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Abstract

This thesis addresses some of the central issues in the combustion dynamics
of annular systems, essentially focusing on understanding, interpreting, and pre-
dicting 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 sensi-
tive 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
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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 phenomena arise 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 in-
stabilities, therefore, constitute one of the central issues in combustion research
and application. Historically, high-pressure oscillations were encountered in the
developmental stages of several early rocket programs (Oefelein and Yang 1993;
Culick and Yang 1995). These instabilities pose serious problems, leading to unde-
sirable consequences, including intense noise and vibrations, excessive heat loads
to the combustor walls, flashback, 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 development ef-
forts aimed at understanding and avoiding combustion instabilities and their con-
sequences. Significant work has been performed to derive predictive tools and
control techniques for the suppression of these instabilities. There are, however,
difficult issues that still need to be resolved since combustion instabilities occur as
a result of a complex coupling between flow, combustion, and acoustics. Unsteady
combustion generates acoustic waves, and when this happens in a resonant envi-
ronment, it may induce flow perturbations. Through intermediary mechanisms,
this further leads to heat release rate disturbances, which under certain 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 anchored by swirling
injectors, producing compact combustion regions with relatively high power den-
sities in a low damping environment. The flames are receptive to resonant cou-
pling, eventually leading to combustion instabilities (Candel 2002; Poinsot 2017).
As solutions to such problems are not easy to develop, they may induce painstak-
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2 INTRODUCTION

ing engineering modifications, and costly trial-and-error testing (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 fo-
cused 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 com-
bustors, comprising multiple injectors (Worth and Dawson 2013b; Dawson and
Worth 2014; Bourgouin et al. 2015a; Prieur et al. 2017) studying turbulent
flames (Bourgouin et al. 2013) and spray combustion (Prieur et al. 2018; Ra-
jendram Soundararajan et al. 2021). The annular geometry has allowed studies of
instabilities coupled by azimuthal modes, which are the most dangerous in prac-
tical 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 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,
intensified cameras allowing high-speed imaging is more recent. There are now
a few test rigs that comprise annular chambers with transparent walls allowing
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 com-
bustor. 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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Modifications to the system:
change in flame shape and injector

Validationof
control strategies response; Phase and gain tuning to
control instabilities

Experimental observations of
instabilities coupled with
azimuthal modes

Development & validation
of theoretical framework 4. ...... -
with FDF :
Single-injector combustor . . .
Dynamical v . 7 TR
blowout X M
studies g Studying flame, injector & spray dynamics
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Three-injector linear combustor

Multi-injector
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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 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 dy-
namical blow out. The results from this configuration are, however, not discussed
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
flame 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
instabilities. The first chapter discusses this using the single-injector com-
bustor SICCA-Spray featuring longitudinal instabilities and considers the
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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 fu-
ture studies. Appendix A provides a note on the comparison of a transfer function
obtained with an acoustic method and a transfer function obtained directly using
OH* chemiluminescence approximated to heat release rate fluctuations. Appen-
dices B and C provide a database of FDFs and flame images measured with dif-
ferent swirlers. In addition, 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 at-
omizer positions. Appendix F includes a comparison between large eddy simula-
tions that were carried out using the AVBP code during a secondment with CER-
FACS. This simulation effort is a continuity of the work of Guillaume Vignat, and
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a validation for the steady flame is provided by comparing it with experiments.
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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 on 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
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 labo-
rious and costly in the annular configuration. Obtaining the flame response by
external 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, 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 ex-
perimental 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 studying instabilities coupled by longitudinal
modes leading to self-sustained oscillations (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 combustor 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 dynamical 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 config-
urations. 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 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 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 (c)
comprises a plenum fed by air at atmospheric conditions by a Bronkhorst EL-
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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
in height is placed further on top of the quartz tube to complete the combustion
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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 [, = 115 mm 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

OH*
filter

(a) (b)

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.
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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;/d; 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-
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 50 1,,/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
(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
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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 exit nozzle) after the swirler that has a hole with a conical section
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 construction 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 obtained 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) and is given
by the classical formula:

2Rij — — 9
fo UgUgr>dr
T (1.1)

Y

SN = s
Rinj Jo " Ugrdr

where Rj,; = 4mm is the radius at the injector outlet. The swirl number is obtained
by measuring axial u, and tangential uy velocity profiles using LDA described
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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.

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: MPI111) 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= 2Ap/p0ug (1.2)
where pg is the density and wu; 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 ,., 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
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-
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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

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).

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
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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).

velocity, u, 1s 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 4 = 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
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
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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 ,.). Only the swirler K has a different value of dj ,. 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 » = 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
is 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 combustor stability
map. 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 having
a relative accuracy of 1%. These microphones have a dynamic pressure range be-
tween 30 and 172 dB, a frequency range between 4 and 70,000 Hz, and a sensitivity
of 1.6 mV Pa~!. The microphone signals are conditioned using a NEXUS™ condi-
tioning amplifier and are filtered between the frequency range of 15 Hz and 20 kHz.
The microphones are regularly calibrated using a Briiel & Kjeer type 4231 calibra-
tion source. They are typically flush-mounted on the measuring section except
when the sensor is exposed to a high-temperature environment (i.e., in the com-
bustion chamber), as they can only operate until 150 °C before incurring damage.
In such situations, the microphones are mounted in waveguide 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 terminated 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 25 m long tube, which is closed
at its end. The microphone positioning inside a waveguide results in distortion
of the measured acoustic pressure record, which needs to be accounted for. The
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waveguide possesses a transfer function of its own, the phase of which just cor-
responds 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 waveg-
uide tube. In SICCA-Spray, due to the water cooling, the gas temperature in the
waveguide is considered to be 30 °C based on measurement 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 waveguide 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 devi-
ation 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 on the chamber (designated as MC1 to MC8 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. 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 Az|SIC ~ 30mm. 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. Although there is a provision for measuring the chamber backplane pres-
sure 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 Az, 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 particles in the flow through phase Doppler anemometry (PDA). Two
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detectors are employed for this purpose, and their location is carefully selected so
that they have a phase shift in the received signals scattered by the particle. This
phase difference is then used to determine the diameter of the particles based on
whether the scattering is dominated by reflection or refraction. If only two detec-
tors are used, then the diameter that can be unambiguously measured is restricted
to a phase shift of 27. Thus, a third detector is employed to remove ambiguity
and increase the measurable size range as well as the measurement resolution.
The PDPA system employed here can be operated in both PDA and LDA modes.
Since a measurement under the PDA mode is carried out only when the particle is
detected by all three detectors, the data acquisition rate under PDA mode of oper-
ation is lesser than when operating under the LDA mode. For measurements that
only require the velocity information, the acquisition system is programmed to op-
erate under LDA mode to improve the data rate. The reader is referred to Albrecht
et al. (2013) for further details on the measurement principle and Vignat (2020)
for further details on the measurement device used here. In LDA/PDA, a measure-
ment is acquired only when a particle passes through the measurement volume,
and hence the acquisition is non-uniformly sampled. It is pointed out that for the
FDF determination in this thesis, the photomultiplier signal is acquired along with
the velocity signals using the PDPA system. The non-uniformly acquired signals
are later resampled to have a uniform sampling rate. It was verified that this could
be achieved by simple linear interpolation.

1.6.2.2 Deployment in the test rigs

In both SICCA-Spray and TICCA-Spray, hot wire probes are mounted in the
plenum (only for the central injector in the case of TICCA-Spray) at about 120 mm
from the chamber backplane. The plenum is constricted just ahead of this section
with a diameter of 32 mm to achieve a nearly flat velocity profile. In addition,
acoustic velocity is also determined at this location using the multi-microphone
method. In the chamber, velocities are measured using the PDPA system by op-
erating in LDA mode or by operating in PDA mode when information on droplet
diameter is simultaneously required. For these measurements, the spray of lig-
uid fuel droplets itself acts as the tracer under hot-fire conditions, or the air flow
is seeded with fine silicone oil droplets when the measurement is carried out un-
der cold flow conditions. This is under the assumption that the fuel/oil droplets
faithfully follow the flow and is valid if the droplets have a low Stokes number.
In periodically modulated flows like the ones investigated here, this requires that
the particle momentum relaxation time 7, = ppdf) /(181,) be much smaller than
the oscillation period 7" or that the phase associated with this relaxation process
©m = wTy, be small. In the above equation, p, and d,, are respectively the density
and mean diameter of the particle, and , is the viscosity of air. The measured
mean droplet size is typically d,, =~ 5um in the region of interest (2.5 mm above
the backplane at a radius of 4 < r < 3 in the chamber). Considering the density of
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heptane and viscosity of air at ambient temperature', one finds that 7,,, ~ 0.051 ms,
which is much smaller than the oscillation 7" = 2ms at 500 Hz. The phase asso-
ciated with the momentum relaxation process wr,,, would be ¢,, ~ 0.0517 at that
frequency. This value is relatively small, and its impact on the measured velocities
may be considered to be negligible. The oil seeding is usually achieved by an air
nebulizer (Durox et al. 1999) which is designed to deliver only fine droplets of the
order of 2.5 um mean diameter. On the other hand, with the fuel spray delivered
by the atomizer, the diameter of the droplets cannot be controlled, and it depends
on the position in the chamber. Thus, it is necessary to ensure in advance that the
location of velocity measurement for LDA is such that the fuel droplets are small
enough. For certain measurements under cold flow conditions in the chamber, a
hot wire probe also provides velocity signal records.

1.6.3 Flame chemiluminescence

The measurement of chemiluminescence from the flame is of central impor-
tance in the analysis presented in this thesis, as the flame chemiluminescence in-
tensity is often considered to provide access to the heat release rate fluctuations.
This quantity is usually deduced from the chemiluminescence emission intensity
of excited radicals like OH* or CH*. The relation between this signal and the heat
release rate is well established for lean premixed flames but is questionable in the
case of spray flames. Chapter 2 deals with this issue and focuses on the chemi-
luminescence of spray flames. The light intensity measurements are generally
carried out with photomultiplier (PM) tubes that have a high frequency response.
The signal measured by the PM is the light intensity that is spatially integrated
over the entire flame.

In MICCA-Spray, the flame chemiluminescence is captured by an array of
eight Hamamatsu type H10722-110//001 photosensor modules (marked as PM1
to PMS8 in Fig. 1.1 (d)) measuring the light intensity from one side of the annular
chamber. Each sensor is fitted with an optical OH* filter centered at 308 nm and
a half-width of 10 nm to separate the emission of OH* radicals from background
radiation. As seen in Fig. 1.1, each PM is fitted with a mask in the front that acts as
a spatial filter to capture the light emissions only from a single flame. In addition,
a metal tube is placed inside the inner chamber wall so that the PMs do not see the
light intensity from the flames on the opposite side. In SICCA-Spray, the flame
emission is mainly captured by a Thorn EMI Electron Tubes type QL30F PM fitted
with an OH* filter centered at 308 nmn with a half-width of 10 nm. An additional
PM of Hamamatsu make is also employed to capture CH* (430 nm with a width
of 10 nm) emissions from the flame. In TICCA-Spray, the chemiluminescence is
captured by a Hamamatsu type H11902-110 PM fitted with an OH* filter centered
at 308 nm. Like in MICCA-Spray, a mask is placed in front of the PM such that it

l,op = 684 kg m~* for heptane and 11, = 1.872 x 107 kgm~'s7 L.
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only receives light emitted by the central flame (see Fig. 1.3).

1.6.4 Flame images

The chemiluminescence from the flame is also employed to obtain flame im-
ages using an intensified charge-coupled device (ICCD) camera. The camera used
for this purpose is a PI-MAX 4® ICCD camera from Teledyne Princeton Instru-
ments, having a resolution of 1024 x 1024 pixels. The camera is usually mounted
with either OH* (310 nm) or CH* (430 nm) filters to capture the chemiluminescence
from the respective radicals. This device is triggered internally when obtaining the
steady flame images and externally using a microphone, PM, or a wave generator
signal to obtain images at different phase instants in the acoustic cycle.

