached and stabilised at a certain axial distance down-
stream of the combustor back plane. Sporadic local flame liftoff (or local
extinction) and subsequent reattachment at injector sectors were then ob-
served. One such instant is shown in Figure 4.4 at ¢ = 0.57. The red circles
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show the region where local flame extinction and subsequent reattachment
occurred. In the final instants leading up to global extinction, flames were
stabilised almost at the downstream exit end of the inner combustor wall.
In the SCT V1 combustor, the azimuthal flames were observed to stabilise
downstream, forming a pseudo-continuous ring of azimuthally lifted flames
around the circumference of the annulus chamber as seen from the visible
heat patterns of the inner combustor wall.

Figure 4.5 shows the LBO sequence of: (i) the SAFRAN Arrano engine on
the left, and (ii) version 2 (V2) of the simplified SCT, SCT V2 on the right.
In both the actual engine and its laboratory-scale model, the flame stabil-
isation mechanism appears to be qualitatively similar, and also drastically
different from those combustors depicted in Figure 4.4. At no point were
flames noticed to stabilise downstream. There was strong indication of pi-
loting effects whereby an extinguished injector (denoted E) was observed
to reignite shortly if the preceding (pilot) injector (denoted P) has well-
stabilised flames. More future investigations are required to conclusively
demonstrate such a piloting effect.
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Figure 4.4: A typical lean blowoff image sequence. Left: SAFRAN SCT V1 with
a = 23° B = 0° and right: NTNU 12-injector combustor. A sequence of local
extinction and subsequent reignition/flame reattachment is captured at ¢ = 0.57
for the NTNU combustor and circled in red.
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Figure 4.5: A typical lean blowoff image sequence. Left of the figure shows that
of the SAFRAN Arrano engine, and right shows its laboratory-scale model SCT
V2. In both cases, local extinction and reignition events suggest a piloting effect
of a well-stabilised (pilot) flame injector labelled P on the extinguished injector
denoted E. Direction of the net azimuthal swirl flow is indicated by a red arrow on
the first image of each sequence. The LBO images of the Arrano engine adapted
from Safran Helicopter Engines (2016a).

4.2.2 Lean blowoff curve

The LBO limit curves of both single and multi-injector combustor configur-
ations are presented in Figure 4.6. The lip velocity upon global flame extinc-
tion Uy, is plotted against the equivalence ratio ¢ of the air-methane premix
at that instant. In both the straight axial and 90° bend injector cases, the
multi-injector configurations exhibit much more variability. Notably, the
NTNU 6-injector combustor does not exhibit a monotonic relationship. For
instance at a given blowoff velocity Uy, of 25 m/s, global extinction of flames
may occur either at ¢ = 0.55 or at a leaner value of ¢ ~ 0.50. This is attrib-
uted to the stochastic behaviour of local flame extinction and reattachment
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as discussed earlier in Section 4.2.1. A premature flame liftoff and failure in
reattachment leads to a higher blowoff equivalence ratio ¢, while the lean
blowoff limit may be substantially extended if there is successful occurrence
of flame reattachment. In the case of the NTNU 6-injector configuration,
this effect is particularly pronounced, leading to a non-monotonic LBO curve
relationship. For the 90° bend injectors, it is noted that either of the annu-
lar configuration leads to an improvement over the case of a single flame in
terms of global flame extinction limit. A yaw angle value of o = 23° also
leads to better LBO limits. This is likely due to increased flame interaction
for the case of o = 23° as compared to @ = 0°. No concrete reasoning has
been put forth but Large Eddy Simulations (LES) performed by CERFACS
suggest that stronger flame interaction in the a = 23° configuration res-
ults in lower flame strain rate, and therefore better blowoff limits. This is
presented in draft Article I'V.

50 50 -
straight axial C@% 90° bend injector
451 injector 451 (SCT V1)
O single flame (O single bend injector o
6-injector O @ 6 bend injectors, a = 0°
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Figure 4.6: Lean blowoff curves of: (a) straight axial injectors with swirlers at
h = 10mm upstream of bluff body in single injector, 6-injector, and 12-injector
configurations, and (b) 90° bend injectors in single and multi-injector annular con-
figurations. Yaw angle a = 0 and 23° were considered for the annular SCT V1
combustor. Hollow markers represent data points of single flames, while solid
markers correspond to that of multi-injector combustors.



