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“The universe is under no obligation to make sense to you”
— Neil deGrasse Tyson

The Cosmic Perspective

The pale blus dot

that we call

[ /3
Home

The photograph of Earth taken on Feb. 14, 1990, by NASA’s Voyager 1 at a
distance of 6 billion kilometers from the Sun.






A song of fire and sound

She was a radiant and gleeful engine,
Ready to get aboard an aircraft and reach to the skies,
Uniting people across the globe.

When she was set on fire with fuel and air,
Sizzling and whirring, she produced hot burning flare,
Holding high pressure ready to push the aircraft with a dare.

What she never knew, her own roar might be her catastrophe!

The sound moving back and forth her bounding wall,
Combined with her fire, resulting in her thumping fall,
She strove to stay alive until the end, puffing and gaping
But turned her own daemon, with the fire snapping.
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Abstract

This thesis addresses some of the central issues in combustion dynamics of
annular systems, essentially focusing on understanding, interpreting, and predict-
ing combustion instabilities coupled with azimuthal modes. These modes are the
most detrimental among those encountered in gas turbines and aero-engines as
they correspond to the lowest eigenfrequencies where the flame is most sensitive
to incoming disturbances. The work specifically considers the case where the
flames established in the combustor are formed by a spray of liquid fuel and on
injection systems generating a swirling flow, idealizing those found in practical
applications. Systematic experiments are carried out on a multiple-injector an-
nular combustor (MICCA-Spray), allowing full optical access to the combustion
region and equipped with multiple microphones for identifying the pressure field.
These are complemented with measurements of flame describing functions (FDFs)
using a single-sector combustor (SICCA-Spray) and another facility featuring an
array of three injectors (TICCA-Spray) to better represent the flame environment
and boundary conditions corresponding to the annular case. This combination of
experiments is used to explore the effects of injection geometry and operating pa-
rameters on the occurrence of combustion instabilities. The domains of instability
are documented for three fuel types (premixed propane and air, heptane and do-
decane) and different values of injector head loss and swirl number. In addition,
the instabilities are also found to be sensitive to the location of the atomizer with
respect to the injector outlet. Several questions are considered in this work, in-
cluding the possibility of representing the response of a multi-dimensional flame
using the FDF framework and methods to suitably determine FDFs for the class of
injectors used, which are weakly transparent to acoustic waves. The comparison
between measured FDFs in the single sector and the linear array of three injec-
tors is used to reveal the limitations of data corresponding to an isolated flame in
representing the dynamics of flames surrounded by neighboring flames. The data
interpretation based on low-order modeling indicates that many of the features ob-
served experimentally can be predicted by making use of measured FDFs. This,
however, requires that the swirling injectors be suitably represented by an injec-
tor impedance and that the damping rate be estimated. The analysis underlines
the importance of the swirling injector parameters and injection conditions on the

xi



xii ABSTRACT

occurrence of combustion instability and provides guidelines in sorting out their
influence.



Résumeé

Cette these aborde des questions centrales de la dynamique de la combustion
des systemes annulaires, en se concentrant essentiellement sur la compréhension,
I’interprétation et la prédiction des instabilités de combustion couplées aux modes
azimutaux. Ces modes sont les plus dangereux parmi ceux rencontrés dans les tur-
bines a gaz et les moteurs d’avion car ils correspondent aux fréquences propres les
plus basses ou la combustion est la plus sensible aux perturbations auxquelles elle
est soumise. Le travail considere spécifiquement le cas ou les flammes établies
dans la chambre de combustion sont formées par une atomisation du combustible
liquide et sur les systemes d’injection générant un écoulement «swirlé», en ro-
tation idéalisant ceux des applications pratiques. Des expériences systématiques
sont réalisé€es sur une chambre de combustion annulaire comportant des injecteurs
multiples (MICCA-Spray), permettant un acces optique complet a la région de
combustion et équipée de plusieurs microphones pour identifier le champ de pres-
sion. Ces expériences sont complétées par des mesures des fonctions descriptives
de flamme (FDF) a I’aide d’une chambre de combustion a secteur unique (SICCA-
Spray) et d’une autre installation comportant un réseau linéaire de trois injecteurs
(TICCA-Spray) pour mieux représenter I’environnement de la flamme et les con-
ditions aux limites correspondant a la configuration annulaire. Cette combinai-
son d’expériences permet d’explorer les effets de la géométrie d’injection et des
parametres de fonctionnement sur 1’apparition d’instabilités de combustion. Les
domaines d’instabilité sont documentés pour trois types de combustible (propane
et air prémélangés, heptane et dodécane) et différentes valeurs de perte de charge
d’injecteur et de nombre de swirl. De plus, les instabilités se révelent également
sensibles a la position de I’atomiseur par rapport a la sortie de I’injecteur. Plusieurs
questions sont envisagées dans ce travail, dont la possibilité de représenter la
réponse d’une flamme multidimensionnelle a I’aide d’une représentation par FDF
et des méthodes permettant de déterminer convenablement les FDF pour la classe
d’injecteurs utilisés, qui sont faiblement transparents aux ondes acoustiques. La
comparaison entre les FDF mesurées dans le secteur unique et le réseau linéaire
de trois injecteurs est réalisée pour révéler les limites des données obtenues dans
le cas d’une flamme isolée dans la représentation de la dynamique de flammes
entourées par d’autres flammes. L’interprétation des données basée sur la mod-
€lisation d’ordre réduit indique que beaucoup des caractéristiques observées ex-
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périmentalement peuvent étre prédites en utilisant les FDF mesurées. Ceci néces-
site cependant que les injecteurs swirlés soient convenablement représentés par
une impédance d’injecteur et que le taux d’amortissement du systeme soit estimé.
[’analyse souligne I’importance des parametres de 1’injecteur swirlé et des condi-
tions d’injection sur I’ apparition de I’instabilité de combustion et fournit des lignes
directrices pour cerner leur influence.
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General introduction

1 Introduction

The phenomenon of combustion instabilities raises a wide variety of funda-
mental questions and gives rise to many practical problems during the develop-
ment and operation of combustion systems. This dynamical phenomenon arises in
high-performance devices like aircraft engines, gas turbines, liquid rocket thrust
chambers, in lower power devices like domestic or industrial boilers, matrix burn-
ers used in various processes, and in a wide variety of other practical configura-
tions (Candel 2002; Lieuwen and Yang 2005b). Combustion dynamics and insta-
bilities, therefore, constitute one of the central issues in combustion research and
application. Historically, high-pressure oscillations were encountered in the de-
velopmental stages of several early rocket programs (Oefelein and Yang 1993;
Culick and Yang 1995). These instabilities pose serious problems, leading to
undesirable consequences, including intense noise and vibrations, excessive heat
loads to the combustor walls, flashback, and blow-off, and in some cases, they
may even lead to spectacular failures (Huang and Yang 2009). This focused the
attention of engineers and scientists, leading to considerable research and devel-
opment efforts aimed at understanding and avoiding combustion instabilities and
their consequences. Significant work has been performed to derive predictive tools
and control techniques for the suppression of these instabilities. There are, how-
ever, difficult issues that still need to be resolved since combustion instabilities
occur as a result of a complex coupling between flow, combustion, and acous-
tics. Unsteady combustion generates acoustic waves, and when this happens in
a resonant environment, it may induce flow perturbations. Through intermediary
mechanisms, this further leads to heat release rate disturbances, which under cer-
tain conditions, may grow, making the system unstable. This situation is often
encountered in modern gas turbine engines operating in lean premixed regimes
to reduce NOy emissions. In these devices, the flames are aerodynamically an-
chored by swirling injectors, producing compact combustion regions with rela-
tively high power densities in a low damping environment. The flames are recep-
tive to resonant coupling, eventually leading to combustion instabilities (Candel
2002; Poinsot 2017). As solutions to such problems are not easy to develop, they
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2 INTRODUCTION

may induce painstaking engineering modifications and costly trial-and-error test-
ing (Poinsot 2017). With the aviation industry swiftly transitioning toward low-
carbon combustion, the need to understand these instabilities with newer fuels has
become all the more important (Beita et al. 2021). Although laboratory-scale
studies have focused on simpler conditions where only the combustion chamber is
considered, these studies have brought in several insights in the past years, greatly
advancing the existing knowledge on instabilities. One important advance in this
field has been made in experimentation with the development of lab-scale annular
combustors, comprising multiple injectors (Worth and Dawson 2013b; Dawson
and Worth 2014; Bourgouin et al. 2015a; Prieur et al. 2017) studying turbu-
lent flames (Bourgouin et al. 2013) and spray combustion (Prieur et al. 2018;
Rajendram Soundararajan et al. 2021). The annular geometry has allowed stud-
ies of instabilities coupled by azimuthal modes, which are the most dangerous in
practical systems. These azimuthal instabilities occur at frequencies that fall in
the range where flames are most sensitive to disturbances. Azimuthal coupling is
also a serious issue because the corresponding modes are less well-damped. Work
on annular combustor dynamics at the EM2C laboratory has been supported by
Safran, underlining the industrial interest in this kind of research. This has led
to the thesis of Bourgouin (2014) and Prieur (2017). Further work was carried
out by Vignat (2020) with support from Safran and the European network AN-
NULIGhT. As a continuation of such efforts, the present investigation is meant
to contribute to this domain by providing new data and model developments that
are essentially focused on understanding, interpreting, and predicting combustion
instabilities coupled by azimuthal modes. These types of instabilities are of spe-
cial interest because they arise in combustors having annular geometries such as
in aircraft engines or gas turbines. The annular geometry is because the combustor
is placed around the engine shafts connecting the fan, low and high-pressure com-
pressor stages to the low and high-pressure turbine stages. It is clearly essential
to advance the understanding of the coupling between combustion and acoustics
and take into account the azimuthal structure of the coupling modes. This work is
focused on flames formed by sprays of liquid fuel droplets and on injectors defin-
ing a swirling flow. These choices are made to align with aircraft engines that use
liquid fuel (typically kerosene or the future sustainable aviation fuels), introduced
as a spray in the combustor with swirling injectors. Of course, it is not possible to
use injectors having a complex geometry similar to those found in real systems. It
is preferable to idealize the injector configuration and define a family of swirlers
in which some simple geometrical variations can be made to change the head loss
and swirl number. This will allow sorting out the main effects without dealing
with the complexities that are inherent to real units.