1.6.5 Temperature measurements

Temperature measurements are carried out at several locations on the test rigs
either to determine wall temperatures or gas temperatures. Chamber wall temper-
ature is measured in all three test rigs as a control sensor to ensure whether the sys-
tem is thermally stabilized. This is accomplished by using a K-type thermocouple
from TC-direct. In SICCA-Spray, the gas temperature is deduced from a double-
bead R-type thermocouple (platinum-rhodium alloy) usually placed 25 mm below
the chamber exit (for radiation correction, see Lemaire and Menanteau (2017)).
Additionally, the chamber wall temperature profile in SICCA-Spray is measured
using TMC Hallcrest MC153-14 thermal history paint, which undergoes perma-
nent changes with thermal exposure. The paint is uniformly coated along a cylin-
der generatrix of the quartz tube on the inner side. The temperature profile can
be determined after at least ten minutes of heating by visually comparing it with a
color scale supplied by the manufacturer. This method does not provide a precise
temperature estimate but can be used to quickly deduce the temperature without
the need for complicated thermometry. The thermal paint can be used to determine
the temperature in the range from < 160 °C to 1240 °C. Finally, the temperature of
the backplane in SICCA-Spray is determined by applying a thermal crayon on the
top surface of the injector terminal plate.
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Determination of unsteady heat release rates from the flame is a central
issue in combustion dynamics as it specifically intervenes in the determi-
nation of the flame describing functions. Heat release rate measurements
have been traditionally obtained by estimating the light intensity of ex-
cited radicals (such as OH* or CH*) from the flame at a given equiva-
lence ratio, exploiting the linear dependence of chemiluminescence with
the heat release rate. This has been well established for perfectly pre-
mixed flames, but the validity of this assumption for technically premixed
or spray flames is often questioned. This is because of spatial or tem-
poral inhomogeneities in the mixture ratio or equivalence ratio that may
be present in these flames, invalidating the linear assumption. The cor-
relation is investigated in the present case by measuring the spatial and
temporal equivalence ratio variations of the spray flames with liquid hep-
tane and dodecane as fuels. This is performed by considering the ratio of
light intensities of CH* and OH™, which has been proven to be linked to the
equivalence ratio. A previous study (Vignat 2020) with the same type of
injector producing similar spray flames under steady-state conditions re-
vealed that the global OH* chemiluminescence is better suited for heat re-
lease measurement than CH* as it maintains the linear relation with heat
release rate. An extension is now carried out in the present thesis using an
intensified CCD camera to validate this relationship, first by identifying
the presence of spatial inhomogeneities in the spray flames under steady
conditions, followed by a scenario where the flame is modulated. The
modulated case also allows investigating any significant temporal equiva-
lence ratio fluctuations as only the air flow is modulated and the fuel flow
remains unchanged. Subsequently, global chemiluminescence measure-
ments using photomultipliers are also carried out to compare the spray
flames with premixed propane-air flames. Results show that the partic-
ular spray flames considered here behave in a quasi-premixed fashion,
with negligible equivalence ratio fluctuations due to the recessed position
of the fuel atomizer inside the injector. Although chemiluminescence can
be used as a heat release rate marker for the present case, its validity for
technically premixed flames may not be generally applicable if they ex-
hibit strong equivalence ratio variations.

2.1 Introduction

In combustion dynamics, the measurement of heat release rate (HRR) fluctua-
tions in response to acoustic perturbations is vital if one wishes to determine flame
transfer/describing functions (FTFs/FDFs) in a direct manner. One possibility of
acquiring HRR from the flame is by measuring the chemiluminescence originating
from excited radicals such as OH* or CH* that are present in the flame zone. This
was demonstrated early on by Hurle et al. (1968) on open turbulent ethylene-air
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premixed flames as a means to determine the source of combustion noise. The au-
thors postulated that a measure of some species concentrated in the reaction zone
could be used to determine the rate of consumption of combustible mixture. This
led to the employment of C5 and CH* light emissions from the flame, provided
that they are present in sufficiently small quantities so that their emission inten-
sity 1s not affected by self-absorption. Photomultipliers equipped with appropriate
narrow-band filters were used to show that light emissions from these free radicals
are proportional to the rate of consumption of the combustible gas mixture and,
thus, to the HRR. The linearity between HRR and light intensity from the flames
is only valid when the combustible mixture is burning at a constant equivalence ra-
tio. This relationship was exploited to study several phenomena, such as the noise
generated from turbulent flames (Hurle et al. 1968; Price et al. 1969), as an optical
sensor for measuring equivalence ratio (Clark 1958; Muruganandam et al. 2005),
and was further deployed as a means of a closed-loop diagnostic tool through
equivalence ratio monitoring (Docquier et al. 2002) and as an active-feedback-
control parameter (Higgins et al. 2001). Lawn (2000) successfully utilized the
spatial cross-correlation of OH* chemiluminescence emissions from two lines-
of-sight photodiodes for a premixed swirling flame based on a novel approach
of using root mean square intensity fluctuations to obtain mean HRR. In a study
conducted by Hardalupas and Orain (2004) with premixed counter-flow flames
fueled by natural gas, it was shown that the emissions from OH*, CH* and back-
ground intensity from CO3; could be considered a good indicator of HRR, whereas
the chemiluminescence intensity from C; was found to be inappropriate. While
many works obtained chemiluminescence measurements integrated over the entire
flame (Docquier et al. 2002; Ding et al. 2019), some have also obtained it using
Cassegrain optics, where the signal is acquired from a small flame region (Kojima
et al. 2000; Hardalupas and Orain 2004) and tomographic techniques (Obertacke
et al. 1996; Anikin et al. 2010) to detect the two-dimensional distribution of ex-
cited radicals. Several of these efforts have been thoroughly reviewed by Docquier
and Candel (2002) and Ballester and Garcia-Armingol (2010). The specific case
of chemiluminescence representing HRR of flames subjected to acoustic pertur-
bations was considered, for example, by Balachandran et al. (2005) on a turbulent
premixed bluff-body-stabilized flame. This reference contains a comparison be-
tween HRR measurements obtained from three different techniques, OH* and CH*
chemiluminescence, OH planar laser-induced fluorescence (PLIF), and simultane-
ous OH and CH50O PLIF measurements, and concluded that the global HRR ob-
tained by chemiluminescence of excited radicals agreed well in both magnitude
and phase for premixed flames. They also inferred from the OH PLIF measure-
ments that the local effects of strain and curvature that are known to change the
burning velocity might not majorly impact the global HRR variations. A contrary
observation to the above conclusions was made by Najm et al. (1998), who indi-
cated through numerical simulations and experiments that, for the specific case of
premixed N»-diluted methane-air flame at stoichiometry, the OH*, CH*, and C;
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are not reliable markers of HRR as their presence in the flame does not relate to
the chemical pathway of carbon oxidation. It is shown that for the case of their
highly curved flame, HCO PLIF directly correlates with the overall flame burning
rate and heat release rate. Higgins et al. (2001) showed that for their studied case
of a laminar counter-flow premixed flame, the CH* chemiluminescence did not
show any significant dependence on strain rate but indicated that for the case of a
turbulent flame, a dependence on curvature could be expected. Thus, it is unclear
whether the above conclusions are valid only for the considered configurations or
applicable in general.

Although many works validate the adequacy of chemiluminescence to repre-
sent HRR for perfectly premixed flames, where fuel and air are mixed well ahead
of the combustion chamber, the literature available for the case of spray flames that
are only technically premixed is more limited. The mixing of fuel and air happens
just ahead of combustion in the latter case, resulting in variations of equivalence
ratio across the flame. As chemiluminescence only suitably represents HRR at
a constant equivalence ratio, it is questionable to use it for the flames that might
contain spatial stratification and where the linear relationship between light inten-
sity and HRR will not be applicable. The case of a flame with mixture gradients
was considered by Lauer and Sattelmayer (2010), who studied the applicability of
spatially resolved HRR measurements based on chemiluminescence in turbulent
swirled natural gas flames. The authors compare a technique of HRR measure-
ment based on the first law of thermodynamics that involves the measurement of
flow velocity, progress variable of combustion, and air excess ratio with chemi-
luminescence. Although the integral HRR and the integral chemiluminescence
intensity show an identical monotonic behavior, the axial heat release rate distri-
bution is not well captured by the light intensity measurements. This is attributed
to the high turbulence intensity in the reaction zone, causing a shift in chemilumi-
nescence distribution. The case of a swirling spray was evaluated by Mirat et al.
(2014) for two flame types, one case where the flame is less sooty and visibly
blue, and another case where the flame manifests a yellow sooty regime. Sys-
tematic measurements indicate that both OH* and CH”* light intensities exhibit
a linear behavior in the non-sooty regimes, whereas, in the sooty regimes, only
OH* can be used as a valid indicator of HRR. However, the authors also indicate
that, for the case of a flame subjected to acoustic modulations, such a quasi-steady
analysis is suitable only at low frequencies, and its appropriateness at higher fre-
quencies needs validation. The same authors (Mirat et al. 2015) used the FDF
obtained by measuring OH* chemiluminescence in an acoustically coupled cavity
model and retrieved most of the experimental observations on the thermoacoustic
state of the system. This gives an indirect validation that OH* chemiluminescence
can indeed be used as a tracer of HRR fluctuations for spray flames at globally
fuel-lean conditions. However, Nori and Seitzman (2009) showed through 1D
simulations of the CH* chemiluminescence mechanism incorporated into a flame
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chemistry model that a small variation in equivalence ratio could lead to a much
larger error in HRR determined using chemiluminescence due to its dependency
on local equivalence ratio. The above inference was also made by Yi and San-
tavicca (2009), who found that on a liquid-fueled lean direct injection combustor,
the difference between heat release rate and CH* chemiluminescence can be more
than 20% in gain and greater than 90 ° in phase at frequencies greater than 400 Hz.
They also observed that the deviation is comparatively lower when there is a self-
sustained combustion oscillation. This implies that chemiluminescence might not
be a good indicator of HRR for flames with pronounced stratification. It is thus
important to verify whether the technically premixed flames considered here man-
ifest any spatial variations of equivalence ratio and ensure the linear relation of
chemiluminescence with HRR. Quite often, for obtaining the FDF, only the air
flow is modulated, and as the liquid fuel is injected under pressure, the fuel line
is generally “stiff”” and remains unresponsive to acoustics. This might also cause
a wave of spatial and temporal equivalence ratio fluctuations at various instants
of the acoustic cycle. In this case, the FDF cannot only be considered a function
of velocity fluctuations or volumetric flow rate fluctuations but also as a function
of equivalence ratio. The flame has to be treated as a multiple-input single-output
(MISO) system defined by a heat release rate that depends on two inputs,

Q'/Q = Fy(d [8) + Fuld, /) 2.1)