Summary of research articles and
conclusions

5.1 Summary of articles
This chapter summarises four articles which are part of the thesis.

Two of the articles present numerical and experimental works performed
on the laboratory-scale spinning combustor (SCT V1): in Article I, the
general flame dynamics of spinning flames is characterised while in Article
IV, the lean blowoff process is discussed. These studies were performed in
collaboration with SAFRAN Helicopter Engines and CERFACS under the
ANNULIGAT Innovative Training Network (ITN).

Article II and Article III focus on experimental ignition studies in annular
combustors. In the former, we explored the ignition effects of strong azi-
muthal swirl and azimuthal fuel staging in SCT V2 operating under Rich-
Quench-Lean (RQL) staging. In the latter, we investigated the light-around
dynamics of non-carbon fuel blends in the NTNU annular combustor.

The thesis concludes with a discussion of how results presented in the art-
icles, as well as in Chapter 4, have sought to address the three research
objectives formulated in Section 1.4 concerning the ignition and lean blo-
woff dynamics of turbulent flames in annular combustors. Potential future

95
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work is also briefly explored.
Article 1

Numerical and experimental flame stabilization analysis in the new spin-
ning combustion technology framework

Pasquale Walter Agostinelli, Yi Hao Kwah, Stephane Richard, Gorka Exil-
ard, James R. Dawson, Laurent Gicquel, Thierry Poinsot

ASME Turbo Expo 2020: Turbomachinery Conference and Exposition, Volume
4A: Combustion, Fuels, and Emissions, Page V0/At04A058

Article T is the first of two articles on the SCT V1. The azimuthally direc-
ted flames in this laboratory-scale combustor were studied experimentally
and numerically. The characterisation involved temperature measurements
along the combustor wall and pressure drop measurement across the bend in-
jector. OH* chemiluminescence and OH-Planar Laser-Induced Fluorescence
(PLIF) images were used to identify mean flame structures and compute
flame surface density (FSD) respectively. Hot-wire anemometry (HWA)
was also performed in a non-reacting flow field to obtain the velocity pro-
files. These relevant quantities of measure (temperature T, pressure P, bulk
flow velocity U) and flame dynamics (mean flame structure and FSD) were
used to validate the employed numerical method, providing groundwork
for the subsequent numerical-experimental study on lean blowoff process in
the same combustor (see Article IV). A preliminary investigation on the
effect of combustor back plane cooling was also conducted to aid in the
design process of the effusion-cooled back plane found in the second version
of the laboratory-scale spinning combustor (SCT V2). It also allows for
an assessment on the effectiveness of the geometry design in introducing a
Rich-Quench-Lean (RQL) staged combustion which is later implemented in
SCT V2.

Article IT

Effect of strong azimuthal swirl on ignition and light-around in an annular
combustor

Yi Hao Kwah, Pasquale Walter Agostinelli, Stephane Richard, Gorka Exil-
ard, Stephane Pascaud, Laurent Gicquel, James R. Dawson

Journal of Engineering for Gas Turbines and Power, Volume 144, Issue 11,
Pages 11010

Article II presents findings from ignition experiments conducted on the
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second version of the laboratory-scale spinning combustor (SCT V2). Three
aspects of the combustor design were considered: (i) Rich-Quench-Lean
(RQL) staging, (ii) strong azimuthal swirl, and (iii) azimuthal fuel staging.
Under RQL staging (see Section 3.5 for details), the spinning flames be-
have very similar to non-premixed flames: no clear correlation could be
established between the ignition propagation speed S, and mixture bulk
velocity U. The presence of a strong azimuthal velocity component induced
by the novel angled injector configuration results in a highly predictable ig-
nition sequence around the annulus, with a considerably faster light-around
speed compared to a typical straight injector combustor. In certain cases,
a non-sequential order of ignition was observed. A novel ignition map was
constructed to provide better visualisation of how ignition proceeds in SCT
V2. Consideration of two different azimuthal fuel staging configurations as
described in Section 3.5.2 leads to an improvement of the lean ignition limit
due to a possible piloting effect which is inferred from overhead high-speed
images.