The available research on combustion instability is quite substantial, and sig-
nificant advances have been made in this field; however, the capacity to carry out
experiments in an annular configuration comprising multiple injectors and to do
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(c) TICCA-Spray

Figure 1. Photograph of the three experimental test rigs used in the present work.

so with multiple diagnostics, including pressure sensors, photomultipliers arrays,
and intensified cameras allowing high-speed imaging is more recent. There are
now a few test rigs that comprise annular chambers with transparent walls allow-
ing optical access to the combustion region. One of the systems designed at an
early stage which has been operating for nearly ten years, is the MICCA annular
combustor. This facility, conceived at the EM2C laboratory in the framework of
a research project supported by the French national research agency (ANR), has
been used extensively to characterize instabilities coupled by azimuthal modes.
The initial version of MICCA, developed during the thesis of Bourgouin (2014),
was equipped with a system of swirling injectors using a blade row to impart an
azimuthal rotation to the flow. These swirling injectors were then replaced by ma-
trix injectors forming small conical laminar flames (Bourgouin et al. 2015b). The
combustor was later modified to operate with liquid fuels injected as a spray, with
the new version named as MICCA-Spray (photograph shown in Fig. 1 (a)), during
the thesis of Prieur (2017) and was further improved in the thesis of Vignat (2020).
Following this train of research efforts, the present investigation uses the MICCA-
Spray version in the context of studying combustion instabilities. MICCA has also
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allowed investigations of the light-round process that takes place when the igni-
tion is obtained with a spark plug, and the initial flame propagates from the initial
kernel and travels from injector to injector, eventually leading to the initiation of
a flame in all the injectors (Bourgouin et al. 2013; Philip et al. 2015; Prieur et al.
2017). During the same period, another facility was developed independently by
the group of James Dawson at the University of Cambridge (Worth and Dawson
2013b; Worth and Dawson 2013a; Dawson and Worth 2014). Dawson’s group,
including Nicolas Worth, later moved to NTNU in Norway and continued work
on annular combustion systems (Indlekofer et al. 2021; Indlekofer et al. 2021;
Mazur et al. 2021; Ahn et al. 2021). There are now other such configurations
at different research labs around the world (Zhong et al. 2021; Fang et al. 2021;
Roy et al. 2021; Singh et al. 2021), and some of them are inspired by the MICCA
design. Efforts were also focused in parallel on performing numerical simulations
of annular combustors with some pioneering work using large eddy simulations
(LES) at CERFACS by Poinsot and his co-workers (Staffelbach et al. 2009; Wolf
et al. 2009; Wolf et al. 2012). In addition, there has also been a number of
theoretical studies carried out on annular combustors studying azimuthal modes
(Morgans and Stow 2007; Parmentier et al. 2012; Ghirardo and Juniper 2013;
Noiray and Schuermans 2013; Bauerheim et al. 2015; Ghirardo et al. 2016; Ma-
gri et al. 2016). Other notable works include that of Pankiewitz and Sattelmayer
(2003), Blimbaum et al. (2012), with certain studies focusing on network model-
ing approaches (Kopitz et al. 2005; Bellucci et al. 2005) along with some analyses
carried out on real engines (Bothien et al. 2015).

One of the original aspects of research carried out at EM2C has been to es-
tablish a dialog between experiments carried out in the multiple-injector annular
combustor MICCA-Spray and a single-injector test facility designated as SICCA-
Spray (photograph shown in Fig. 1 (b)). The central idea of this dialog is that
one could obtain important information on the flame response in a single-injector
configuration, in particular, determine the flame describing function, and use this
knowledge to guide the experiments in the more complex annular system. This
strategy shown in Fig. 2 has been exploited quite effectively, producing meaning-
ful results (Prieur 2017; Vignat 2020), and is pursued in the present investigation.
However, one is led to ask whether a configuration comprising an isolated flame
placed in a cylindrical chamber like that of SICCA-Spray is representative of the
situation that prevails when each flame is surrounded by adjacent flames and is
facing an inner and outer wall on the lateral side, as in the case of MICCA-Spray.
This leads to the idea that an array of three injectors could perhaps constitute an
improved representation of the full annular geometry. This geometry is adopted in
the newly developed TICCA-Spray combustor (photograph shown in Fig. 1 (¢)), a
recent addition to the combustion dynamics experimental platform at EM2C. The
TICCA-Spray test rig consists of a linear array of three injectors with important
geometrical parameters such as inter-injector distance and injector-to-backplane
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Figure 2. Experimental methodology adopted in the present work. The MICCA-
Spray annular is studied in a closed-loop framework consisting of investigations
carried out in the single-injector combustor SICCA-Spray and three-injector lin-
ear combustor TICCA-Spray present at the EM2C laboratory. In addition, a com-
plementary test rig located at the CORIA laboratory, namely TACC-Spray, with
the facility to conduct transverse acoustic excitation, is also encompassed in the
context of ANR project FASMIC, but these results are not elaborated in this thesis.
Image of TACC-Spray adapted from Patat et al. (2021).

surface area ratio, being the same as that of the annular combustor, allowing to re-
produce the same environment as MICCA-Spray for the central flame. The three
experimental setups are used in this work in a comprehensive framework (shown
in Fig. 2) to understand the nature of combustion instabilities, the role of injec-
tion units in the processes leading to instabilities, and develop simplified tools
and techniques for instability prediction and control. Although TICCA-Spray
closely resembles the annular combustor, it only allows axial modulation of the
flames using a set of driver units and does not include the capacity to modulate
the flames in the transverse direction, like in the case of an annular combustor un-
dergoing azimuthal instabilities. This is possible in another facility, designated as
TACC-Spray, operated at CORIA laboratory by the team of Francgoise Baillot. The
TACC-Spray facility comprises five injectors, out of which three injectors operate
with flames, and is equipped with system allowing high-amplitude transverse ex-
citation of the flames. The injectors used in TACC setup are copies of the injectors
used at EM2C for the three test rigs —MICCA, SICCA and TICCA. A collabo-
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ration between CORIA and EM2C carried out in the framework of the FASMIC
project supported by the ANR has allowed fruitful exchanges between the two
groups on special issues, including the determination of injector impedance and
analysis of flame extinction by large amplitude oscillations, a process designated
as dynamical blow out. The results from this configuration are, however, not dis-
cussed in this thesis.

The present research effort thus integrates systematic experimentation using
three test facilities combined with low-order modeling in which the flame re-
sponse is represented in terms of its describing function. The work will include,
in essence, the following aspects.

e The MICCA-Spray annular combustor equipped with sixteen swirling in-
jectors will be used to examine instabilities coupled by azimuthal modes.
MICCA is a versatile annular test combustor allowing optical access to the
flames and acoustic identification of modal structures in the plenum and
chamber. This combustor has a flexible design and can be fitted with a va-
riety of injectors. Investigations have been carried out with a broad set of
swirlers allowing a detailed examination of effects related to the swirl num-
ber and injector head loss. In the current setup of MICCA-Spray, fuel is
mainly injected as a spray through pressure atomizers, but it also has the
facility to operate in premixed mode. This unique experimental configura-
tion allows investigations of dynamical phenomena and, more specifically,
of self-sustained thermoacoustic oscillations coupled by azimuthal modes,
which in reality are the most dangerous. Using modal identification, it is
possible to distinguish spinning, standing, or mixed modes that can be char-
acterized by the spin ratio.

e The SICCA-Spray cylindrical test rig comprises a single injector that is ge-
ometrically identical to those used in MICCA-Spray, and it will be used
to examine flame dynamics. This setup is equipped with driver units and
different acoustic and optical diagnostic tools to analyze the forced flame
response to longitudinal acoustic perturbations or examine the longitudinal
self-sustained oscillations obtained by changing the combustor size. This
setup is operated with a variety of swirlers and different fuels, particularly
the liquid fuels heptane and dodecane, and premixed propane. Flame de-
scribing functions (FDFs) are conveniently obtained in this configuration.
Any change, such as modifying the flame or injector geometry, tuning the
gain and phase of FDF, etc., as a means of instability control is first tested in
this simpler setup and later validated in the annular combustor.

o FDFs will also be determined in TICCA-Spray, a new facility comprising
three injectors such that the central flame is surrounded by two side flames,
a situation that is close to that found at a pressure antinode in the annular sys-



INTRODUCTION 7

tem. The FDFs from TICCA-Spray will be compared with those measured
in the single-injector configuration featuring an isolated flame.