One of the means that can be employed to obtain the equivalence ratio in
the flame relies on simultaneous measurements of the chemiluminescence of two
radicals to determine ratios between two light intensities, such as CH*/OH" or
C2*/OH", etc. This was considered early on, for example, by Clark (1958), who
found that C5 and CH* ratios were an accurate index of equivalence ratio of com-
bustible gases. Further studies have considered and validated this technique for
different fuels and for both laminar and turbulent flames. This was used later by
Kojima et al. (2000), who measured the light intensity of OH*, CH*, and C; from
a laminar premixed methane-air flame and found a strong correlation between the
peak intensity ratios in the reaction zone to the equivalence ratio, indicating that
these parameters could be used to investigate the local flame stoichiometry. It was
also found that among the three ratios, C5/CH* was most sensitive to equivalence
ratios greater than 0.9 and that OH*/CH" could be used for a wider range of equiv-
alence ratios. The usage of emission intensity ratios of excited radicals was also
investigated by Hardalupas and Orain (2004) on natural gas counter-flow flames,
who found that the ratio OH*/CH”* exhibited a monotonic dependence with equiv-
alence ratio, while the ratio of C5/CH* could not be used as metric of equivalence
ratio due to its strong dependence on strain rate. Chemiluminescence sensing to
determine equivalence ratio was also validated by Muruganandam et al. (2005)
for both natural gas and heptane-fired combustors at varying pressures. This tech-
nique is exploited in the present work to quantify the equivalence ratio variations.
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It is also worth examining at this point whether any alternative techniques from
the literature can be used to measure HRR. One such method was illustrated by
Li et al. (2012) using ultrasonic waves in unconfined flames. This technique
1s based on measuring the travel time of ultrasonic waves when passing through
flames. A relation was established by knowing the flame shape between low-
frequency HRR disturbances generated by hydrodynamic instabilities driven by
buoyancy forces. However, the extension of this technique to forced flame con-
figurations is not straightforward, and in addition, it also requires prior knowl-
edge of the flame shape. Another technique is the interferometric determination
of HRR demonstrated by Leitgeb et al. (2013) and Li et al. (2015) on a pulsed
premixed flame. A laser vibrometer was employed to measure the density fluc-
tuations in the flame, which can, in turn, be related to HRR, assuming that the
entropy fluctuations are mainly caused by variations in HRR. The HRR obtained
by this technique was then validated with the chemiluminescence measurement of
CH" on a premixed flame. Laser interferometric vibrometry (LIV) measuring den-
sity fluctuations in flames was also used to obtain flame transfer functions (FTFs)
of both perfectly and partially premixed flames, and a comparison with the clas-
sical chemiluminescence technique was presented by Peterleithner et al. (2016).
The FTF deduced from LIV and chemiluminescence in the perfectly premixed
cases matched well, as one would typically expect. For the case of technically
or partially premixed flames, the overall trends in FTF were retrieved in terms of
gain and phase, except for an overshoot at certain frequencies, which was later
found to be due to the presence of equivalence ratio waves in the flame. How-
ever, this technique has only been demonstrated so far on unconfined premixed
flames, and the presence of a spray of droplets would complicate the LIV mea-
surement. The LIV technique also has other disadvantages, such as the sensitivity
to temperature and Gladstone-Dale constant, which links the measured LIV volt-
age to density. Several researchers have also used laser-induced fluorescence to
obtain HRR information from flames. This has been exemplified, for example,
by Najm et al. (1998), who has shown that HCO PLIF gives a direct estimate of
HRR from flames, by Ayoola et al. (2006) who obtained spatially resolved mea-
surements using simultaneous OH and CH,O PLIF, which is highly correlated
with HRR. It has also been reported in the literature (see, for example, Paschereit
et al. (2002), Schuermans et al. (2010)) that FTFs could be obtained indirectly by
purely acoustic techniques, such as the flame transfer matrix (FTM) framework,
by treating the flame as a black box and assuming that the flame response is only
produced by the incident acoustic waves. This technique involves the usage of
a multi-microphone method at two independent acoustic states of the system to
determine the FTM from which the FTF can be synthesized without the need for
measuring HRR fluctuations. This, however, requires an additional measurement
of the injector transfer matrix and its inversion to extract the flame transfer matrix.
The implementation of the above optical and acoustic techniques is not readily
possible in the experimental arrangement of SICCA-Spray. PLIF, in addition to
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being a technically demanding experimental technique, also poses the difficulty of
requiring a 2D laser sheet which would be difficult to implement in SICCA-Spray
because of its cylindrical geometry. It is also difficult to attain two independent
acoustic states in the SICCA-Spray combustor, i.e., with acoustic modulation both
upstream and downstream of the combustor. Although driver units are already
present upstream in this setup, the presence of hot exhaust gases might potentially
damage the driver units when placed downstream of the combustion chamber. The
noise from combustion might hamper obtaining signals by a sufficient amount so
that the coherence function between the microphone signals and the modulation
takes low values. This only leaves the option of obtaining HRR measurements
through chemiluminescence, but this first requires the verification of the level of
stratification present in these flames.

This chapter begins with a brief description of the experimental setup in Sec-
tion 2.2, followed by the assessment of the spray flames under steady and forced
conditions in Section 2.3 at various instants of the acoustic cycle. Finally, in Sec-
tion 2.4, the case of spray flames is compared with that where the flame is fully
premixed.

2.2 Experimental setup

Experiments are carried out in the SICCA-Spray combustor equipped with a
short combustion chamber of length [, = 150 mm, whose generic experimental
setup is described in Chapter 1. Under nominal operation, the atomizer is mounted
at a distance of 6.75 mm from the combustor backplane. The measurements per-
tain to the operating point F1 (P = 6.4kW, ¢ = 0.85 (global), and 71, = 2.6 gs 1)
with swirlers 707 and 716, as these are widely used throughout this work. Liquid
heptane and dodecane are delivered as hollow cone sprays into the combustion
chamber by the fuel atomizer. When using premixed propane, the atomizer re-
mains non-operational, and the fuel and air are mixed well ahead of the plenum.
For the case of spray flames, any reference to equivalence ratio refers to the global
equivalence ratio unless otherwise explicitly stated. Data are acquired in two steps
—firstly, with an ICCD camera equipped with CH* (centered at 434 nm) and OH*
(centered at 310 nm) interference filters. The measurements are carried out with
the two filters, one after the other, while the camera takes images of the same re-
gion. One can then determine the ratio of the two light intensities and link this
ratio to the equivalence ratio. The camera is equipped with a Nikon 105 UV
lens and operates with a set gate width of 40 us while permitting 1000 gates per
exposure. Measurements are first carried out under steady state conditions after
which the air flow is modulated at two frequencies, 500 Hz and 700 Hz, using the
driver units mounted at the bottom of the combustor (see Fig. 1.2). Flame im-
ages corresponding to the two radicals are obtained at different phase instants of
the modulating signal. Since only the air flow rate is modulated and the fuel line
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impedance is stiff, this measurement would help to determine the presence of any
spatial/temporal inhomogeneities in the equivalence ratio that needs to be consid-
ered in the FDF estimation. A calibration measurement is also performed under
steady conditions at different global equivalence ratios and fuel mass flow rates
to represent the light intensity ratio in terms of equivalence ratio. These measure-
ments are performed at five different fuel flow rates, and at each fuel flow rate,
the air flow rate is varied to obtain different equivalence ratios. In the second
step, photomultiplier tubes equipped with OH* (centered at 308 nm with a half-
width of 10 nm) and CH* (centered at 430 nm with a half-width of 10 nm) filters are
used to compare the fluctuations in light intensity ratio between cases of perfectly
premixed propane-air flames and spray flames. The photomultipliers are placed
side-by-side such that they both capture light intensity from the entire flame re-
gion. During these measurements, a signal generator connected to the driver units
produces modulation signals at three frequencies 300, 500, and 700 Hz, and at an
amplifier voltage of V5 = 3 V. The data are recorded over a period of 2s at each
frequency at the rate of 16,384 Hz. Mass flow rates of the three fuels are slightly
adjusted such that the thermal power remains the same in all the cases.

2.3 Spatial and temporal equivalence ratio fluctua-
tions

The presence of inhomogeneities in the equivalence ratio of the spray flames
is here assessed with the ICCD camera equipped with CH* and OH" filters giving
spatial information of the light intensity distribution. Results are first presented
for the case of a steady flame, followed by the case where the flame is modulated
at different frequencies. A calibration performed under steady conditions for rep-
resenting the light intensity ratio in terms of equivalence ratio is also described in
this section.

2.3.1 Assessment with steady flames

The specific case of spray flames considered in this study has already been thor-
oughly examined in a previous doctoral thesis (Vignat 2020) using a quasi-steady
approach to verify the linear dependence of chemiluminescence with respect to
HRR. The major findings from this work are briefly described to put the current
work in perspective. In that work, OH* and CH* chemiluminescence was recorded
with liquid heptane as fuel and compared with the case of premixed propane-air
at different fuel mass flow rates. It was verified using a flue gas analyzer that
the combustion efficiency of the combustor was close to unity and, thus, that the
heat release rate from the flame could be considered to be proportional to the fuel
mass flow rate. The measurements carried out with the two swirler configurations
at different fuel mass flow rates indicate that the OH* featured a lesser deviation
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from linearity for the heptane spray flames and closely resembled the premixed
propane flame. With CH*, the chemiluminescence signal was not quite propor-
tional to HRR with both premixed as well liquid fuel injection. The nonlinearity
of the CH* was attributed to the highly turbulent nature of the flame resulting in
a possible overestimation by 20% to 40% in the fluctuating portion. However,
a quadratic fitting method was established to apply a correction to the measured
light intensities, which would then be representative of the HRR. Although from
the study of Vignat (2020) it is seen that the linear relationship with respect to
HRR is retained by the OH* chemiluminescence intensity, the measurements with
PM give a measure of global chemiluminescence intensity, and it can be expected
that for a spray flame, there might be some local variations of equivalence ratio in
the flame. This is investigated in the present work, with the ICCD camera fitted
with CH* and OH* filters by determining the ratio of the corresponding intensi-
ties. As already indicated, this ratio is a known measure of the equivalence ratio
of hydrocarbon flames (for example, Hardalupas and Orain (2004)).

0.4

(a) CH" intensity (b) OH™ intensity (c) Rel. intensity deviation

Figure 2.1. (a-b) Flame images showing CH* and OH* chemiluminescence in-
tensity obtained with the ICCD camera. (c) Relative intensity deviation obtained
using Eq. 2.2. Flame images are captured with swirler 716 under steady condi-
tions with liquid heptane as fuel.

Figures 2.1 (a) & (b) show the CH* and OH* chemiluminescence intensity
obtained with the ICCD camera under steady conditions. The images are obtained
with swirler 716 while operating with liquid heptane as fuel. A filtering operation
is applied to the flame images to only retain the portions that contain at least 20%
of the maximum intensity. One observes that the intensity levels remain almost
the same between the CH* and OH* images, possibly indicating that the spatial
variation in equivalence ratio is negligible. To further confirm this, the relative
intensity deviation is obtained between the CH* and OH* light intensity images
as,

Ifl}',z [I,Z ]l’,Z

) — CH*  ~“CH* CH* 22
rel [Igfl* [g;*]/[[g,]z_'l*} ( )
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Figure 2.2. Variation of the mean CH*/OH™ ratio with respect to equivalence ratio
¢ at different levels of fuel flow rate determined under steady conditions. The spa-
tially resolved images are recorded with an intensified CCD camera and the mean
of the flame image at each operating point is calculated to obtain I/, [157;..
Measurements pertain to swirler 716.

Here, (.) refers to the spatial averaging of a flame image. Figure 2.1(c) shows the
relative deviation I}, which is only minor, mostly less than 10% in the flame zone.
A higher level of deviation is observed in certain regions of the flame close to the
periphery, where the data reliability is also low due to the reduced intensity signals
obtained in these regions. Thus, one can consider that the spatial inhomogeneities
in these spray flames are low.

2.3.2 Calibration curve for equivalence ratio

In order to represent the light intensity ratio in terms of equivalence ratio, a
calibration is performed under steady conditions with swirler 716. For these ex-
periments, the same camera equipped with CH* and OH"* filters is used at differ-
ent fuel flow rates, and at each fuel flow rate, the air flow rate is varied to obtain
different equivalence ratios. Keeping the fuel flow rate constant at the different
equivalence ratios ensures even atomization quality of the spray.

Figure 2.2 shows the variation of spatially averaged Ig—é ]é’? with ¢ at differ-
ent levels of fuel flow rate. It is to be noted that, when operating at lower fuel flow
rates, the flame is not well stabilized at ¢ < 0.7, and the measurements are less reli-
able. However, in the present thesis, the combustor is operated at 0.85 < ¢ < 1 and
mostly near 1y = 0.52kg h~!, where the data quality is adequate, and the slope is
nearly linear between ¢ = 0.8 and 1. The relationship between the intensity ratio
and equivalence ratio is obtained using this calibration curve and is found to be
AlGn. /155, ~ L1TA$ at thy = 0.52kgh™!. This is used in the subsequent sec-
tion to represent the light intensity ratio in terms of equivalence ratio and analyze
the presence of equivalence ratio fluctuations when the system is modulated.
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Table 2.1. OH*, CH*, relative intensity deviation, and equivalence ratio deviation
for heptane spray flame with swirler 716 measured when the flame is acoustically
forced at 500 Hz and ' /u =~ 0.22 at different phase instants , of the reference
generator signal. The fuel flow rate is 0.52kgh™! and the global equivalence ratio
is 0.85.
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2.3.3 Assessment with modulated flames

As the fuel line is stiff, any modulation in air flow rate can possibly give rise
to a wave of equivalence ratio fluctuations at various instants of the oscillation
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cycle. This would mean that, in addition to the HRR variations caused by the
velocity fluctuations at the flame base, one would also have to consider the flame
response to equivalence ratio fluctuations as given by Eq. 2.1. To verify this,
experiments are carried out at different phase instants of the generator signal while
acoustically modulating the flame at two frequencies —500 Hz and 700 Hz. For
these measurements, the amplifier voltage is fixed at its maximum allowable value
of Vp = 3V resulting in a velocity fluctuation level of v/ /u ~ 22% at 500 Hz and
17% at 700 Hz.