Article I11

The effect of methane-ammonia and methane-hydrogen blends on ignition
and light-around in an annular combustor

Yi Hao Kwah, Samuel Wiseman, James R. Dawson

Submitted to: Journal of Engineering for Gas Turbines and Power

Article III considers the light-around phenomenon on a more fundamental
level. Ignition experiments were conducted on the 6-injector NTNU annu-
lar combustor considering only bluff body stabilised premixed flames, and
using a variety of hydrocarbon (CHy, CoHy, and C3Hg) and non-carbon (Hs
and NHs) fuels. The choice of a much simple combustor geometry reduces
flow complexity, and minimises the risk of flashback (compared to swirling
flames) while the use of multiple fuel blends is motivated by recent interests
in carbon-free fuel for reduced emissions and the ability to independently
vary laminar flame speed Sp and dilatation ratio py/pp. To increase stat-
istical certainty, each operating condition was repeated between 30 to 50
times, with a total of more than 3000 data sets of which 900 included high-
speed imaging. Three fuel cases were considered as follows. (i) In pure
hydrocarbon fuels cases where p,/pp, and SP could not be independently
varied, the light-around speeds were observed to have a positive correlation
with the lumped parameter (pu/pp) - SY, coherent with previous studies.
(ii) The equivalence ratio ¢ and blend ratio of CH4-NH3-Hy were adjusted
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to independently vary the laminar flame speed SE while keeping py/pp con-
stant. An empirically fit correlation considering Lewis number effects (with
Le computed based on a heat release-based approach) results in good scaling
between S, and SY. (iii) Similarly, the equivalence ratio ¢ and blend ratio
of CH4—Hy were adjusted to only vary the dilatation ratio p,/pp, without a
change in SE. Contrary to existing knowledge based upon prior studies on
ignition of hydrocarbon fuels, a decrease in p,/pp results in an unexpected
increase in S,. No suitable explanation has yet been put forth but is likely
attributed to the thermo-diffusive effects of Hs.

Draft article IV

On the lean blow-out dynamics in the Spinning Combustion Technology
Pasquale Walter Agostinelli, Yi Hao Kwah, Stephane Richard, Gorka Exil-
ard, James R. Dawson, Laurent Gicquel

Planned submission to: Combustion and Flame

Article IV reports both numerical and experimental investigations of the
lean blowff (LBO) process in SCT V1. Two different geometric configur-
ations of SCT V1 were considered: (i) bend injector positioned at a yaw
angle of & = 23°, and (ii) at a yaw angle of a = 0°. This is motivated by
results of the LBO limit curve (Figure 4.6(b)) in Chapter 4 which shows a
substantial difference in LBO limits depending on the yaw angle a of the
injectors. It was observed that at sufficiently lean fuel-air mixtures, the
presence of a strong azimuthal swirl in SCT V1 leads to the formation of a
continuous, azimuthally lifted flame around the annulus downstream of the
combustor back plane as depicted in Figure 4.4. This lifted flame ring has
a piloting effect, helping to improve the LBO limits. At o = 23°, there is
a greater interaction between neighbouring flames, thereby enhancing this
piloting effect. Consequentially, & = 23° fares better than the case of a = 0°
in terms of LBO limit, with the flames being more resilient to the stretch
rate (which is approximated by the flame strain rate) as suggested from
numerical simulations.

5.2 Conclusions and future outlook

In the study of ignition and lean blowoff dynamics of turbulent flames in
annular combustors, three main research goals have been identified. These
have been previously summarised in Figure 1.9 and are reiterated here for
ease for reading.
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Figure 5.1: Chart reproduced from Figure 1.9 summarising the research objectives.

The research outcomes addressing these objectives are discussed in the fol-
lowing paragraphs.

O1. Ignition studies using non-carbon fuels

In Article 111, we saw how the choice of fuel type can drastically influence
the ignition light-around dynamics. The attempt to independently vary
laminar flame speed SY and dilatation ratio p,/pp, using non-carbon fuel
blends led to the surprising finding that thermo-diffusive effect plays a cru-
cial role in influencing the ignition propagation speed S,. This has been
previously reported by investigators measuring turbulent flame speed St in
fan-stirred bombs (Karpov and Severin 1980, Lipatnikov and Chomiak 2005,
2002) but has never been studied in light-around experiments which as of
present, have only used pure hydrocarbons as fuel. For CH4-NHs-Hy blends
with Lewis number Le > 1, an empirical correlation taking into account
Le leads to good scaling between S, and laminar flame speed SP. However,
applying the same correlation to CH4-Hs fuel blends failed to achieve any
reasonable collapse of the datasets. The effect of increased S, values with
decreasing dilatation ratio py/p, for CH4-Hy fuel blends runs contrary to
existing knowledge based upon hydrocarbon fuels. This anomaly reflects
the incomplete understanding of the ignition light-around phenomenon and
warrants a more detailed investigation on fuel blends with flame properties
which are different from that of conventional hydrocarbons. This is partic-
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ularly pertinent when there is an ever increasing emphasis to transition to
non-carbon fuels like NH3 and Hy for lower emissions. As seen in Article 111,
these fuels have drastically different flame properties which alter the ignition
dynamics considerably. Light-around experiments may also be conducted
in the intermediate pressurised annular (IPA) combustor in our lab under
pressurised, choked flow conditions to even more closely replicate realistic
engine conditions which relates to O3 of the thesis.