At this stage, it is worth listing the questions of interest that will be investigated
in this research:

e One of the central themes of the current effort will be to examine the influ-
ence of the injector unit on azimuthal instabilities. This study initiated in
the thesis of Guillaume Vignat (Vignat 2020) with the development of dif-
ferent injector units is systematically pursued here. These injectors notably
differ from the previous ones used in the MICCA combustor and are named
in this work as “acoustically weakly transparent” in accordance with their
response to acoustic waves. It is, in particular, interesting to quantify the ef-
fects associated with the injector swirl number and pressure loss and see how
these parameters influence the development of instabilities. The injector im-
pact will be investigated in the three test rigs: MICCA-Spray, SICCA-Spray
and TICCA-Spray. A special study will also concern the effect of the loca-
tion of the spray atomizer with respect to the injector outlet. This will be
considered in a configuration of SICCA-Spray, where the atomizer position
is continuously varied.

e One important item in combustion instability analysis is to quantify the in-
fluence of the fuel that is being used and of the combustion mode. For this,
a situation is considered where the fuel (propane) and oxidizer (air) are fully
premixed, a second case where fuel (heptane) is injected as a spray and is
highly volatile and convected into the chamber by the air stream, and a third
situation where fuel (dodecane) is also injected as a spray but is much less
volatile. From this comparison, one expects to find how the vaporization
delay affects the development of instabilities.

e Another item that is of fundamental nature is to ask if it is possible to rep-
resent the dynamics of a multi-dimensional combustion process with an
FDF relating an input, typically the incident volume flow rate fluctuations,
and an output, namely the heat release rate fluctuations. Such input/output
descriptions are typically found in the control system domain. “Black box”
transfer function and describing functions have been used extensively in the
combustion instability and control literature. However, the basic question
is worth investigating. This is accomplished by experimentally comparing
a situation where the flame is acoustically modulated and where the flame
is coupled with acoustics, and self-sustained oscillations are produced. It
is then possible to see whether the FDF does represent the flame response
when the system features self-sustained oscillations.

e The experimental results gathered from the various configurations form a
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database that can guide modeling. This is used to see if the low-order
model derived in the present work can identify regimes of instability. It
is shown that this requires a suitable representation of the injector response
and that this can be conveniently achieved by assigning an impedance to the
injector outlet. In turn, this impedance has to be measured or modeled or
may be inferred from a combination of measurements and modeling. The
model that combines experimentally determined FDFs, injector impedance
information and estimated damping rates is then used to predict the occur-
rence of unstable oscillations, and these predictions are compared with ex-
perimental observations.

One question encountered during this research pertains to the determination
of the FDF itself. In most experiments, where fuel and oxidizer are pre-
mixed and the flames have a simple structure, this determination is based on
a direct method in which the relative heat release rate fluctuation is measured
together with the relative velocity fluctuation. The ratio of these two quanti-
ties is then calculated to determine the value of the FDF. This is repeated for
the frequency range of interest and for a set of input amplitude levels. Such
determination is adequate in the case of laminar conical flames or inverted
“V” flames or in the case of multiple conical flames formed by a matrix in-
jector unit. The velocity disturbance is generally determined upstream of
the flame where its spatial distribution is uniform or approximately uniform.
When the flame is more complex, and the velocity profile on the upstream
side of the flame is non-uniform, such as for flames formed by swirling in-
jectors that are acoustically weakly transparent, it is not straightforward to
define a suitable point for measuring the relative velocity disturbance. Of
course, it is possible to measure the velocity on the upstream side of the in-
jector before the swirler, where the velocity and velocity fluctuation profiles
are uniform. However, this provides a describing function that combines the
injector dynamics with the flame response. It is then necessary to account for
the injector transfer function to extract the FDF, but this raises further issues
which are discussed in this thesis. Another method that has been used quite
extensively is to determine a flame transfer matrix (FTM). This is generally
accomplished by placing an array of microphones on both sides of the injec-
tor and flame and exciting the system from upstream and downstream. The
multi-microphone method is then used to determine the transfer matrix. To
obtain the transfer function from this method, one needs to extract the flame
transfer matrix from the combined injector and flame transfer matrix, but this
raises the additional issue of determining the injector transfer matrix. In the
present investigation, a direct FDF determination is opted for, which relies
on the measurement of the relative velocity fluctuation at a point where these
relative fluctuations are equal to the relative volumetric fluctuation rate.
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2 Thesis structure and organization

This thesis is based on research carried out at the EM2C, CNRS laboratory.
Much of this work has been supported by two research networks:

o ANNULIGhT, a European research network associating ten different re-
search groups working on the problem of combustion instabilities and i1g-
nition dynamics of annular combustors coordinated by Prof. James Dawson
from NTNU.

e FASMIC, a network formed by CORIA, EM2C and CERFACS in the frame-
work of an ANR research contract dealing with flame-acoustic coupling in

swirling two-phase flames coordinated by Prof. Francoise Baillot from CO-
RIA.

Most of the material contained in the following pages has been published in the
form of articles or as conference proceedings. The author has also participated
in research efforts that have resulted in publications but are not included in what
follows. Publications that constitute a particular chapter are mentioned at the be-
ginning of that chapter. A consolidated list of all the publications is provided at the
end of the present chapter. The thesis is written such that each chapter can mostly
be read as a standalone work without much need for referring to other chapters.
This naturally results in certain overlaps and repetitions between several chapters,
which might be redundant for a reader glancing through the entire thesis. For such
readers, possible repetitions are mentioned at the beginning of each chapter so
that they may skip through them. Each chapter also includes a detailed literature
survey and motivation in addition to the broad and short overview of combustion
instabilities provided in this chapter. In addition, appendices are provided at the
end of most chapters to provide supplementary information on the subject of a
particular chapter.

The organization of this document, graphically shown in Fig. 3, is described
below.

e The first part of this thesis deals with the description of experiments and
modeling framework. In the first chapter, a detailed description of the differ-
ent experimental setups is provided, along with information on instrumen-
tation and diagnostics used for the various measurements. An emphasis is
provided in the second chapter of this part concerning the chemilumines-
cence emission and its validation for the spray flames considered here. A
comparison of the present spray flames is made with that of premixed flames
by measuring the equivalence ratio fluctuations using the ratio of CH* and
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OH* radicals. It is found that the spatial and temporal equivalence ratio fluc-
tuations exhibited by these specific spray flames are negligible compared
to the velocity fluctuations due to the specific location of the fuel atomizer
inside the injector. The results from this chapter are exploited in the mea-
surement of FDFs discussed in the subsequent chapters. The third chapter is
concerned with the role of FDFs. Experiments are carried out to validate the
use of FDFs in representing the complex dynamical response of swirl-spray
flames undergoing self-sustained oscillations. Although several studies have
successfully exploited FDFs in low-order models, it is believed that a direct
experimental validation has never been provided. After this verification, the
next chapter firstly describes the peculiar nature of the injectors studied here
and, eventually, the experimental methodology that needs to be adopted for
deducing the FDFs of such injectors. The specific injectors considered here
feature a high pressure drop value, acting as an acoustic loss element, thus
leading to their designation as “acoustically weakly transparent”. The final
chapter of this part deals with a theoretical framework combining the flame
response, in terms of FDF, and injector response, in terms of an impedance
imposed at the outlet, to analyze the linear stability of a combustor system
equipped with an injector that is weakly transparent to acoustic waves.

The second part of this thesis deals with the influence of the injector and fuel
on self-sustained combustion instabilities. The first two chapters in this part
primarily discuss the effect of varying the swirl number and pressure drop on
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instabilities. The first chapter discusses this using the single-injector com-
bustor SICCA-Spray featuring longitudinal instabilities and considers the
theoretical framework used in Part I to predict instabilities. The theoreti-
cal framework provides the growth rates and oscillation frequencies that are
compared with the amplitude and frequency of instabilities from the exper-
iments while also accounting for the measured damping rate of the system.
The next chapter deals with experiments carried out in MICCA-Spray with
different swirling injectors to identify their effect on azimuthal instabilities.
The stability maps obtained with the different swirlers are discussed, and a
simple analysis using the FDFs obtained from SICCA-Spray is examined.
The third chapter of this part deals with the effect of atomizer position on
combustion instabilities in the SICCA-Spray combustor. By varying the
atomizer position with respect to the injector backplane, a change in the
stability behavior is observed. Changing the atomizer position modifies the
spray-wall interaction mechanism, resulting in a change in the spatial disper-
sion of the droplets and possibly their convection time. The above chapters
included in this part could together constitute an interesting test case in the
development of instability prediction tools and may serve in devising tech-
niques for instability suppression. The final chapter of this part deals with
the effect of fuel type or, alternatively, time lag on combustion instabilities
in the MICCA-Spray annular combustor. Liquid fuels heptane and dodecane
are used along with the reference case of premixed propane to determine the
stability map of the combustor. A subsequent analysis is also carried out on
the SICCA-Spray combustor to identify the effect of fuels on the FDFs.

e The third and final part of this thesis deals with the experiments carried out
in the newly developed three-injector linear combustor TICCA-Spray, which
more closely resembles the environment of a flame in the MICCA-Spray
annular combustor. In a first-of-its-kind study, FDFs measured in an isolated
flame formed by the single-injector SICCA-Spray combustor are compared
to those corresponding to a flame surrounded by neighboring side flames to
identify the effect of lateral boundary conditions on the flame response.