The first and second columns of Tab. 2.1 show the chemiluminescence inten-
sity with CH* and OH* filters, respectively, for the heptane spray flame at 500 Hz.
A filtering operation is performed on the raw images as in Section 2.3.1 to only
retain the portions that contain at least 20% of the maximum intensity at each
phase instant. As seen from the chemiluminescence images, the intensity distri-
bution does not vary much between the two quantities. Next, the relative intensity
deviation I, of the local to the mean intensity averaged over the oscillation cy-
cle, calculated using Eq. 2.2, is presented in the third column of Tab. 2.1. For

T,z

the pulsed flame images, the mean intensity ratio g—[j 1s a spatial average that is
Iog-
TJT,Z P9
CH*

averaged over all phase instants (i.e.,

). The deviation is minor, mostly less

T,z

*

than 10% in the flame zone, except in small regions close to the periphery, where
the deviation is slightly higher (the captured light intensity is also smaller in these
regions). The calibration relation outlined in Section 2.3.2 is used to obtain the
value of equivalence ratio ¢ from these flame images. The spatial evolution of the
relative equivalence ratio deviation shown in the fourth column of Tab. 2.1 indi-
cates that the spatial variation is small and that there is no visible stratification.
Similar observations can also be made at 700 Hz, as shown in Fig. 2.3, where the
spatial variation in equivalence ratio is minimal. The comparatively higher devi-
ation in equivalence ratio observed near the periphery is attributed to the lower
signal intensity in this region.

-0.2 0 0.2

O 7T/4 7I'/2 37{'/4 T 571'/4 37T/2 77T/4

Figure 2.3. Equivalence ratio deviation for heptane spray flame with swirler 716
measured when the flame is acoustically forced at 700 Hz with a measured v’ /u ~
17% at the injector exit. The images are shown at different phase instants of the
reference generator signal.



2.3 - SPATIAL AND TEMPORAL EQUIVALENCE RATIO FLUCTUATIONS 51

0.06}
0.041

0.02}

A(/);r.z

-0.02¢

-0.04+

-0.06 -

0 71}2 7; 37‘(‘/2 2n
Pg
Figure 2.4. Variation in spatially-averaged equivalence ratio with swirler 716
shown at different phase instants of the reference modulation signal at two fre-
quencies.
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Figure 2.5. Relative chemiluminescence intensity deviation for heptane spray flame
with swirler 716 measured when the flame is acoustically modulated at 500 Hz and
the atomizer is located at a distance of 2.75 mm from the backplane.

Given that the spatial variation of equivalence ratio is not very significant for
these spray flames, one can obtain the overall equivalence ratio of the flame at
each instant of the oscillation cycle, as shown in Fig. 2.4 at the two frequencies
considered. A minor variation can be observed with respect to the phase of the
reference signal at the two modulation frequencies. From these results, a relative

A —
global equivalence ratio fluctuation @ (where ¢ = 0.85) can be obtained and is

equal to 0.04 at 500 Hz and 0.05 at 700 Hz, much lower than the relative velocity
fluctuation of v/ /u = 22% at 500 Hz and u' /u = 17% at 700 Hz. This result is sim-
ilar to the observation reported by Vogel et al. (2021) for a kerosene spray flame
having negligible equivalence ratio fluctuations compared to velocity fluctuations.
Although strong variations in equivalence ratio could normally be expected in a
spray flame the reason for finding only minor fluctuations can be attributed to the
recessed location of the fuel atomizer inside the injector (similar to Vogel et al.
(2021)) and the high volatility of heptane. Because of the recessed atomizer po-
sition, a part of the fuel spray impinges on the convergent cone of the terminal
plate (Fig. 1.4 left). The spray particles might form a liquid film that undergoes
secondary atomization due to the shearing action of the air flow resulting in small
droplets. The part of spray that interacts with the cone is then controlled by air
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flow coming out of the injector, and the amount of fuel exiting into the chamber
is then nearly proportional to the amount of air, as observed by Lo Schiavo et al.
(2020) through LES simulations on a similar injector. The other possibility oc-
curring due to a spray-wall interaction is that the particles might hit the wall and
bounce back or slide along the conical wall and then get swept away by the air
flow. The exact mechanism of the spray-wall interaction is unclear, but this inter-
action appears to reduce the fluctuation in equivalence ratio compared to a case
where the fuel is conveyed directly into the chamber without any impact. The
weak equivalence ratio fluctuation observed in the present case is also demon-
strated through numerical simulations performed with a similar injector by Vignat
et al. (2021). In the case where fuel is conveyed directly into the chamber with-
out any wall interaction, any fluctuation in air flow rate would indeed change the
equivalence ratio. This argument is validated by performing measurements at a
smaller atomizer recess of 2.75 mm distance against the nominal recess distance
of 6.75mm from the backplane. This arrangement would prevent the fuel spray
from impacting the convergent cone, and the spray is then directly delivered to the
combustion chamber. The relative deviation in the chemiluminescence intensities
is shown in Fig. 2.5 when the atomizer is located at a recess distance of 2.75 mm
from the backplane. One observes in this case that the relative Iop- /oy~ ratio
indeed exhibits a higher deviation than at the nominal recess distance of 6.75 mm
(see Tab. 2.1, column 3), especially between ¢, = 37/4 and 77/4, substantiating the
previous interpretation. A wave of negative relative intensity (seen as blue zones
in Fig. 2.5) can also be seen originating near the upper flame region at ¢, = 77/4
and moving towards the flame center until p, = 7/4, remaining at that location as
the flame size shrinks until ¢, = 37/4. Additionally, a pattern of positive relative
intensity (seen as red zones in Fig. 2.5) arises close to the flame base at ¢, = 7/2,
moving slightly up and towards the periphery until ¢, = 77/4. The slightly higher
positive relative intensity regions observed close to the periphery at ¢, = 0 and
7/4 cannot be sufficiently distinguished from noise to consider that they are signif-
icant. Further details on the spray and flame behavior with recess distance, along
with their visualizations, are provided in Chapter 8.

2.4 Comparison of spray flames with a premixed flame

Although the spatial and temporal inhomogeneities in equivalence ratio are
negligible in the present spray flames when the atomizer is at its nominal position
of 6.75 mm, this has been only verified with liquid heptane, and it still needs to be
confirmed for the case of liquid dodecane. Having established in Section 2.3.3 that
the spatial inhomogeneities are minor at the nominal atomizer position, it is pos-
sible to examine the global intensities from the flame using photomultipliers fitted
with appropriate filters. In addition, it is also instructive to compare the case of
spray flames with a premixed flame of propane and air, where the chemilumines-
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Figure 2.6. Intensity ratio Icy-/Iog- (normalized by their respective mean) be-
tween perfectly premixed propane (red), heptane spray (blue), and dodecane spray
(green) flames as a function of wave generator’s phase ¢ . Results are shown in
the top row for swirler 716 and in the bottom row for swirler 707 at three frequen-
cies 300 Hz, 500 Hz, and 700 Hz and for an amplifier voltage of Vo = 3 V.

cence relation with HRR strongly holds. For this purpose, two photomultipliers
equipped with OH* and CH™ filters placed side by side capture the light emitted
from the entire flame. The signal of the wave generator delivered to the driver
units is also recorded simultaneously with the photomultiplier signals.

The top row of fig. 2.6 displays the ratio of light intensity normalized by mean
intensities for 716 at select frequencies of 300 Hz, 500 Hz, and 700 Hz for an ampli-
fier voltage of 3V (peak-to-peak) as a function of the wave generator’s phase ¢,.
Since the instantaneous intensities are scaled by the ratio of mean intensities, the
gains of the two photomultipliers do not intervene. A dispersion of the data points
around an average value can be observed, but this is quite small. There is a ripple
in the light intensity ratio during the oscillation cycle reaching about 10% of the
average value with both heptane and dodecane. This variation during the cycle
may reflect a variation in the equivalence ratio due to the air flow modulation, but
it can also be linked to variations that are found in confined premixed flames when
they are subjected to cyclic oscillations. This is because the fresh reactants entrain
an amount of burnt gases from the outer recirculation zone. This is illustrated by
examining the light intensity ratio of the fully premixed flame, which has a color
and shape similar to the spray flame (images of premixed and spray flames are
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shown in Chapter 9). A small variation in (/(CH")/I(OH"))/(I(CH")/I(OH"))
can be observed in the premixed case as well, at certain instants of the cycle. The
ripple during the acoustic cycle is of the same order of magnitude as for the spray
flame at the three frequencies considered. This confirms that the spray flames be-
have essentially like a premixed flame with a level of equivalence ratio variations
that are small compared to the flow fluctuations. Similar features are also observed
at lower amplifier voltages and other frequencies. The above measurement is also
performed with swirler 707, which forms a “V"-shaped flame, which is different
from that of the “M"-shaped flame corresponding to swirler 716 (flame images
shown in Chapter 7). Results presented in Fig. 2.6 bottom row confirm that, for
this swirler as well, the spray flames behave like premixed flames. They substan-
tiate observations of Section 2.3.3, indicating that chemiluminescence can be used
as a valid HRR marker for the specific spray flames considered here and that FDFs
can be calculated by only considering velocity fluctuations as input.

2.5 Conclusions

The objective of this chapter is to see whether chemiluminescence constitutes
a suitable marker for determining the heat release rate in the spray flames inves-
tigated in the present work. While this is well established in the literature for
perfectly premixed flames, which operate at a constant equivalence ratio, one ex-
pects that spray flames might feature spatial equivalence ratio variations leading to
errors in the determination of the heat release rate and subsequently of the flame
describing functions. The verification is performed in the SICCA-Spray combus-
tor with two swirlers, 716 and 707, producing two distinct flame shapes. In a
previous work (Vignat 2020), a quasi-steady approach was used to verify the lin-
earity of chemiluminescence intensity with heat release rate, and it was found that
OH* is a better marker for these spray flames than CH*. This observation is fur-
ther explored to see if spatial inhomogeneities in equivalence ratio arise when the
flame 1s modulated. In the first step, an estimation of equivalence ratio is obtained
by capturing flame images using an intensified CCD camera equipped with CH*
and OH" filters, the ratio of which is a well-known measure of equivalence ratio
for hydrocarbon flames. Results show that the light intensity ratio deviation is less
than 10% in the flame zone for heptane spray flames, and a subsequent calibra-
tion to obtain the spatial equivalence ratio distribution reveals that both spatial and
temporal inhomogeneities are negligible, and the fluctuations in equivalence ratio
are much lower compared to the fluctuations in the flow velocity. This indicates
that it is sufficient to just consider the relative velocity fluctuations as input to
the flame describing functions. The reason for the current spray flames behaving
in a quasi-premixed fashion is attributed to the recessed position of the atomizer
inside the injector, which causes a part of the spray to hit the conical section of
the convergent nozzle before exiting into the combustion chamber. This hypoth-
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esis is confirmed by moving the atomizer further up and avoiding the impact of
the fuel spray with the nozzle walls; the light intensity deviation, in this case, is
much greater compared to the case with a higher recess. Finally, measurements
performed at different frequencies with photomultipliers equipped with OH* and
CH* show that a small ripple exists in the light intensity ratio of heptane and
dodecane spray flames during the acoustic cycle but that it is of the same order
of magnitude as the perfectly premixed propane-air flames. The findings of this
chapter enable us to reasonably consider that the HRR fluctuations required for
obtaining the flame describing function can be approximately obtained from the
chemiluminescence intensity of OH*. However, these results are only valid for
the specific case of technically premixed flames considered here and cannot be
generalized.
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A part of this chapter corresponds to an article submitted for publication in the
Journal of Sound and Vibration under the title “Do flame describing functions suit-
ably represent combustion dynamics under self-sustained oscillation?" by Preethi
Rajendram Soundararajan, Guillaume Vignat, Daniel Durox, Antoine Renaud,
Sébastien Candel, and is under re-review. A preliminary version was also pre-
sented at the Colloque du réseau d’INitiative en Combustion Avancée (INCA)
2021 under the title “The flame describing function and flame dynamics under
self-sustained oscillations" by Guillaume Vignat, Preethi Rajendram Soundarara-
jan, Daniel Durox, Antoine Renaud, Sébastien Candel. The experimental setup of
the SICCA-Spray combustor is briefly recalled in Section 3.2, and familiar readers
can skip this part.
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Transfer function concepts that appear in many areas and most notably in
control systems have been extensively used to represent the flame response
in low-order models of combustion instability. Much of the theoretical
work is based on flame transfer functions (FTF). In recent years, its non-
linear extension, namely the flame describing function (FDF), has been
used to get a more accurate representation of the flame response when the
level of oscillation becomes large, and the system reaches a limit cycle.
Despite their wide and reasonably successful use in predicting instabili-
ties, the direct validity of using FTF/FDFss to represent the flame response
still remains to be experimentally substantiated. This chapter is aimed
at providing a direct assessment of the capacity of the FDF to suitably
describe the flame behavior under self-sustained oscillations (SSOs) for
a spray-swirl flame anchored by an injector that is weakly transparent
to acoustic waves. This is accomplished by using an experimental com-
bustion configuration that not only exhibits unstable oscillations but also
features a set of driver units to modulate the flame (namely stable flame
modulation or SFM). The flame is modulated at the frequency of SSO, and
the amplitude of incident velocity modulations is then progressively var-
ied until it coincides with that found under SSO. The injector dynamics is
shown to be different between SSO and SFM for an injector that is weakly
transparent to acoustic waves and imposes a certain degree of decoupling
between plenum and chamber. For such injectors, the FDF built with the
upstream velocity would not suitably represent SSO, as this lumps the in-
jector and flame dynamics together. It is then important to use velocity
measurements at the injector outlet, at a point where the relative veloc-
ity fluctuation matches the relative volumetric flow rate fluctuation. The
describing function with velocity reference at the injector outlet is deter-
mined for various input levels and found to approximately match those
measured under SSO. The best match is obtained when the amplitude of
external modulation induces a level of velocity oscillations that comes
closest to that prevailing under SSO. This demonstrates that the FDF may
suitably capture the nonlinearity of the flame response, at least in the con-
figuration investigated in this research.