02. Lean blowoff studies using different annular injector configurations

Lean blowoff (LBO) experiments have been conducted on both single flame
and multiple flames arranged in an annular configuration. Due to time con-
straints, detailed analysis has not yet been performed but key findings are
summarised in Chapter 4. The onset of a global pandemic also delayed the
servicing of various equipment such as the OH-PLIF and the high-speed
intensified relay optics unit, severely limiting the availability of various op-
tical diagnostics for an extended period of time. The blowoff mechanism
could therefore not be investigated in detail. However, the available meas-
urements clearly indicate that flame interaction strongly influences the LBO
dynamics, coherent with conclusions drawn from existing studies (Ciardi-
ello et al. 2020c, 2022b, Kwong and Steinberg 2019a,b). The importance
of flame interaction in influencing the LBO limits is also evident from the
numerical and experimental study presented in Article IV. In this regard,
future work may choose to study the role of multi-flame interaction during
the LBO process, the physics of which cannot be replicated in a single flame
setup. The limited LBO studies performed in a multi-flame configuration
needs to be addressed via future experimental work as well.

03. Studies more closely replicating real combustors

Two new laboratory-scale annular combustors (SCT V1 and SCT V2) have
been designed and commissioned to replicate the relevant physics found in
a SAFRAN spinning combustor which are: (i) Rich-Quench-Lean (RQL)
staging, (ii) strong azimuthal swirl, and (iii) azimuthal fuel staging.

The effect of (i) RQL and (iii) azimuthal fuel staging on light-around igni-
tion is presented in Article II. Compared to conventional laboratory annular
combustors operating under premixed conditions, flames under RQL staging
were observed to behave like non-premixed flames. This highlights the need
for more light-around experimental data focusing on non-premixed combus-
tion to more reliably predict ignition behaviour in real engines. NOx and CO
emissions levels could also be measured in future experiments to evaluate
the effectiveness of the implemented RQL staging. Azimuthal fuel staging
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has been shown to improve the ignition limits and future works could be
extended to evaluate whether blowoff limits may also be improved in the
same manner.

The effect of (ii) strong azimuthal swirl on ignition and lean blowoff dynam-
ics was investigated in Article II and Article IV respectively. Experimental
results from both studies strongly suggest that these azimuthally directed
flames have a piloting effect on the (re-)ignition of neighbouring injectors,
and is likely to result in better ignition and blowoff limits. Studies may be
performed to study the piloting effects of these flames in detail. In partic-
ular, the piloting effect during the blowoff process in SCT V2 bears much
qualitative similarity to the actual SAFRAN engine as seen in Figure 4.5.
This is a promising indication that the blowoff physics in a spinning com-
bustor has been successfully replicated in a laboratory scale.

5.3 Final remarks

It is hoped that the works presented in this thesis have helped contribute to
a better understanding of ignition and lean blowoff dynamics of turbulent
flames in annular combustors. Asis typical of a research journey, the process
of addressing the main research objectives summarised in Section 1.4 have
only led to more queries being raised. It is then the aim of future research
to seek better insights on these emerging questions. On a more fundamental
point of view, findings from Article III and Chapter 4 are but one of the
numerous steps to be taken to elucidate the complex transient phenomena
of ignition and lean blowoff dynamics while the numerical and experimental
investigations reported in Article I, Article II and Article IV represent the
first of many works which may be performed on the experimental rigs SCT
V1 and SCT V2 to better understand the workings of a combustion engine.
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Technical drawings

Table A.1: List of technical drawings in the appendix.

No. Technical drawing description Page
SAFRAN SCT V1
1. Visualisation of plate assembly p- 219
2. Assembled plate pieces p- 220
3. DBottom piece p. 221
4. Top inner piece p. 222
5. Top outer piece p- 223
6. Assembled bend injector and cooling duct p. 224
7. Assembled bend injector and wedge p- 225
8. Bottom wedge p- 226
9. Top wedge p. 227
10. Swirler p. 228
11.  Bend injector pipe p- 229
12.  Cooling duct p- 230
SAFRAN SCT V2
1.  Angled injector p- 232
2. Swirler p- 233
3. Inner wall (with dilution holes) p. 234
4. Perforated plate (for effusion cooling) p. 235
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Computer-aided Design (CAD) Drawings

Drawings for SAFRAN SCT V2
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