Finally, several appendices are provided at the end of this document that in-
cludes results not reported in other chapters but would serve as a reference for
future studies. Appendix A provides a note on the comparison of a transfer func-
tion obtained with an alternate method considering only the velocity jump across
the flame and a transfer function obtained directly using OH* chemiluminescence
approximated to heat release rate fluctuations. Appendices B and C provide a
database of FDFs and flame images measured with different swirlers. In addi-
tion, Appendix D provides cold flow damping rates and stability map of other
swirlers in SICCA-Spray not reported in the main text. The following appendix
(Appendix E) reports the low frequency FDFs at different atomizer positions. Ap-
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pendix F includes a comparison between large eddy simulations that were carried
out using the AVBP code during a secondment with CERFACS. This simulation
effort is a continuity of the work of Guillaume Vignat, and a validation for the
steady flame is provided by comparing it with experiments. Finally, Appendix G
provides a summary of this thesis in French.

Publications

List of publications that are part of this thesis:

o Effect of different fuels on combustion instabilities in an annular combustor
P. Rajendram Soundararajan, G. Vignat, D. Durox, A. Renaud, S. Candel
Journal of Engineering for Gas Turbines and Power, 143(3), 2021, p. 031007
https://doi.org/10.1115/1.4049702

o Swirler effects on combustion instabilities analyzed with measured FDF,
injector impedances, and damping rates
P. Rajendram Soundararajan, D. Durox, A. Renaud, G. Vignat, S. Candel
Combustion and Flame, 238(4), 2022, p. 111947
https://doi.org/10.1016/j.combustflame.2021.111947

e Do flame describing functions suitably represent combustion dynamics un-
der self-sustained oscillations?
P. Rajendram Soundararajan, G. Vignat, D. Durox, A. Renaud, S. Candel
Journal of Sound and Vibration, 534, 2022, p. 117034
https://doi.org/10.1016/].jsv.2022.117034

o Azimuthal instabilities of an annular combustor with different swirling in-
jectors
P. Rajendram Soundararajan, D. Durox, A. Renaud, S. Candel
Presented at the ASME Turbo Expo 2022, paper number GT2022-82281 and
accepted for publication in the Journal of Engineering for Gas Turbines and
Power.

o Comparison of flame describing functions measured in single and multiple
injector configurations
P. Rajendram Soundararajan, D. Durox, G. Vignat, A. Renaud, J. Beaunier,
S. Candel
Presented at the ASME Turbo Expo 2022, paper number GT2022-80577 and
accepted for publication in the Journal of Engineering for Gas Turbines and
Power.

e Impact of injector on combustion instabilities in a spray-swirl combustor
P. Rajendram Soundararajan, G. Vignat, D. Durox, A. Renaud, S. Candel


https://doi.org/10.1115/1.4049702
https://doi.org/10.1016/j.combustflame.2021.111947
https://doi.org/10.1016/j.jsv.2022.117034

INTRODUCTION 13

Presented at the Initiative sur la combustion avancée (INCA) colloquium,
Online, April 2021.

e The flame describing function and flame dynamics under self-sustained os-
cillations
G. Vignat, P. Rajendram Soundararajan, A. Renaud, D. Durox, S. Candel
Presented at the Initiative sur la combustion avancée (INCA) colloquium,
Online, April 2021.

List of publications that are not part of this thesis:

e A joint experimental and LES characterization of the liquid spray in a swirl
injector
G. Vignat, P. Rajendram Soundararajan, D. Durox, A. Vie, A. Renaud, S.
Candel
Journal of Engineering for Gas Turbines and Power, 143 (8), 2021, p. 081019
https://doi.org/10.1115/1.4049771

e Improvement of lean blow out performance of spray and premixed flames
using nanosecond repetitively pulsed discharges
G. Vignat, N. Minesi, P. Rajendram Soundararajan, D. Durox, A. Renaud, V.
Blanchard, C. O. Laux, S. Candel
Proceedings of the Combustion Institute, 38(4), 2020, pp. 6559-6566
https://doi.org/10.1016/j.proci.2020.06.136

e Swirling spray flames dynamical blow out induced by transverse acoustic
oscillations
C. Patat, F. Baillot, J.B. Blaisot, E. Domingues, G. Vignat, P. Rajendram
Soundararajan, A. Renaud, D. Durox, S. Candel
Presented at the 39™ International Symposium on Combustion (2022) and
accepted for publication in the Proceedings of the Combustion Institute.

e Dynamical blow-out of swirling spray flames induced by transverse acoustic
oscillations
C. Patat, F. Baillot, J.B. Blaisot, E. Domingues, G. Vignat, P. Rajendram
Soundararajan, A. Renaud, D. Durox, S. Candel
Presented at the Initiative sur la combustion avancée (INCA) colloquium,
Online, April 2021 and at the Symposium on Thermoacoustics in Com-
bustion: Industry meets Academia, TU Munich —Virtual venue, September
2021.


https://doi.org/10.1115/1.4049771
https://doi.org/10.1016/j.proci.2020.06.136




Part 1

Experimentation and
modeling framework

15






Chapter 1

Experimental setups and
instrumentation

Contents

1.1

1.2

1.3

14

1.5

1.6

MICCA-Spray, a multi-injector annular combustor . ... 18

SICCA-Spray, a single-injector counterpart combustor .. 21

TICCA-Spray, a three-injector, linear, counterpart combustor 24

Swirling injectordesign . . ... ............... 26
Operatingpoints . . . . . . ... 0 vttt v vttt v oo 30
Instrumentation . .............0000000... 31
1.6.1 Pressure measurements . . . . . . . .. ... .. ... 31
1.6.2 Velocity measurements . . . . . . . .. ... ..... 33
1.6.3 Flame chemiluminescence . . . .. .. ... .. ... 37
1.64 Flameimages . . . . . . . . . .. . ... 38
1.6.5 Temperature measurements . . . . . . . .. ... ... 38

17



18 CHAPTER 1 - EXPERIMENTAL SETUPS AND INSTRUMENTATION

This chapter contains a detailed description of the three experimental se-
tups and the various diagnostic tools used in this work. A first experi-
mental setup, the MICCA-Spray annular combustor, is a multiple injector
configuration that idealizes aircraft engine combustors. The azimuthal
instabilities exhibited by such systems are the main focus of this work be-
cause they are the most dangerous in terms of oscillation levels and impact
on the structural integrity. Being a fully transparent combustor; this con-
figuration allows for inspection of the flame dynamics during instability
through an array of photomultiplier tubes fitted with appropriate optical
filters. A set of microphones plugged onto the chamber and plenum allows
acoustic field identification. However, a complex multiple-injector test
rig might often pose limitations in terms of experimentation and diagnos-
tics. To overcome this, a single-injector test setup, namely SICCA-Spray,
comprising only a single injector of the annular combustor, was devel-
oped. Several diagnostic tools are mounted on this simplified combustor
to examine the flow and flame behavior. This setup is used, in particu-
lar, to characterize the injector behavior and obtain the flame response
through measurements of flame describing functions (FDF's). This facility
is also used to investigate longitudinal self-sustained oscillations exhib-
ited by this system when the chamber length, swirler characteristics, and
operating parameters are varied. The annular combustor MICCA-Spray
and the single-injector combustor SICCA-Spray are used in an interactive
framework where the experiments in each setup complement and guide
the experiments in the other. Finally, a newly developed multi-injector lin-
ear array combustor, namely TICCA-Spray, is employed for the first time.
This setup, comprising three injectors, supplements the FDF measure-
ments carried out in SICCA-Spray to answer the question of whether the
flame response of a wall-bounded isolated flame measured in the single-
injector setup represents the flame dynamics of annular combustors that
are surrounded by other flames. The three test facilities are first described.
This is followed by a review of optical and acoustic instrumentation im-
plemented in the various configurations.