3.1 Introduction

Among the many questions raised by the phenomenon of thermoacoustic insta-
bility, that of modeling occupies a central position. Much effort has been devoted
to deriving models that could guide the analysis of combustion dynamics phenom-
ena and be used as predictive tools. This effort was initiated during the early days
of rocket engine development, where the instability problems were encountered,
inducing some spectacular failures. More recently, many experiments in active
control of combustion indicated that progress could be achieved by developing
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modeling methods (McManus et al. 1993; Annaswamy et al. 1997; Candel 2002;
Dowling and Morgans 2005; Morgans and Stow 2007), and this gave rise to a
considerable research effort that was aimed at representing the combustion sys-
tem and controller in the framework of control systems theory. The central idea
was to describe the combustion response in terms of transfer functions and use
closed-loop representations of the coupling that was achieved by acoustic modes
and controller actions. Much effort has been devoted to deriving models that could
guide the analysis of combustion dynamics phenomena and may then be used as
predictive tools. This modeling effort was begun to gain some understanding of
processes leading to unstable oscillations in rocket engines (Crocco 1951; Crocco
1952; Tsien 1952; Marble and Cox Jr. 1953; Crocco and Cheng 1956; Harrje
and Reardon 1972; Yang and Anderson 1995). More recently, attention has been
focused on dynamical phenomena in gas turbine combustors operating in the pre-
mixed mode and using swirling flows to anchor the flames at a distance from the
injection units (Richards and Janus 1998; Lieuwen and Zinn 1998; Lieuwen et al.
2001; Hubbard and Dowling 2001; Candel 2002; Paschereit et al. 2002; Lieuwen
and Yang 2005a; Schildmacher et al. 2006; Huang and Yang 2009; Krebs et al.
2013; Candel et al. 2014; Poinsot 2017). The present chapter addresses a central
modeling issue in the context of swirl stabilized flames. Is it possible to suitably
describe the combustion response in terms of transfer functions or their nonlin-
ear extension, describing functions? In other words, can one model a complex
multi-dimensional flow characterized by the presence of multiple scales, those of
turbulence and combustion, and the fast kinetics of strongly exothermic reactions
in terms of low-order dynamical tools relying on transfer or describing functions?
Do these reduced descriptions capture the three-dimensional flame dynamics that
are involved in the process? This analysis aims at providing direct experimental
proof that transfer functions and their describing functions extensions represent
the flame behavior and that the reduced-order model suitably describes the multi-
dimensional reality. It is not our intention to give a general answer to the questions
raised previously, and the analysis is restricted to a case that has much practical
importance, that of swirling flames that are compact with respect to the acoustic
wavelength of the coupling modes. This case will be investigated experimentally
to highlight the difficulties and limitations of this kind of representation and pro-
vide some insight on issues of low-order modeling of combustion instabilities.

At this point, it is worth briefly reviewing the state of art in low-order modeling
to place the present investigation in perspective. The early analysis of combus-
tion instability relied on the sensitive time lag (STL) theory. The flame response
was represented in terms of an interaction index n and a time lag 7 that was as-
sumed to be a function of the state variables in the combustion region (Crocco
1951; Tsien 1952; Marble and Cox Jr. 1953). In general, these two terms were
considered to be parameters that could be varied to determine instability regions.
This kind of model assumed, in essence, that a transfer function existed between
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the state variable disturbances and combustion disturbances such as those of the
heat release rate. The gain of this transfer function was a constant proportional to
the interaction index n, while the phase was a linear function of the angular fre-
quency ¢r = wt. More recently, considerable effort was expended to understand
mechanisms controlling instabilities and represent the flame dynamics in terms of
transfer functions. This effort is reviewed, for example, in (Huang and Yang 2009;
Candel 2002; Polifke 2020; Schuller et al. 2020). The transfer function was in-
troduced to link relative fluctuations of heat release rate in the flame, treated as an
output, to the relative fluctuations in volume flow rate. When the relative velocity
fluctuation and the mean velocity at the input are uniform, it is possible to con-
sider that the relative volume flow rate fluctuation is equal to the relative velocity
fluctuation. For experimental convenience, velocity fluctuation is then considered
as the input instead of volume flow rate fluctuation. The transfer function may
have multiple inputs, and in the present case, one other input could be the pertur-
bations in equivalence ratio. For the case considered in this chapter, the mode of
combustion is quasi-premixed, as shown in Chapter 2, and the primary input is
the disturbance in velocity (representing the disturbance in volume flow rate). The
transfer function is given by

Folw) = LWNCQ _ (o yefert) 3.1)

u'fu

Transfer functions were introduced, in particular, to derive active control meth-
ods and help interpret their experimental demonstrations. Transfer function ex-
pressions were obtained for many simple flames like premixed conical and “V”
flames and for swirling premixed flames (Matsui 1981; Fleifil et al. 1996; Ducruix
et al. 2000; Schuller et al. 2002; Schuller et al. 2003; Lieuwen 2003; Preetham
et al. 2006; Preetham et al. 2008; Palies et al. 2011; Kim and Santavicca 2013;
Kornilov et al. 2009) and were compared in some cases with experimental data.
It was then recognized that the flame response depended not only on frequency
but also on the oscillation amplitude. This led to the replacement of the FTF by a
describing function, i.e., a family of transfer functions with each of these functions
depending on the amplitude of the input.

Q' (w,u)/Q

u'/u

Flw,u') = = Gp(w,u')ewF(‘”’“/) (3.2)
This was employed, for example, in a theoretical analysis of the dynamics of a
ducted flame by Dowling (1997), which indicated only a gain saturation with the
velocity fluctuation amplitude. The concept of flame describing function (FDF)
was generalized by Noiray et al. (2008) to also consider phase dependence with
respect to the amplitude of perturbations. The FDF was shown to provide an un-
derstanding of many nonlinear features observed experimentally, like frequency



3.1 - INTRODUCTION 61

shifting during oscillation growth, mode switching (frequency jumping during os-
cillation), instability triggering, and hysteresis, and more generally represent the
dynamics of finite-amplitude oscillations (Durox et al. 2009). This has been a
notable advance because the describing function allowed to retrieve nonlinear dy-
namical features (Noiray et al. 2009b; Boudy et al. 2011; Boudy et al. 2011;
Palies et al. 2011; Heckl 2013; Silva et al. 2013; Han and Morgans 2015; Han
et al. 2015; Heckl 2015; Gopinathan et al. 2018; Ghirardo et al. 2016; Laera et al.
2017; Haeringer et al. 2019; Rajendram Soundararajan et al. 2021). Models using
the FDF yield amplitude-dependent results that allow direct comparisons with ex-
perimental data since most instability experiments are carried out when the oscil-
lations are established and have reached a finite value. It was, however, found that
the FDF has limitations and cannot easily handle situations where the limit cycle
amplitude evolves as a function of time and the amplitude becomes irregular giv-
ing rise to “galloping” limit cycles (GLCs), or modulated in a more regular fashion
when the oscillation is sustained by two modes. These cases require extensions of
the FDF in the form of multiple-input describing functions (Moeck and Paschereit
2012; Orchini and Juniper 2016; Haeringer et al. 2019). A practical difficulty
encountered while obtaining the FDF is the need to measure the heat release rate

fluctuations Q/Q from the flame. This is often deduced from the fluctuations of
light intensity originating from excited radicals such as OH* or CH* present in the
reaction zone and considering that these intensities are monotonically related to
the heat release rate fluctuations. This is well validated for fully premixed flames
(Hurle et al. 1968) but might not be fully applicable to the case of non-premixed
or technically premixed systems. In such cases and in configurations where op-
tical access to the flame is not available, an alternative purely acoustic method
consists in determining the flame transfer matrix (FTM) (Paschereit et al. 2002;
Schuermans et al. 2004). In this framework, the flame is represented by a 2 x 2
transfer matrix 7', and the acoustic states upstream and downstream of the flame
are obtained using multiple microphones. This method has been widely adopted
for modeling industrial gas turbines which do not have optical access to the flame.
It is also useful for technically premixed flames where the quantitative estimate of
heat release rate using chemiluminescence is not well validated. However, being
a purely acoustic method, FTM does not account for the convective disturbances
that result from interactions between acoustic waves and flow singularities, like
those associated with swirlers and injection units (Noiray et al. 2009c). In prac-
tice, the method yields a transfer matrix 7' corresponding to the combination of
a flame transfer matrix F' and injector transfer matrix B, and the flame transfer
matrix is deduced from F = TB™!. It requires a separate measurement of the
injector matrix B obtained under cold flow conditions and the inversion of this
matrix. One assumes that B does not change under hot fire conditions. Uncertain-
ties also arise from practical application in a highly noisy background in which
the coherence between the forcing and microphone signals may not be very high
(Paschereit et al. 2002; Gaudron et al. 2019b). The FTM is also experimentally
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complex as it requires measurements at two independent acoustic states of the sys-
tem, which imply modulation and signal acquisition on the upstream and down-
stream sides of the injector unit. Independent acoustic states of the system can
also be achieved either by increasing the combustion chamber length or changing
the impedance at the outlet. While the former has the disadvantage of triggering
self-sustained modes, the latter can be difficult to achieve. These techniques are
not always feasible, and in such cases, one may prefer direct FDF measurements.

Whatever the framework (FDF or FTM), it is worth asking whether the low-
order models in which the flame response is treated as a black box can suitably
represent the fluid and combustion dynamics that determine thermoacoustic insta-
bilities. In the present study, the FDF framework is chosen for use in low-order
models as the test rig is better suited for carrying out optical measurements and
studying flame response by modulating the system from upstream. The test setup
is also not equipped to perform purely acoustic measurements at two indepen-
dent acoustic states of the system. Although many previous studies in the litera-
ture (including Noiray et al. (2008) and, more recently, Rajendram Soundararajan
et al. (2022)) have demonstrated the capability of FDFs in instability prediction,
thus constituting an indirect validation of the methodology, no direct experimental
proof is available to verify if the FDF suitably renders the combustion dynamics
under self-sustained oscillations (SSO). This question is represented schematically
in Fig. 3.1 (a) and (b). This diagram shows on the left a representation of the sys-
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Figure 3.1. (a) Closed-loop representation of a self-sustained instability at an an-
gular frequency wy and an amplitude of oscillation v'. The function H represents
the flame response in the self-sustained oscillation. (b) Stable flame operation
obtained by changing the acoustic coupling. This is used to allow external modu-
lation and the determination of the flame describing function F(w, ') by imposing
u} = vge . (c) Schematic of the experimental setup SICCA-Spray.

tem when it is executing SSO and features a limit cycle at an angular frequency
wo. The flame dynamical response is H(wp,u’). The inclusion of ' in this ex-
pression is to indicate that the flame behavior is also controlled by the level of



3.1 - INTRODUCTION 63

incident disturbances. In the center, the diagram shows the combustor operating
in a stable manner and being modulated externally to measure the FDF designated
as F(w,u’). Of course, this cannot be done if the system features a self-sustained
oscillation. The harmonic modulation can be applied when the flame is stable.
It can be argued that one cannot separate the flame from its environment so that
an acoustic coupling is always present. However, this coupling may be reduced
by shifting the roots of the dispersion relation that give rise to unstable oscilla-
tions. The method is explained with a model problem treated in Appendix 1. It is
shown there that the flame may be made to operate in a stable regime by chang-
ing the acoustic feedback. This is represented in Fig. 3.1 by replacing £ with J
and achieved in practice by changing the combustion chamber size to remove the
resonant frequencies out of the range of interest manifested under SSO. One may
then see if F and H coincide or, more precisely, if

F(wo,u") ~ H(wo,u) (3.3)

It is worth underlining that the flame dynamics under SSO represented by H can-
not be a priori considered to coincide with the FDF F determined under stable
flame modulation (SFM) because (1) these descriptions are only a reduced model
of reality, and (2) the FDF is determined in an environment that differs from the
one considered under SSO. A good match between these two functions will indi-
cate that a low-order model using a measured FDF may suitably represent the real
system and will provide reasonable predictions of SSO. However, one cannot be
certain that the flame behavior has not been modified when the loop is closed and
when a strong acoustic coupling occurs. A modification of this type is not consid-
ered in control systems where the transfer function or describing function of the
“plant” does not depend on the feedback path. Here, the situation is different be-
cause the flame is a result of a complex multidimensional flow where exothermic
reactions take place, and one cannot be certain that the low-order modeling based
on the FDF suitably represents the flame dynamics under SSO.

This chapter begins with a presentation of the experimental setup (Section 3.2).
Flame dynamics are then examined using OH* chemiluminescence images in Sec-
tion 3.3 under SSO and compared to those corresponding to external modulation
(referred to as stable flame modulation or SFM). A comparison between the flame
response ‘H and the FDF F is then carried out in Section 3.4. This is followed by
Section 3.5, which is focused on the injector dynamics under SSO and SFM. It
is shown in that section that the injector operates in a different manner when the
system 1s modulated from upstream and when the system executes self-sustained
oscillations. This has consequences in terms of low-order modeling that are also
briefly examined. In addition, an appendix provided at the end serves to explain
the meaning of what is being measured under the stable operation schematically
presented in Fig. 3.1 (b).
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3.2 Experimental setup

Experiments are carried out in a generic single injector setup (SICCA-Spray),
whose generic experimental setup is discussed in Chapter 1. Only the essential
details of the setup are recalled in this section. The swirler for the present investi-
gation is 716, and the experiments are carried out at the operating point F2, which
corresponds to a global equivalence ratio of ¢ = 0.95, which corresponds to an
air flow rate of 2.3gs™! and a fuel flow rate of 520gh~!. Liquid heptane fuel is
delivered as a hollow cone spray by a simplex atomizer producing a dispersion of
fine fuel droplets. The atomizer is recessed at a distance of 6.75 mm with respect
to the chamber backplane. The combustion chamber is formed by a fully trans-
parent cylindrical quartz tube providing complete optical access to the combustion
zone. Self-sustained oscillations of the system are obtained by varying the cham-
ber length /.. One finds, in this way, different resonant frequencies and amplitudes
of longitudinal limit cycle instabilities. During the measurement of FDFs under
SFM, a chamber length of /. = 150 mm is chosen to operate the system under sta-
ble conditions. For these measurements, two driver units located at the bottom of
SICCA-Spray are excited to achieve different levels of fluctuations. These driver
units are modulated at the same frequencies as SSO and at an amplifier voltage
close to the level of relative fluctuations observed under SSO. When the system is
operating under SSO, the driver units are left inactive.

The three microphones (marked MPx in Fig. 3.1) plugged onto the plenum are
used for measuring pressure signals and also to determine the acoustic velocity
fluctuations with the multi-microphone method. The velocity measurement for
the determination of FDF (defined by Eq. 3.2) is obtained at the injector outlet
using laser Doppler anemometry (LDA). When using a swirling injector, the ve-
locity profile at the exit of the injector is nonuniform, and this raises the question
of choosing an optimal position for the measurement. This point is chosen at a
location where the relative velocity fluctuation coincides with the relative volu-
metric flow rate fluctuation. For the swirler 716, the reference position for the
velocity measurement is located at a distance of » = 4 mm from the center of the
injector and at a height of 4 = 2.5 mm from the backplane. Further details on the
determination of this point are provided in Chapter 4. The measured axial velocity
at the exit of the injector is henceforth referred to as u. .

An estimate of heat release rate (HRR) integrated over the flame volume is
obtained by measuring the OH* chemiluminescence (with a 10 nm filter centered
at 308 nm) from the flame using a photomultiplier tube. The validity of using
OH* chemiluminescence as an HRR indicator has been systematically validated
in the current configuration in Chapter 2. The spray flame considered in this study
is found to operate in a quasi-premixed fashion due to the recessed position of
the atomizer inside the injector. It is found that the equivalence ratio fluctuations
remain low at the injector outlet compared to the velocity fluctuations, and there is
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no significant spatial stratification in the flame zone. The readers are also referred
to Chapter 2 for a detailed analysis of this point. Additionally, an ICCD camera
from Princeton Instruments is used to obtain the flame images. The signals from
the plenum microphones and photomultiplier are sampled simultaneously during
the velocity measurements by the LDA system for a period of 10s and at a data
rate of roughly 25,000 Hz.

3.3 Flame dynamics

Before examining the FDF and the flame response in terms of gain and phase,
it is logical to compare the flame dynamics under SSO and SFM using OH*
chemiluminescence images as presented in Fig. 3.2. The images are captured
by a PI-MAX intensified camera equipped with a Nikon 105 mm UV lens and an
Asahi optical bandpass filter (10 nm half-width centered at 310 nm corresponding
to emission bands of OH* radicals in the flame). The camera is triggered with re-
spect to the instability using the photomultiplier signal, which is low-pass filtered
with a cut-off frequency of 800 Hz using an analog filter. This improves trigger-
ing by reducing the jitter present in the photomultiplier signal. A Tektronix TBS
2000 oscilloscope provides a trigger signal when the filtered photomultiplier sig-
nal reaches its mean value and is at its rising edge. This setup is used to obtain
the phase averaged flame images shown in Fig. 3.2. The exposure is 40 s long.
The images appearing in Fig. 3.2 are averaged over 1000 individual samples and
processed with an Abel inversion algorithm.

For the measurements, the quartz tube for the unstable case is 265 mm long,
and the limit cycle features a frequency of 533 Hz. The amplitude of velocity
oscillation at (r,z) = (4.0,2.5) mm measured using LDA is w,, /., = 9%, and
that of the chemiluminescence signal is I{y-/Iop- = 28.9%. Here and henceforth,
the notation (-)’ refers to the root mean square (RMS) fluctuations, and U refers
to the mean of a quantity. The flame dynamics under SSO is shown in Fig. 3.2
(a), and stable flame modulation is examined in Fig. 3.2 (b-d). In Fig. 3.2 (b),
directly underneath the SSO images, the forcing level is set to match the conditions
encountered under SSO. In Fig. 3.2 (c), the forcing level is significantly lower,

while in Fig. 3.2 (d), it is significantly higher.

The set of images in (a) and (b) indicate that the flame shapes and intensity
corresponding to SSO agree with those of SFM at 3.5V, i.e. when the velocity
fluctuation levels match. On comparing SSO with SFM at other amplifier volt-
ages where the velocity fluctuations do not match, some minor differences can
be observed in the flame shapes and intensity levels. A periodic elongation and
widening are visible in all the cases starting from ¢ = 37/2 and extending till 7/2,
the latter corresponding to the broadest flame during the cycle. To further un-
derstand the similarities and differences between SSO and SFM, the flame front
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Figure 3.2. (a-d) Phase-averaged, Abel-transformed flame images shown in false
colors. Light intensity of OH* chemiluminescence is obtained at different phase
instants of the acoustic cycle using an intensified camera. (a) Images obtained
under SSO at a frequency fo = 533 Hz. Iy [/Tog = 28.9%. (b-d) Images corre-
sponding to SFM at the frequency of SSO. (b) The forcing amplitude matches that
observed during SSO ([é)H*/IO? = 30.4%). (c) The forcing amplitude is lower
than that observed during SSO (I} [Iog = 14.2%). (d) The forcing amplitude
exceeds that observed during SSO (I,- [Tog = 37.8%). (e-g) Flame isocontours
determined by Otsu thresholding method for SSO (solid black line in (e-g)) and
three levels of SFM (same—red dotted line in (e), lower—magenta dotted line in
(f), and higher—blue dotted line in (g) fluctuation level compared to SSO).

location is identified by applying the so-called Otsu thresholding method to the
OH™" images, as demonstrated by Degeneve et al. (2019), and is shown in Fig. 3.2
(e-g) when the flame is under SSO (in solid black) and for the four cases of SFM:
same (dotted red), lower (dotted magenta), and higher (dotted blue) relative in-
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tensity fluctuation compared to SSO. The extracted flame contour data evidently
show a close match between the SSO and SFM flame shapes when the forcing
level of SFM (i.e., at Vj = 3.5 V) matches the oscillation level of SSO. At the other
two SFM levels, visible differences can be observed in the flame contour shape
at certain parts of the cycle. For instance, this difference is more pronounced for
the higher fluctuation level between the phase instants & = 7/4 and 37/4. For the
remaining part of the cycle, the difference is minor, with only some observable
deviation close to the base of the flame. The difference in the flame contour po-
sition between SSO and SFM is more prominent for the lower amplitude case at
all the phase instants, except at & = 7r/4, where the contours corresponding to all
four cases nearly collapse.
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Figure 3.3. Comparison between the stable flame describing function F and the
combustion response under SSO, H. (a) Phases or and oy and gains Gp and
G plotted at the four resonance frequencies and at different amplitude levels for
SFM. The relative velocity fluctuation for obtaining F and H is measured in the
chamber. The red diamonds represent phases and gains of H during SSOs for dif-
ferent chamber lengths. The other colors and symbols correspond to the measured
F during SFM obtained while modulating the flame at the SSO frequencies and at
four different levels of amplifier voltages (1.5, 2, 2.5, and 3V ). (b) Gain of F and
modulus of H plotted as a function of the relative velocity fluctuation in the cham-
ber. The velocity is measured at the reference position (r, z) = (4.0,2.5) mm. The
representation in terms of amplifier voltages shown in (a) is expressed in terms of
velocity fluctuation levels in (b).
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3.4 Comparison of FDF and flame response under
limit cycle oscillations

The comparison between FDF F and the flame response # is shown in Fig. 3.3
(a) in terms of gain and phase at different frequencies. For the measurements un-
der SSO, the chamber length /. is varied to obtain self-sustained oscillations at
different frequencies. Chamber lengths of 250, 300, 315, and 350 mm are used to
attain the oscillations at frequencies 560, 472, 448, and 420 Hz, respectively. The
measurement under SFM is performed by modulating the flame using the two
driver units mounted upstream of the injectors at the frequencies of SSO and at
four different levels of amplifier voltages (1.5, 2, 2.5, and 3V) fed to the driver
units. Although a representation based on amplifier voltage is not physically rel-
evant, it is provided here as a common ground for SFM between flame image
measurement (shown in Fig. 3.2) and the measurements carried out to obtain the
describing functions shown in Fig. 3.3. A representation based on amplifier volt-
age can alternatively be indicated in terms of relative velocity fluctuations in the
chamber ., /7., as shown in Fig. 3.3 (b).