1.1 MICCA-Spray, a multi-injector annular combus-
tor

The MICCA-Spray (Multiple Injector Combustor Coupled with Acoustics—spray
version) experimental setup shown in Fig. 1.1 is a laboratory-scale annular system
equipped with multiple injection units. This geometry represents a helicopter en-
gine in an idealized and scaled-down fashion. Several generations of MICCA sys-
tems have been operated at the EM2C laboratory, starting from a system equipped
with matrix injectors (Bourgouin et al. 2015a; Bourgouin et al. 2015b; Prieur
et al. 2017; Aguilar et al. 2021), followed by several configurations of swirling
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Figure 1.1. (a) A photograph of MICCA-Spray annular combustor equipped with
sixteen swirling injectors. The chamber walls, in this case, are of equal lengths.
An array of eight photomultipliers (in black) record light emission from the flames
in one half of the chamber. Each photomultiplier is equipped with a spatial filter
in the front to prevent acquiring signals from adjacent flames. (b) A photograph
of MICCA-Spray under operation. (c) A schematic of the experimental setup
marked with the different dimensions in mm. Reproduced from Vignat (2020).
(d) A schematic top view of the combustion chamber showing the locations of the
chamber microphones (MCx), the arrangement of photomultipliers (PMx), and the
position of the wall-mounted thermocouple. The blue dashed lines show the field
of view of each PM. A steel tube, marked as a blue circle and seen glowing in (b),
placed inside the inner chamber acts as a screen, preventing light transmission
from opposite flames.

injectors operated with premixed fuel (Bourgouin et al. 2013; Durox et al. 2016)
and finally to the latest spray version of the combustor (Prieur et al. 2018; Vig-
nat et al. 2020; Rajendram Soundararajan et al. 2021). In addition to studies of
longitudinal, spinning, standing, and slanted azimuthal instabilities, this combus-
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tor has also been used to examine the ignition dynamics using both experiments
(Bourgouin et al. 2013; Prieur et al. 2017; Prieur et al. 2019) as well as numerical
simulations (Philip et al. 2015; Philip et al. 2015; Lancien et al. 2018; Puggelli
et al. 2021; Topperwien et al. 2022).

The MICCA-Spray combustor comprises an annular plenum that is 80 mm in
height with an internal diameter of 280 mm and an outer diameter of 420 mm. The
combustion chamber consists of two concentric, cylindrical, and vertical quartz
walls of height /.[poc = 400mm (AC stands for annular combustor), each with a
thickness of 8mm. The transparent quartz walls provide optical access for ob-
serving the combustion region. In most previous investigations (Bourgouin et al.
2013; Prieur et al. 2018; Vignat et al. 2020), azimuthal instabilities were ob-
tained by making use of unequal height for the side walls, the inner wall being
shorter than the outer wall, similar to the first such experiments by Worth and
Dawson (2013a). This was found to promote high amplitude combustion insta-
bilities. In the present investigations, the chamber walls have equal heights. The
inner quartz wall has an outer diameter of d; o, = 300 mm, while the outer quartz
wall has an inner diameter of dy;, = 400 mm, resulting in a wall separation dis-
tance of 50 mm. The relatively large circumferential dimension of MICCA-Spray
allows conducting studies for understanding combustion instabilities coupled by
azimuthal modes at frequencies that fall around 800 Hz. Air flow to the combus-
tor is controlled by means of a Bronkhorst EL-FLOW mass flow controller with
a relative accuracy better than 1% and a full scale of 150m? /h (‘n’ in the unit in-
dicating normal conditions). The plenum is connected to the chamber via sixteen
swirling injectors, the construction of which is detailed in Section 1.4. Each in-
jector is separated by a distance of 69 mm. The combustor can be operated with
gaseous propane fuel fully premixed with air or with liquid fuels, heptane, and
dodecane in the so-called technically premixed mode. When operating in fully
premixed mode, propane is mixed with air well ahead of the plenum, and the lig-
uid fuel supply lines remain inactive. Propane, being a gaseous fuel, is supplied
through a Bronkhorst EL-FLOW mass flow controller and is premixed with air at
ambient temperature before it enters the plenum. The flow meter has an accuracy
of 0.5% and a full scale of 5.7m? /h. The liquid fuels are supplied through a pump
connected to a Bronkhorst CORI-FLOW controller, which has a relative accuracy
of 0.2% and a full scale of 10kgh™'. The fuel is supplied through eight equally
spaced tubes, each tube feeding two fuel lines. The air and the fuel flow rate to the
combustor can be systematically varied to study the instabilities at different op-
erating points. Ignition of MICCA-Spray is obtained by a spark plug introduced
from the top of the chamber and removed when combustion is self-sustained. This
ensures rotational symmetry in the system geometry.
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1.2 SICCA-Spray, a single-injector counterpart com-
bustor

Although the MICCA-Spray annular combustor closely resembling a real aero-
nautical combustor is quite useful in studying azimuthal instabilities, understand-
ing the flow and flame dynamics in such a complex system is difficult. In addition,
examining possible control strategies for instability mitigation can be both labori-
ous and costly in the annular configuration. Obtaining the flame response by exter-
nal modulation to determine the flame transfer/describing functions is also difficult
to implement in MICCA-Spray. The above issues may be addressed with a single-
injector test rig, namely SICCA-Spray (Single Injector Combustor Coupled with
Acoustics—spray version), which geometrically resembles one sector of MICCA-
Spray. The photograph of the SICCA-Spray test bench is shown in Fig. 1.2 (a),
along with an image of the flame in Fig. 1.2 (b). The two combustors are used in
a closed-loop complementary framework, where the experiments from each guide
the studies conducted on the other. Such an experimental framework (shown in
Fig. 2) was successfully used in the previous research efforts, notably by Prieur
(2017) and Vignat (2020). The SICCA-Spray combustor is used to understand the
flame and injector dynamics in addition to studying the flow and the fuel spray
behavior. The response of an isolated flame to acoustics obtained through external
modulation is used to represent the flame in reduced-order models. SICCA-Spray,
being a modular setup, not only allows the determination of FDFs but also study-
ing instabilities coupled by longitudinal modes leading to self-sustained oscilla-
tions (SSOs). This gives the possibility of testing and tuning the low-order models
and validating them with the SSOs of this configuration, with the eventual aim
of using the reduced-order model for instability prediction in the annular system
MICCA-Spray. In turn, the reduced-order model, in combination with measured
FDF gains and phases, can be tuned to devise stable configurations. The system
tested in SICCA-Spray can be further investigated in the annular combustors to
test the instability control strategy. To ensure that the flame response obtained in
SICCA-Spray suitably represents the flame dynamics of the annular combustor,
one has to see whether the flame in a single sector interacting with the combus-
tor wall has the same dynamics as a flame in MICCA-Spray, where the flame is
surrounded by side flames and interacts with the inner and outer walls. For dynam-
ical similarity, it is generally considered that the confinement ratio, i.e., the ratio
of injection surface area to backplane surface area A;/App should take identical
values in the single-sector and annular configurations. Since the injector outlet A;
is kept constant, one has to assure that Agp in SICCA-Spray corresponds to the
surface area of one injector in MICCA-Spray. It is also necessary to ensure that
the distance of the chamber wall from the center of the single-injector combustor
should be half the inter-injector distance of the annular combustor. This would be
equivalent to considering a single injector of an unwrapped annular combustor but
with a cylindrical cross-section. This results in a chamber diameter of d. = 69 mm
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for SICCA-Spray.
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Figure 1.2. (a) A photograph of SICCA-Spray comprising a single sector of the
annular configuration. A single flame of the annular combustor is placed in an
isolated environment surrounded by a cylindrical combustion chamber. The setup
shown here is equipped with different diagnostic tools such as microphones, hot
wire, and thermocouple. (b) A photograph of the flame in SICCA-Spray during
operation. (c) Schematic of the experimental setup of SICCA-Spray. The figure
shows the position of the microphones marked as MPx and the hot wire in the
plenum. For the LDA/PDA measurements, a full transparent quartz chamber is
used. When measuring the chamber pressure, a metal ring or metal cap is mounted
on the chamber to hold the microphone fixed on a waveguide, as shown (a).

The experimental setup of SICCA-Spray shown schematically in Fig. 1.2 (¢)
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comprises a plenum fed by air at atmospheric conditions by a Bronkhorst EL-
FLOW mass flow controller with a relative accuracy of 0.6% and a full scale of
1501, /min. The plenum is connected to the combustor through a spray-swirl in-
jector, the same as the ones used in MICCA-Spray. Like MICCA-Spray, SICCA-
Spray can also be operated with premixed propane as fuel or with liquid fuels
delivered as a spray. When operating in premixed conditions, propane is mixed
with air at a distance of nearly 1 m from the plenum by a cyclone mixer and the
spray atomizer mounted on the injector remains unused. Propane is controlled by
a Bronkhorst EL-FLOW mass flow controller with a relative accuracy of 0.6% and
a full scale of 201, /min. Liquid fuels are supplied by a central tube traversing the
plenum, and their mass flow rates are controlled by a Bronkhorst CORI-FLOW
controller having a relative accuracy of 0.2% and a full scale of 1kgh~!. Flow
modulation is achieved using two driver units, each confined in a cylindrical en-
closure mounted at the bottom of the plenum and producing axial perturbations of
the air flow at different amplitudes and frequencies. The driver units are connected
to a HiFi wave amplifier and a signal generator that can be programmed to produce
a linear frequency sweep signal at different amplitudes. The possibility of using
the flame response from a single-injector combustor where the axial velocity is
modulated to represent the annular combustor that exhibits azimuthal instabilities
stems from the fact that azimuthal instabilities essentially induce axial velocity
perturbations at the base of the flame when this flame is at a pressure antinode
(Staffelbach et al. 2009). However, the transverse velocities that also accompany
azimuthal modes and are particularly strong in the pressure node region cannot
be reproduced in this single-sector configuration. Thus, the SICCA-Spray mea-
surements represent the flame dynamics only near the pressure antinode, but it is
known that this region plays a central role in driving the instability. If one wishes
to examine the effect of transverse velocities, it is necessary to use facilities that
are not available at EM2C. One such configuration designated as TACC operating
at CORIA has been used in the framework of the ANR FASMIC project to exam-
ine the flame dynamics at a velocity or intensity antinode, in addition to a pressure
antinode position (Patat et al. 2021). Two types of chambers are used in SICCA-
Spray depending on the type of measurement (see Fig. 1.2 (c)). For measurements
that require optical access to the base of the flame, a full cylindrical quartz tube
that gives access to the complete flame is used. This includes velocity measure-
ments at the injector outlet using laser Doppler anemometry (LDA) or droplet size
measurements based on phase Doppler anemometry (PDA), flame visualization,
chemiluminescence detection, etc., which are described in Section 1.6. For mea-
suring the pressure fluctuations close to the chamber backplane, the full quartz
tube is replaced by a cylindrical metal bottom ring of 15 mm height which holds a
waveguide equipped with a microphone that measures the pressure near the cham-
ber backplane. Quartz tubes of required heights are then placed on top of this
metal ring providing optical access to the rest of the flame zone. If pressure mea-
surements are needed in other regions of the chamber, then a metal top hat 50 mm
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in height is placed further on top of the quartz tube to complete the combustion
chamber (see Fig. 1.2 (a)). The top metal hat has provisions for holding addi-
tional microphones and an R-type double bead thermocouple for measuring the
exhaust gas temperature. The total length of the combustion chamber is also cho-
sen depending on the kind of measurement to be carried out. For measurements
that require studying the stable flame response (using a stable flame modulation
or SFM), the length is chosen such that the combustor is stable and there is no
positive coupling between the flame and chamber acoustics. The length for such
measurements is generally chosen between /. = 115mm to 165 mm. For experi-
ments on self-sustained oscillations coupled by longitudinal modes, the length of
the combustion chamber is varied between /. = 215 mm and 465 mm to produce
different amplitude and frequencies of oscillation. The SICCA-Spray system is
mounted on a motorized traverse enabling the acquisition of velocity and droplet
information at different locations in the chamber.

1.3 TICCA-Spray, a three-injector, linear, counter-
part combustor

Even though the injector surface area to backplane surface area ratio is main-
tained the same between SICCA-Spray and MICCA-Spray, this alone may be in-
adequate because there is a notable difference in the boundary conditions: a rigid
wall cannot properly reflect possible interactions with the adjacent flames. Even
if the interactions between the neighboring flames appear to be weak (Staffelbach
et al. 2009; Wolf et al. 2012; Bourgouin et al. 2013), there is evidence that
the proximity and arrangement of injection units (co- or counter-rotating) may in-
fluence the dynamics of the annular combustor (Worth and Dawson 2013a; Worth
and Dawson 2019). In addition, the flames are generally swirling, causing a strong
rotation of the burnt gases between the flames. To address the above issues, a
new test bench, namely TICCA-Spray, was designed to complement the existing
single-injector SICCA-Spray and annular combustor MICCA-Spray. This device
comprises an array of three injectors in a rectangular geometry. The central flame
is surrounded by two side flames in an arrangement that portrays in a linear fash-
ion the situation that prevails in the annular system. In addition to maintaining
the injector outlet surface area to backplane surface area ratio A;/App same as
MICCA-Spray, the relative injector spacing s;/dy is also maintained the same. In
the present thesis, TICCA-Spray is only used to study the flame response under
SFM, and no SSOs are examined. The recently built TICCA-Spray linear com-
bustor is shown in Fig. 1.3. It comprises an array of three injectors, identical to
those used in MICCA-Spray and SICCA-Spray, with a spacing of 69 mm between
injectors. The combustion chamber is formed by four transparent windows with a
length of 205 mm, a width of 50 mm, and a height of 175 mm. The width equals the
distance between the two sidewalls in MICCA-Spray and the length to the curvi-
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Figure 1.3. (a) Photograph of TICCA-Spray, a linear combustor equipped with
three injectors. Acoustic actuators are visible at the bottom of the photograph.
A photomultiplier (in black) is installed in front of the window, behind a mask
with a vertical rectangular slot serving as a spatial filter. (b) The sectional view
of TICCA-Spray combustor in a plane perpendicular to the length and passing
through the central burner axis. The zoomed-in portion near the injector displays
the velocity measurement technique described in Section 1.6.

linear distance corresponding to three adjacent injectors in MICCA-Spray. The
height of TICCA-Spray is chosen such that the flames are stable and also suffi-
ciently confined as in the annular chamber. The central flame in the linear array
is, therefore, in a configuration close to that of the annular chamber, with neigh-
boring swirling flames on either side. A slightly converging metallic hat placed
on top of the transparent chamber prevents the entrainment of outside air and its
inflow into the chamber. The backplane and the metallic corner structures sup-
porting the lateral windows are cooled by circulating cold water. Air is fed to
the common manifold at the bottom of the test rig, and the total air flow rate is
controlled by a Bronkhorst EL-FLOW® mass flow meter of 5001, /min. Like the
other two combustors, TICCA-Spray can also be operated with premixed propane
or liquid fuels. Premixed propane is controlled by a Bronkhorst EL-FLOW® mass
flow meter of 501, /min, and the liquid fuels are controlled by a Bronkhorst CORI-
FLOW "™ mass flow meter with a full-scale of 10kgh~!. The common air manifold
branches into the individual plenum for the three injection systems, which is iden-
tical to the plenum of SICCA-Spray. Four driver units are used for modulating the
air flow and are connected through elbow channels to the common air manifold
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(see Fig. 1.3 (a)). A partition is made in the common air manifold such that the
two lateral driver units majorly modulate the air flow rate of the two side flames
while the other two driver units modulate the air flow to the central flame. Such
an arrangement resembles the situation of an azimuthal instability where the ad-
jacent flames in an annular combustor do not oscillate with the same amplitude at
a particular instant. The central plenum houses the instrumentation for acoustic
measurements upstream of the injector (see Fig. 1.3 (b)). The measurement of
flame response to acoustic modulation is only carried out on the central flame and
compared with the flame response of an isolated flame in SICCA-Spray.

1.4 Swirling injector design

The injector represents the portion of the combustor that holds the fuel noz-
zle (or fuel atomizer), air distributor, and swirler unit and acts as the flame holding
element. These injectors were first introduced in the thesis of Prieur (2017) for op-
eration mainly with liquid fuels and further developed during the thesis of Vignat
(2020). In the current work, detailed investigations are carried out to understand
the dynamics induced by such injectors when they are equipped with different
swirlers and their impact on combustion instabilities. The exploded view of an
injection unit is shown in Fig. 1.4 left, and the schematic of the top view of the
swirler is shown in Fig. 1.4 right. The injector assembly consists of an air distrib-
utor which is connected to the plenum, followed by a radial swirler comprising
six tangential channels. The liquid fuel atomizer is mounted at the center of the
air distributor. The passage of air through the swirler typically results in a clock-
wise rotation of the incoming air flow. The injector houses a terminal plate (also
referred to as the exit nozzle) after the swirler that has a hole with a conical sec-
tion 5 mm in height followed by a 1 mm-long straight section. The conical section
of the terminal plate has an inlet diameter of 14.5 mm and an outlet diameter of
8 mm and forms the backplane of the test rigs. The injector’s modular construc-
tion enables to swiftly change the swirler unit. Different swirlers are used in the
present work, and they are primarily distinguished in terms of two parameters, the
dimensionless swirl number Sy, which quantifies the extent of rotational motion
imparted to the incoming air flow, and the pressure drop Ap between the injector
upstream and downstream sections. These two parameters are experimentally ob-
tained in the SICCA-Spray test rig. The swirl number is the ratio of the axial flux
of angular momentum to the axial flux of axial momentum (Gupta et al. 1984;
Vignat et al. 2022) and is given by the classical formula:

2Rini — _
fo " TgTUgrdr
Sy = (1.1)
2Rinj —9 :
Rinj Jo " ugrdr
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Figure 1.4. Exploded view of the swirling injector showing its various components.
Adapted from Vignat (2020). The injector unit comprises an air distributor, a
hollow cone atomizer, a swirler, and a terminal plate. The terminal plate features a
converging conical section having a diameter of 8 mm at the outlet. The schematic
of the swirler is shown on the right. The channel diameter d,. and radial location
Ry sc can be changed to vary the swirl number and pressure drop.

where Rj,j = 4mm is the radius at the injector outlet. The swirl number is obtained
by measuring axial u, and tangential g velocity profiles using LDA described
in section 1.6. The catalog of the velocity profiles reported in Vignat (2020) is
recalled here in Fig. 1.5, along with the swirl number values in Tab. 1.1. The
injector pressure drop with various swirler units is measured using a differential
pressure sensor (make: KIMO Instruments, type: MP111) placed between the
plenum (corresponding to the location of microphone MP2 in Fig. 1.2 (c¢)) and the
atmosphere in an unconfined experimental test rig under cold flow conditions. In
addition to the pressure drop value, a dimensionless pressure drop coefficient o is
obtained as:

o = 20p/pouj (1.2)
where pg is the density and w; is the bulk velocity at the injector outlet.

The two characteristic parameters, swirl number and pressure drop, can be
changed by modifying the two geometrical dimensions ds., which is the diameter
of the swirler channels, and Ry 5., which is the distance between the axis of a chan-
nel to the axis of the swirler (see Fig. 1.4 right). These two parameters are system-
atically varied to obtain ten distinct swirler units. The swirler units are designated
as 707, 712, 713, 714, 715, 716, 726, 727, K and T, and were initially studied in
the thesis of Vignat (2020), where the characterization of the swirlers in terms of
different velocity components, swirl numbers, and pressure drops were measured
and reported. The swirler K was introduced in the thesis of Prieur (2017) to study
instabilities in MICCA-Spray. It exhibited strong self-sustained oscillations, and
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Table 1.1. Injector characteristics measured in an unconfined SICCA-Spray test
rig under cold flow conditions. The swirl number Sy is measured at a height
h = 2.5mm above the outlet. Ap is the pressure drop, and o is the head loss
coefficient calculated using Eq. 1.2. These values are shown at two air mass flow
rates used in this thesis. d. is the diameter of the swirler channels, and 2Ry s is
the distance separating the axis of two opposing channels. Adapted from Vignat
(2020).

SN AP o dse RO,sc
gs™' () (kPa) () (mm) (mm)
2.3 2.81
707/807 0.60 330 4.0 4.6
2.6 3.65
712 26 059 450 4.10 3.0 2.3
713 26 069 496 452 35 39
714 26 070 530 4.83 35 4.1
715 26 071 564 5.14 35 44
2.3 441
716/816 0.70 523 3.5 4.7
2.6 5.74
726 26 074 6.00 547 3.5 5.5
727 26 074 570 520 3.5 5.1
K 26 068 373 340 45 5.0

T 26 076 108 9.84 3.0 5.0

Swirler

the first occurrence of dynamical blow out was observed with this swirler (Prieur
et al. 2018). However, this unit is phased out due to certain manufacturing con-
straints and is not presently used. The swirler T was introduced in the thesis of
Lancien (2018) and was mostly used to study ignition in some of the previous
works carried out in MICCA-Spray. The characteristics of the different swirlers,
along with their geometrical parameters, are given in Tab. 1.1. Apart from the ten
swirler units, two additional swirlers are also considered, namely 807 and 816,
that impart counterclockwise rotation to the incoming air flow. These two swirlers
are the counterclockwise replicas of the clockwise swirlers 707 and 716, respec-
tively, and possess the same characteristics and geometry. These counterclockwise
swirlers are used to identify the effect of swirl direction on flame dynamics (dis-
cussed in Chapters 7 & 10).
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Figure 1.5. Mean velocity profiles of the various swirlers considered in this work.
uy is the axial velocity, u, is the radial velocity, and 7y is the tangential velocity,
measured at a distance of h = 2.5 mm above the backplane under cold flow condi-

tions at an air mass flow rate of mq = 2.6 gs~'. Adapted from the thesis of Vignat
(2020).

The mean velocity profiles of the different swirlers previously reported by Vi-
gnat (2020) are shown in Fig. 1.5. In the figure, u, represents the mean axial
velocity, @, is the mean radial velocity, and @y is the mean tangential velocity, all
measured using laser Doppler anemometry (presented later in Section 1.6.2) at a
distance of h = 2.5 mm above the backplane under cold flow conditions by seed-
ing the flow with fine oil droplets. The profiles for the different swirlers are nearly
similar except for some minor changes based on which they can be grouped. The
type-1 (T1) category comprises swirlers 707 and 712, which have the same veloc-
ity profiles and a relatively narrow inner recirculation zone. The location of peak
mean axial velocity occurs close to » = 3.5 mm for these swirlers, and they have
the smallest peak value for all three velocity components. These two swirlers also
have the same swirl number value but a different pressure drop (see Tab. 1.1). The
type-2 (T2) category comprises swirlers 713, 714, 715, 716, 726, 727, and K that
have a wider inner recirculation zone due to their higher swirl number values. The
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peak of mean axial velocity occurs close to » = 3.5mm for 713 and 714 and at
r = 4mm for the rest of the swirlers. The maximum value of the three velocity
components for these swirlers is slightly higher than the T1 category, except for
swirler K, which has nearly the same peak velocity as the T1 category. The loca-
tion of peak velocities also occurs at a higher radial point for these swirlers. The
swirlers in this category have similar values of swirl number, but varying pressure
drops. This is achieved by retaining the same hole diameter for the swirler chan-
nels (i.e., same dp s.) but varying the distance between the axis of two opposing
swirler channels (i.e., 2Ry s.). Only the swirler K has a different value of dj 4. in
this category. Among these swirlers, 726 and 727 have the same value of swirl
number but different pressure drops, allowing to study the effect of pressure drop
on combustion instabilities. Additionally, the swirlers 716 and 727 have almost
the same pressure drop but different swirl numbers, which would help in examin-
ing the effect of swirl number on combustion instabilities (discussed in Chapter 7).
The final category, namely type-3 (T3), consists only of swirler T, which takes the
highest value of both the pressure drop and swirl number. This unit naturally has a
broader inner recirculation zone and also takes the highest value for peak velocity
for all the velocity components. The location of peak velocities occurs at almost
the same point as the swirlers of the T2 group, at r = 4 mm. As the swirler T was
mainly developed for ignition studies, it is not used much in the present thesis.

The injectors described here have strong pressure drops and feature abrupt area
changes in the air pathway. This construction causes a substantial change in the
acoustic state before and after the injector. Thus, these injectors are designated
as “acoustically weakly transparent” as opposed to more traditional injectors that
have been considered, for example, by Palies et al. (2011), which are relatively
transparent to acoustic waves. Further discussion on the nature of these injectors
1s provided in Chapter 4.

1.5 Operating points

In the MICCA-Spray annular combustor, experiments are performed systemat-
ically by varying the thermal power P and equivalence ratio ¢. Five levels of ther-
mal powers are considered P = 93,99, 103,110,118 kW and at each thermal power
level, six different equivalence ratios are explored ¢ = 0.75,0.85,0.9,0.95, 1.0, 1.05.
The operating points are systematically varied to obtain the stability map of the
combustor. From the operating points of MICCA-Spray, three points are selected
for measurements in the simplified test rigs SICCA-Spray and TICCA-Spray.
These operating points are designated as F1, F2, and F3, and their details are
provided in Tab. 1.2.
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Table 1.2. Different operating points of the simplified test rigs derived from
MICCA-Spray operating domains. The mass flow rate of air 1, corresponds to
that of a single injector.

Opefating POint Pmicca Psicca Pticca ﬁb ma
- kW kW kW () gs !

F1 103 64 193 085 2.6
F2 103 64 193 095 23
F3 118 74 222 095 26

1.6 Instrumentation

The various diagnostic tools mounted on the test rigs are described in this
section along with details of their implementation.

1.6.1 Pressure measurements
1.6.1.1 Sensor details

Acoustic pressure measurements are performed using Briiel & Kjcer type 4938
1/4-inch pressure-field microphones mounted with type 2670 preamplifiers hav-
ing a relative accuracy of 1%. These microphones have a dynamic pressure range
between 30dB and 172dB, a frequency range between 4 Hz and 70000 Hz, and
a sensitivity of 1.6mV Pa~!. The microphone signals are conditioned using a
NEXUS™ conditioning amplifier and are filtered between the frequency range of
15 Hz and 20 kHz. The microphones are regularly calibrated using a Briiel & Kjcer
type 4231 calibration source. They are typically flush-mounted on the measur-
ing section except when the sensor is exposed to a high-temperature environment
(i.e., in the combustion chamber), as they can only operate until 150 °C before
incurring damage. In such situations, the microphones are mounted in waveg-
uide tubes. Two types of waveguides are used in the present study depending on
the test rig in which they are used. The waveguides mounted on SICCA-Spray
are generally water-cooled and consist of a straight metallic tube with an inner
diameter of 6 mm enclosed in a continuously circulated cold water network ter-
minated by a 25 m long tube that is closed at the end to damp wave reflections.
The microphones are located at a distance of 276 mm or 283 mm, depending on
their location in this test rig. In MICCA-Spray, waveguides are formed by straight
metallic tubes without water cooling. Microphones are plugged into these tubes
at a distance of 170 mm from the orifice. These tubes are also terminated by a
25m long tube, which is closed at its end. The microphone positioning inside
a waveguide results in distortion of the measured acoustic pressure record, which
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needs to be accounted for. The waveguide possesses a transfer function of its own,
the phase of which just corresponds to a constant time delay associated with the
travel time of the pressure waves in the tube. In MICCA-Spray, the waveguide
results in a propagation time lag of 0.46 ms, considering a temperature of 55 °C for
the hot gases in the waveguide tube. In SICCA-Spray, due to the water cooling,
the gas temperature in the waveguide is considered to be 30 °C based on a mea-
surement by Prieur (2017). The propagation delay associated with the acoustic
pressure records is 0.79 ms when considering a tube length of 276 mm and 0.81 ms
when considering a length of 283 mm for the waveguide. Concerning the waveg-
uide transfer function gain, a study carried out by Gaudron (2018) (pp.119-122)
with similar waveguide tubes indicates that the amplitude is decreased by less than
8% at 1000 Hz. This deviation would be further reduced at lower frequencies of
interest here (maximum being 850 Hz), and one may, therefore, consider that the
amplitude distortion is negligible.

1.6.1.2 Deployment in the test rigs

In the MICCA-Spray annular combustors, a total of twelve microphones, eight
of which are plugged onto the chamber (designated as MC1 to MCS8 in Fig. 1.1)
and four of which (MP1 to MP4) are mounted on the plenum (not shown), are used
to reconstruct the acoustic fields in the chamber and plenum. The microphones in
the plenum are flush-mounted on the side wall, while the chamber microphones
are mounted on waveguides. The waveguide ports are located between every two
injectors.

In SICCA-Spray, three microphones are flush-mounted in the plenum and sep-
arated by a distance of Az|SIC ~ 20 mm (SIC standing for single-injector com-
bustor). In the chamber, close to the backplane, a microphone is mounted on a
water-cooled waveguide at a distance of 276 mm from the waveguide port, which
is, in turn, flush-mounted on the cavity wall. The waveguide is held by the bottom
metal ring of height 15 mm (see Fig. 1.2 (c¢) top). Two additional microphones
are placed close to the chamber exit and mounted on water-cooled waveguides at
a distance of 283 mm from the chamber wall. The two waveguides are, in turn,
supported on a top metal hat (seen in Fig. 1.2 (a)), and the waveguide ports are
separated by a distance of Ax|SIC ~ 30 mm. An additional waveguide port can
also be placed at the center of this metal hat, replacing the R-type thermocouple if
needed.

In TICCA-Spray, like in the plenum of SICCA-Spray, three microphones are
flush-mounted on the plenum wall and separated by a distance of Az|TIC ~ 25 mm
(TIC standing for three-injector combustor). Although there is a provision for
measuring the chamber backplane pressure in TICCA-Spray, this has not been
used in this work.
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1.6.2 Velocity measurements

Velocity measurements are quite important in the analysis of combustion dy-
namics as they form the input of the flame describing function, which is exten-
sively exploited in this work. Three kinds of instrumentation are used to measure
the velocity at different locations in the test rigs, and their details are given in what
follows.

1.6.2.1 Sensor details

Hot wire anemometry

The first method relies on constant temperature hot wire anemometry used for
measuring the instantaneous velocity signal using a 1D hot wire probe inserted into
the flow. It is then possible to obtain the mean and extract the velocity fluctuation
by subtracting its mean from the instantaneous signal. This sensor is based on the
principle of the convective cooling effect produced by the fluid flow over a heated
body (i.e., measurement probe). The probe used here is a plated tungsten wire
with a diameter of 5 um and length of 1.25 mm from Dantec Dynamics (reference:
55P16), welded to a set of prongs. The velocity component that is measured is the
one perpendicular to the wire. The probe is conditioned by the electronic circuitry
MiniCTA from Dantec Dynamics, which keeps it heated at a constant temperature
by suitably adjusting the current supplied to the probe wire. This current can then
give a direct measure of the flow velocity. The voltage of the electronic circuitry
can be related to the velocity through King’s law (King 1914) as:

E*=a+0bU" (1.3)

where £ is the measured voltage, U is the velocity to be measured, and «a, b, and
n are constants. The constants are obtained by a calibration setup with an 8 mm
outlet diameter which accommodates the velocity range typically expected in these
test rigs. Although the measurement with hot wires is quite simple, there are,
however, certain drawbacks associated with this technique. Some of them are:

* The hot wire positioning is crucial as it decides the component of velocity
that is being measured. If not placed exactly perpendicular to the flow, it
might also include the measurement of other unwanted velocity components.

* Hot wire probes are thin and delicate, and the handling of these probes must
be done cautiously.

* Hot wires cannot measure negative velocities. This is a problem when the
amplitude of velocity fluctuation exceeds the mean velocity, in which case
the velocities are incorrectly acquired. The resulting FDF calculations using
the velocity in such a situation will give a correct phase but will result in an
incorrect gain.
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* The probe cannot be used in a combustion environment.

Considering these limitations, other velocity measurement techniques need to be
implemented and are now described.

Multi-microphone method

A second velocity measurement technique used in this work relies on the multi-
microphone method (Chung and Blaser 1980; Seybert and Ross 1977), which can
also be used to determine various acoustical parameters such as velocity, acoustic
intensity and flux, etc. In this technique, the velocity fluctuations are obtained
from acoustic pressure measurements. The method is especially useful when the
fluctuation amplitude is high, and the hot wire probes would not recognize the
negative velocity fluctuations. Consider two microphones that are separated by
a known distance Ax and measuring 1D harmonic waves at a frequency f. As-
suming that the mean flow velocity is small compared to the speed of sound, the
acoustic velocity may be deduced from the pressure gradient, which, in turn, may
be represented by a finite difference expression:

r_ 1 p/2_p/1
ipow  Ax

(1.4)

u

Here, p and p), are the pressures measured by the microphones at the frequency f
and angular frequency w = 27 f. Az is the distance between the two microphones,
and pg is the local density. This method is precise only if the distance of separation
is much smaller than the wavelength X (i.e., Az << X). The previous expression
is written in terms of complex numbers and requires that analytical signals be
obtained from the pressure records. These complex signals are obtained using a
Hilbert transform, and the resulting complex signals are used in Eq. 1.4. Further
details of this method and its formulation are given by Tran (2009). The micro-
phone sensors are those described in Section 1.6.1.1. This technique has been
validated against hot wire anemometry through measurements in a Kundt’s tube at
low modulation levels to ensure that they produce the same amplitude and phase
for the acoustic velocity. The multi-microphone technique overcomes some of the
limitations of hot wire anemometry, but it only provides the acoustic velocity and
cannot be used to determine the convective component associated with the flow.
The method relies on the assumption that acoustic propagation is one-dimensional
and that the velocity is constant throughout the measuring section. It cannot be
used in situations where the velocity varies in the transverse direction, like, for ex-
ample, near the chamber backplane, where the velocity fluctuation changes rapidly
from the injector outlet to the side wall.

Laser Doppler anemometry and phase Doppler anemometry
Some of the above limitations may be overcome by using a third method relying on
laser Doppler anemometry (LDA). This is a non-intrusive and direction-sensitive
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measurement technique that can measure the velocity of a particle in the flow
based on the light scattered by the particle. This frequency shift of the scattered
signal is proportional to the local velocity component in the direction orthogonal
to a set of interference fringes in the measurement volume formed by crossing
two laser beams. In addition to being non-intrusive, this technique has a high
spatial and temporal resolution, can be used to measure reverse flow velocities,
does not require frequent calibration, and can be used in high-temperature envi-
ronments. The LDA system used in this work is a Dantec Dynamics FlowExplorer
two-component phase Doppler particle analyzer (PDPA) that can simultaneously
measure two velocity components. The transmitting optics consists of two laser
cavities for measuring the two velocity components. The laser beam from each
laser cavity is split into two, one of which is shifted in frequency after passing
through a Bragg cell, resulting in a total of four beams. This frequency shift in
one of the laser beams allows for a moving interference field, which detects the
particle’s direction of motion. An optical system aligns the beams at a specific
angle in the measurement zone, and their intersection results in the formation of
interference patterns. The horizontal beams, initially formed by a 561 nm laser
and later split into two beams, are used to measure radial or tangential velocity
components, and the vertical beams, initially formed by a 532 nm laser and later
split into two beams, are used to measure the axial velocity component. The trans-
mitting optics of this system has a focal length of 500 mm, and the receiving optics
has a focal length of 310 mm. The receiving optics is placed at 71.5° from the axis
of the transmitting optics, an optimal position for the tracer droplets used in this
study. The theoretical size of the laser beam intersection seen by the receiving
optics is 0.14 x 0.14 x 0.23 mm. When a particle or a droplet passes through
the measurement volume, it produces a burst of scattered signals, which are then
captured by the receiving optics connected to a set of photomultipliers equipped
with appropriate optical filters. The velocity U of the particle can be obtained as:

U =ds s (1.5)

where d; is the fringe spacing, and f; is the Doppler frequency. The inter-fringe
spacing can, in turn, be obtained by knowing the wavelength of the laser beam and
the angle between the two laser beams. When having a frequency shift for one of
the laser beams, the signal from the emitted particle has a frequency of A fipa =
fshite + fa, where fq = U/d;. The measurement system comprises a Dantec Burst
Spectrum Analyser, which conditions the scattered signals and processes them
into velocity. While performing this experiment, it is necessary to ensure that the
seeding in the measurement volume is sufficient to capture the fluctuating signals.
It is also important to make sure that the tracer particles have a velocity that closely
follows that of the gaseous stream.

The above principle can also be extended to obtain information on the size of
spherical 