On comparing the phase of F at different fluctuation levels (Fig. 3.3(a) top),
it can be seen that there is no discernible nonlinearity with respect to the level of
fluctuation and the phases of F and H match quite well. The role of phase on
stability analyses (see, for example, Noiray et al. (2008), Schuller et al. (2020))
is critical, and the experimentally observed match validates the usage of FTF/FDF
in reduced-order models. Contrary to the phase observation, one may notice the
presence of nonlinearity in the gain of SFM (Fig. 3.3 (a) bottom) with respect
to the fluctuation level at all the frequencies. Figure 3.3 (b) shows the gain G
as a function of velocity fluctuation levels at the four frequencies considered in
this study along with Gy. At fy = 448 Hz and 560 Hz, the fluctuation levels match
between SSO and SFM at an amplifier voltage of 2 V and 2.5 V, respectively, where
one may also notice that the gains Gz and G i match in these two cases. Whereas,
at fo = 420Hz and 472 Hz, none of the SFM cases matches with the fluctuation
level of SSO. Hence, a match of gain between SFM and SSO is not attained,
but the respective values are close. These results and the flame images shown in
Fig. 3.2 clearly indicate the importance of utilizing a version of F that matches
with the velocity fluctuation level of ‘H in the low-order models to have a good
prediction of instabilities. If the low-order model uses an F that does not match
the level of SSO, one might still be able to potentially predict whether or not the
system will be unstable purely based on the phase information from the FDF. But
the prediction of limit cycle amplitude would potentially be erroneous due to the
mismatch in gain.
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Figure 3.4. Comparison of time evolution of the plenum velocity between an SFM
and SSO shown for a period of 1s. Results are plotted when the chamber velocity
fluctuation level of SFM matches with that of SSO. (a) SFM: Vy = 2.5V; SSO:
lo = 250mm, fo= 560Hz and (b) SFM: Vy =2V, §50: [. = 315mm, fy = 448 Hz.
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Figure 3.5. The gain (a) and phase (b) of relative plenum velocity fluctuations to
relative chamber velocity fluctuations. At fy = 448Hz (I, = 315mm) and 560 Hz
(I = 250mm), the results are shown when the chamber velocity fluctuations of
SFM coincide with those of SSO. At fo = 420Hz (I, = 350 mm) and 472 Hz (I, =
300 mm), the results are shown when the chamber velocity fluctuations of SFM are

closest to SSO.
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3.5 Injector dynamics during SSO and SFM

Although the FTF/FDF framework, by definition, considers the reference ve-
locity at the base of the flame, it is a common practice to use a velocity reference
for the transfer function in the plenum, upstream of the injection unit (this is exem-
plified in Palies et al. (2011), and more recently by Gatti et al. (2019), Wang et al.
(2021)). This choice is made because of the practical difficulties associated with
the measurement of velocity at the base of the flame, which would mandate some
form of optical measurement technique to access the flame zone. For an acous-
tically transparent injector that is compact compared to the acoustic wavelength,
the velocity upstream and downstream of the injector would remain the same as it
stays passive to the acoustic waves. In such a case, the FDF, considering upstream
velocity as the reference, would still be valid as the injector dynamics would be
the same between SSO, where there is strong pressure oscillation downstream, and
during modulation of the flame from upstream. However, the injector considered
in the present work is only weakly transparent to acoustic waves due to the high
pressure drop and abrupt area changes in the swirler channels. Such injectors act
as a loss element by converting some of the incoming acoustic waves into con-
vective waves at the injector outlet. This raises the question of whether the FDF
measured with a reference velocity in the plenum and an upstream acoustic modu-
lation would suitably represent the flame dynamics during SSO. Figure 3.4 shows
the time evolution of plenum velocity between SFM and SSO when the chamber
velocity uy,,. coincides in two of the investigated cases. The plenum velocity is
obtained by the two-microphone method from the microphones MP1 and MP3
(refer to Fig. 3.1(c)). Chamber velocity is measured by LDA as described in Sec-
tion 3.2. Figure 3.4 left shows the plenum velocity during an SSO at [, = 250 mm
and SFM at V) = 2.5V, and on the right is the SSO at /. = 315mm and SFM
at Vp = 2V. It can be seen that for the same level of velocity fluctuations in the
chamber, SFM always yields a higher level of plenum velocity u;, than SSO. This
means that the amplitude of the relative velocity fluctuation in the plenum is not
preserved between SSO and SFM. Figure 3.5 shows the gain and phase of rela-
tive velocity fluctuations in the plenum to the relative velocity fluctuations in the
chamber at different frequencies considered in this study. Here, %, is the bulk
velocity in the plenum, while 7%, is the mean velocity at the exit of the injector
measured at » = 4mm and A = 2.5mm. The data plotted at fy = 448 Hz and
560 Hz correspond to a situation where the chamber velocity fluctuations nearly
coincide for SSO and SFM. At f, = 420Hz and 472 Hz, the data points pertain
to a situation where the velocity fluctuations in the chamber of SFM are closest
to the SSO case but do not quite match. Significant differences can be observed
between SSO and SFM with regard to the velocity fluctuation ratio, with the gain
during SFM being twice as high as that corresponding to SSO for most frequen-
cies, except at 472 Hz, where this difference is minor. It is also found that under
SFM, the phase between plenum and chamber velocity fluctuations remains the
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same at all frequencies and is slightly higher than —7/2. However, when the system
is under SSO, the phase is rather close to 0 at lower frequencies and close to —m
at 560 Hz. Differences in the dynamical state of a swirling injector system submit-
ted to upstream and downstream modulation observed in Gaudron et al. (2019a)
are analogous to those found in the present investigation if one considers that the
downstream modulation state is similar to SSO, where pressure oscillations origi-
nate from downstream combustion processes. A velocity measurement performed
upstream of the injector would, in fact, lump the injector and flame dynamics to-
gether and will not suitably represent the flame dynamics under SSO. Thus, for
an injector that is weakly transparent to acoustic waves, the velocity measurement
for FDF determination should be positioned at the injector outlet. Alternatively,
one might consider measuring the injector transfer function under cold flow con-
ditions and extracting it from the lumped injector and flame transfer function in a
way similar to that used in the FTM framework (Schuermans et al. 2004). There
are, however, differences in the injector transfer function gain with and without
flame, as shown in Chapter 4, thus emphasizing the need for directly obtaining the
flame transfer/describing function. This direct determination requires that the in-
cident fluctuations be measured at a point where the relative velocity fluctuations
coincide with the relative volumetric fluctuations to be suitably used in the FDF
framework. Alternatively, the behavior of the injector might be represented by the
injector transfer matrix model described in Paschereit et al. (2002) and Bellucci
et al. (2005) and designated as the L — ¢ model. In this model, the injector transfer
matrix B features elements By; = 0 (the element in row 2, column 1) and Byy = 1
(Bellucci et al. 2005) or Bgg = A, /A, (the element in row 2, column 2 and where
A, and A, are the upstream and downstream cross-sectional areas in Paschereit
et al. (2002)). A rapid inspection indicates that this might not account for the
large drop in fluctuation level and shift in phase observed between the upstream
and downstream velocity fluctuation levels under SFM. In addition, as indicated
by Gaudron et al. (2019b), the L-¢ model is only linear, and such a model is not
suitable if the injector exhibits a nonlinear response to acoustics, such as the ones
considered in this thesis. Further details on the injector behavior and its describing
function are discussed in Chapter 4.

Although in the present work, the FDF framework is adopted instead of the
FTM framework to represent the flame dynamics, the accurate measurement of
FDFs for acoustically weakly transparent injector raises a difficulty as it requires
precise positioning of the measurement probe in the chamber to obtain relative ve-
locity fluctuations. Even a small deviation from this position can notably change
the measured FDF, which will then not suitably represent the flame dynamics in
a low-order model, thereby leading to erroneous instability prediction. Also, the
velocity measurement in the chamber mandates some form of optical measure-
ment technique, in addition to requiring the heat release rate fluctuations from the
flame, which is difficult to obtain for technically premixed flames. This might not
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be possible in the case of industrial combustors where optical access to the flame
zone is generally not available. The other possibility is to reconstruct the FTF/FDF
with purely acoustic measurements using the FTM framework. However, it was
shown by Gaudron et al. (2019b), who compared the FDF determined with both
optical (heat release rate approximately represented by flame chemiluminescence)
and purely acoustical technique (with the FTM framework), that the FDF obtained
with the two techniques do not exactly match in their turbulent premixed swirling
flame case. The FDF phase is captured reasonably well, but the reconstruction
of the FDF gain from the purely acoustic method deviates from the one obtained
with the optical method. The FDF gain mismatch was also observed by Schuer-
mans et al. (2010) for a technically premixed flame, but it is not clear from which
method the error is arising. One reason for such a mismatch could be attributed
to the fact that the disturbances just at the outlet of the injector are generally con-
vective in nature (Noiray et al. 2009c¢), and this might not be captured by purely
acoustic methods. In addition, the requirement of two independent acoustic states
of the system presents problems in obtaining noise-free measurements, especially
when modulating the system from the downstream side of the flame (Gaudron
et al. 2019b), leading to incorrect results. A note on an alternate FDF determi-
nation technique using the velocity measured at the injector outlet and acoustic
velocity measured downstream of the flame is discussed in the appendix.

3.6 Conclusions

Although many theoretical models in combustion instability rely on transfer
functions or describing functions, it was essential to see if these concepts are
effectively applicable, particularly, if they can be used in the case of complex
multi-dimensional turbulent spray flames formed by swirling injectors. This cen-
tral question is investigated by comparing two situations: the first corresponding
to a well-established limit cycle self-sustained oscillation (SSO), while the second
may be assimilated to a stable flame modulation (SFM) in which the acoustic cou-
pling is minimized, and the flame is externally modulated. Three levels of external
modulation are chosen—same, lower, and higher levels than the SSO fluctuations.
It is shown that the flame dynamics observed using Abel-transformed OH* light
intensity images matches best when the level of acoustic oscillation in the two
situations is equal. It is also found that the gain of the flame describing function
(FDF) is close to that of the flame response measured under SSO when the level of
oscillation in the externally modulated flame (SFM) equals that found under SSO.
The level of fluctuation does not affect the phase, and all the phase values under
SEFM cases match those found under SSO tests. These elements confirm that the
FDF framework is applicable and that it is crucial to consider the dependence of
flame response on the level of incident perturbations. Additionally, it is shown
that the injector dynamics during SFM and SSO are not the same in the case of an
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injector that is weakly transparent to acoustic waves. It is advisable to calculate
the FDF with respect to relative velocity fluctuations in the chamber since the use
of plenum velocity would lump the dynamics of injector and flame together and
may fail to represent the flame dynamics under SSO in the absence of a suitable
description of the injector’s frequency response. The FDF obtained with plenum
velocity would neither have the correct gain nor the correct phase evolution, and it
will not be possible to predict the unstable operating points with the correspond-
ing low-order model. The present experiments, although restricted to a specific
case, provide a direct validation of the FDF concept in the analysis of combustion
instabilities leading to limit cycle oscillations.
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Appendix 1: A model problem featuring self-sustained
oscillations and allowing stable flame modulation

We consider, in this appendix, a model problem in which a flame placed in a
duct may become unstable and leads to an oscillation, and in which it is also pos-
sible to apply an external modulation to determine the flame describing function
(FDF). The objective is to show in an idealized case what distinguishes the situa-
tion where the flame executes a self-sustained oscillation (SSO) from that where
the system is stable and modulated externally to determine the FDF (referred to as
stable flame modulation or SFM). The geometry of the problem shown in Fig. 3.6
features a driver unit on the left that may be passive i.e. u'f = 0, or may impose a
velocity perturbation Ulf = vge !, The flame is located at a distance a from the
upstream end of the duct. The downstream end is open, and its length [ already
includes the so-called “end correction”, so that one may write p/(l) = 0. Regions 1
and 2 respectively correspond to upstream 0 < = < @ and to downstream b < x <[
of the flame. For simplicity, one assumes that the temperatures on the two sides of
the flame are the same so that the densities, sound velocities, and wave numbers
are the same in the two regions. The jump conditions at the flame express pressure
continuity such that p}(z = a) = p)(z = a), and the acoustic volume flow rate is
defined by the heat release rate fluctuation of the flame:

—1.
Suy— Suf = L—L¢y (3.4)
poc
It is possible to express the heat release rate in the flame by making use of the
flame describing function F. One obtains after standard calculations,

uy —uy = ]?ull (3.5)

where 7 = ©F with © = (T»/T1) — 1. With a set of standard calculations, one
may obtain the various field constants A...D and express the velocity disturbance
on the upstream side of the flame in the form:

)

Uﬁ(ﬂfza)zm

lie” ™ sin ka + e~ cos ki (3.6)
where D(w) = cos kl — F sin kasin kb designates the dispersion relation of the sys-
tem. It is then easy to deduce the heat release rate fluctuation induced by this
velocity fluctuation as,

v 1

A u A /
Q _Q]:EI_Q]:(M’U)ED(M)[M

Lsin ka + e~ cos K] (3.7)

These expressions give rise to two different situations. In the first, designated
in this article as SSO, the dispersion relation D(w) = 0 has complex roots, and
one of these roots has a positive imaginary part. This may give rise to unstable
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Figure 3.6. Model problem. The combustion system comprises a driver unit on
the upstream side, an open end downstream. A compact flame is located at a
distance x = a from the inlet. The driver unit modulates the flame with a velocity

u/f = vpe W,

oscillations that will eventually lead to a limit cycle because of nonlinear mecha-
nisms represented by the describing function. The second possibility is to avoid
having an oscillatory operating regime by moving the complex roots of the disper-
sion relation and shifting them in the high frequency range where the describing
function features low gain values. We know that combustion oscillations gener-
ally occur at a frequency corresponding to one of the natural resonant modes of
the system. These eigenfrequencies are given by the dispersion relation in the ab-
sence of a flame, i.e., coskl = 0. The first of these eigenfrequencies corresponds
to the 1L (quarter-wave) mode and is given by wj = (7/2)(c/1). If | is made suffi-
ciently short, this eigenfrequency takes large values, and one may expect that the
FDF gain corresponding to this eigenfrequency will be small: ]]? (wh)| << 1. For
the range of angular frequencies that is well below w(, ka will take small values
ka << 1, since a is a fraction of [. One then finds that D(w) ~ cos kl. The velocity
fluctuation on the upstream side of the flame given by expression (Eq. 3.6) then
becomes:

Vo
D(w)

(cos k) (3.8)

uy(z=a)~

Using the approximate expression of D(w), one arrives at the result that v} (z =
a) ~ vo. The velocity fluctuation on the upstream side of the flame is nearly iden-
tical to the velocity modulation imposed on the system u’f In essence, the flame
has been stabilized by reducing the feedback contribution to the velocity distur-
bance that is incident to the flame. The feedback is present, but its contribution has
been made negligible. One may then measure ) (z = a), determine Q’, and deduce
F from these measurements. This second situation is designated in this article as
SFM. It clearly allows the determination of the FDF using harmonic forcing.
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This chapter contains a detailed discussion on the determination of the
flame describing functions (FDFs). The case of injectors that are weakly
transparent to acoustic waves is specifically considered. These injectors
act as dissipative elements due to their large area changes and high pres-
sure drops, and in this sense, they differ from the traditional acoustically-
transparent elements, which only weakly influence the acoustic propaga-
tion. The velocity reference generally considered in the plenum for acous-
tically transparent injectors can only capture the FDF phase at the base
of the flame, whereas the FDF gain differs substantially between plenum
and chamber velocity measurements. In this case, if the velocity reference
is considered in the plenum, the obtained describing function would repre-
sent the response of both the injector and flame to incoming acoustic per-
turbations. It is then advisable to consider the velocity reference directly
at the base of the flame according to the primary definition of the FDF.
A criterion is discussed for determining the relative velocity fluctuations
at the injector exit by considering its equality with the relative volumetric
flow rate fluctuations. The deduced location is found to be close to the
position of the maximum of mean axial velocity for the type of injectors
studied. Both the gain and the phase of the FDF are found to be sensitive
to the velocity measurement location in the chamber, indicating that this
has to be correctly determined. A brief note on the injector’s frequency
response is provided in terms of an injector describing function, which
varies nonlinearly depending on the amplitude of incident perturbations.
Finally, the low frequency behavior of the FDF's is discussed in the case of
premixed propane/air and in that of heptane spray flames. While the low
frequency limits of the premixed propane flame match the analytically-
derived low frequency limit from the literature, the behavior of heptane
spray flames is different, which could be attributed to the quasi-premixed
behavior of these spray flames under certain operating conditions, as dis-
cussed in Chapter 1.

4.1 Introduction

The flame transfer function (FTF) is a widely used concept for characterizing
the flame response to incident acoustic perturbations and is extensively exploited
in low-order models. Since the FTF is linear, it cannot describe nonlinear phenom-
ena such as limit cycle amplitude saturation, mode switching, or triggering. To
account for nonlinearity in the flame response to incident perturbations, the flame
describing function (FDF) framework was introduced, which considers the depen-
dence of flame response on the amplitude of the incoming perturbations. This was
exemplified by Dowling (1997) in a theoretical investigation of a ducted flame,
and the effectiveness of this framework was demonstrated by Noiray et al. (2008),
who showed that it allowed retrieving many of the nonlinear features observed
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experimentally. The FTF/FDF framework has been successfully used in captur-
ing the flame dynamics and in low-order predictive tools of instabilities (see, for
example, Schuller et al. (2020)). Several extensions to the FTF/FDF framework
have also been proposed to account for other phenomena such as the considera-
tion of harmonics (Haeringer et al. 2019), the existence of multiple modes (Boudy
et al. 2013; Moeck and Paschereit 2012; Orchini and Juniper 2016) and varying-
amplitude limit cycles (Kabiraj and Sujith 2011; Kabiraj et al. 2011).

In general, the heat release rate fluctuations Q' /5) from flames are known to
depend on equivalence ratio fluctuations (¢'/¢) together with volumetric flow rate
fluctuations (¢, /¢,). and one would have to determine two describing functions
such that:

Q'/Q = Fy(d [8) + Fuld, /) (4.1)

where F is the describing function pertaining to the equivalence ratio fluctuations
and F, is the describing function corresponding to the volumetric flow rate fluc-
tuations. In the case of perfectly premixed flames, it is natural to eliminate the
dependence with respect to equivalence ratio fluctuations, but this need not be true
for the case of technically premixed flames, such as the spray flames studied here.
It is indicated, however, in Chapter 2 that these flames behave in a quasi-premixed
fashion, and further details on this consideration are provided in the respective
chapters of this thesis dealing with the FDFs. Thus, in the following discussions,
only the describing function accounting for the volumetric flow rate fluctuations
at the flame base is examined according to the equation:

_Q/Q
G/ G

4.2)

It is generally not easy to measure volumetric flow rate fluctuations experimen-
tally, and the denominator is usually replaced by velocity fluctuations (v’ /) by
assuming that,

Gy /dv = u'/T (4.3)

By definition, the velocity must be measured at the base of the flame. However,
for practical reasons, velocity measurements are often carried out upstream of the
injector in the plenum, where the flow is nearly uniform in the measuring section,
and simpler techniques can be used. In the case of injectors that are acoustically
transparent, the length of the injector is usually much smaller than the acoustic
wavelength, and the velocity change across the injector is negligible. The in-
jector essentially transmits the acoustic waves, and the reference velocity can be
measured before or after the injector for FDF determination. This has been ver-
ified, for example, by Palies et al. (2011), Palies et al. (2009), and Kim et al.
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(2009), who have measured the velocity fluctuations in the plenum and cham-
ber with acoustically transparent injectors and have found the two to be equiva-
lent. Even though the injectors studied here are acoustically compact, they impose
a strong variation in the velocity fluctuation level between the plenum and the
chamber, and the FDF is then less easily obtained. This chapter thus deals with
the general questions arising in the FDF determination when the injection unit is
weakly transparent to acoustic waves. It begins with a brief description of the
experimental setup (Section 4.2). It is next useful to examine the nature of injec-
tors that are weakly transparent to acoustic waves (Section 4.3). It is then shown
how to select a suitable location for measuring relative velocity fluctuations (Sec-
tion 4.4) and the sensitivity of the FDF to the measurement location is analyzed
in Section 4.5. The importance of considering the injector frequency response is
examined in Section 4.6. This is followed by a discussion of the low frequency
limits of the FDF (Section 4.7). Finally, an appendix discusses a specific point of
the present FDF experimental setup, where sometimes a metal ring is mounted at
the bottom of the chamber to hold a microphone. The bottom metal ring changes
the thermal environment compared to a case where the chamber is completely
made of a quartz tube, and the idea is to verify whether this influences the flame
response measurement. This chapter serves as a guide for determining FDFs for
injectors that are weakly transparent to acoustic waves, a class of injection units
analyzed throughout this thesis.

4.2 Experimental setup

The SICCA-Spray combustor shown in Fig. 4.1 (a) is used in the present set
of experiments. Only the essential information of the experimental setup is re-
called here, and the readers are referred to Chapter 1 for more details. This system
comprises two driver units plugged onto the upstream manifold. The wave gen-
erator excites the driver units through a power amplifier to modulate the air flow
at different frequencies and amplitudes. The amplitude of the reference signal is
controlled by specifying an amplifier voltage Vj in the wave generator, which, in
turn, results in a particular level of velocity fluctuation in the system depending
on the frequency of the modulating signal. The length of the chamber is cho-
sen between 100 mm to 165 mm to avoid any possible self-sustained oscillations.
Acoustic pressures in the plenum are measured with three microphones marked as
MP1, MP2, and MP3 in Fig. 4.1. These are also used to obtain the acoustic veloc-
ity at this section using the multi-microphone method as discussed in Chapter 1.
In addition, a hot wire anemometer marked as HW1 is placed in the same section
as MP2 to measure the velocity. Velocity measurements in the chamber are de-
livered by a phase Doppler particle analyzer (PDPA) operating in laser Doppler
anemometry (LDA) mode to augment the data rate. For velocity measurements
under cold conditions, the flow is seeded with fine oil droplets, whereas the mea-
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Figure 4.1. (a) Schematic of SICCA-Spray experimental setup (reproduced from
Chapter 1). (b) The experimental setup of SICCA-Spray featuring a hot wire
anemometer and microphone in the chamber. The bottom portion of the plenum is
not shown. (c) ldealized representation of the plenum from the location of MP2 to
the injector outlet.

surements are carried out directly on the heptane droplets in the presence of flame.
The velocity measurements in cold conditions are also carried out using a sec-
ond hot wire anemometer placed in the chamber designated as HW?2, as shown in
Fig. 4.1 (b). These measurements are useful in situations where flow seeding is not
possible. Light emission is measured using a photomultiplier fitted with an OH*
filter centered at 308 mm. These signals are considered to approximately represent
the heat release rate fluctuations from the flame, as discussed in Chapter 2. All the
measurements reported in this chapter are carried out at an air mass flow rate of
e = 2.6gs !, and when a flame is present, the fuel mass flow rate is maintained
atmy =520g h~?, corresponding to the operating point F1.

4.3 Injectors that are weakly transparent to acoustic
waves

As already indicated, the measurement of velocity for FDF determination, al-
though by definition needs to be considered at the base of the flame, is generally
carried out upstream of the injector in the plenum considering ease of measure-
ments. While this is suitable for the case of acoustically transparent injectors, it
is not so for the injectors considered in this study that are only weakly transparent
to acoustic waves. Figure 4.2 shows the evolution of magnitude and phase of the
normalized velocity fluctuations '/ with frequency in the plenum and chamber
for swirler 716. While bulk velocity is used for normalizing the plenum velocity,
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Figure 4.2. Left: RMS of relative velocity evolution measured in the plenum and
chamber close to the injector exit along with a comparison of the theoretically
deduced chamber relative velocity fluctuations at different frequencies. Right:
Phase between velocity and reference generator signal for velocity measured in
the plenum, chamber and theoretically deduced chamber velocity at different fre-
quencies. Swirler: 716
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Figure 4.3. Left: RMS pressure evolution measured in the plenum and chamber
close to the injector exit along with a comparison of the theoretically deduced
chamber pressure at different frequencies. Right: Phase between pressure and
reference generator signal for pressure measured in the plenum, chamber and
theoretically deduced chamber pressure at different frequencies. Swirler: 716
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mean velocity is used for the chamber measurements, and the reason for this is dis-
cussed in the following section. The phase of velocities is obtained by considering
the reference signal produced by the wave generator. The air flow is modulated
at the maximum possible amplifier voltage (V; = 3 V), thus ensuring the highest
velocity fluctuation levels in the system. The acoustic velocity in the plenum is
obtained by multi-microphone method described in Chapter 1 at the section where
MP2 is mounted (see Fig. 4.1 (a)). w is the bulk velocity in the measurement sec-
tion of the plenum. The velocity fluctuations in the chamber close to the injector
exit are obtained at a radius » = 4mm from the injector axis and at a height of
h = 2.5mm above the backplane using LDA. It is worth noting at this stage that
the velocity at the exit of a swirling injector is highly nonuniform and one has to
select a particular point to measure the velocity mean value and its fluctuations.
The reason for the selection of this point for velocity measurement is elaborated in
Section 4.4. The relative root mean square (RMS) velocity fluctuation amplitude
strongly diminishes from the plenum to the chamber for the class of injectors con-
sidered in the present investigation. Additionally, the phase of the velocity with
respect to the reference generator signal ‘g’ also differs between the two measure-
ments. It is then useful to verify if the variation in the velocity fluctuation level can
be depicted by a simple model considering the section change from the plenum to
the chamber. For this, it is sufficient to only consider the area change from the
MP?2 section of the plenum having a diameter of Dyp; = 32mm to the injector
exit diameter of Dj,; = 8mm, as the other area changes in between them would
eventually be canceled out in transfer matrix multiplications. The idealized repre-
sentation between plenum and chamber is shown by the schematic diagram shown
in Fig. 4.1 (c). Using e~ convention to represent the time harmonic dependence
of the acoustic waves in the system and adopting a transfer matrix representation,
the relation between pressure and velocity in the straight tube between sections 1
and 2 can be written as (Fischer et al. 2006)

/ /
B cos(kl) isin(kl) a1
pc| = pc 4.4)
b isin(kl) cos(kl) )

where p’ and v’ represent the pressure and velocity in the respective sections, and p
and c represents the density and speed of sound. The area change between sections
2 and 3 can be represented as,

BT o[
el = S be (4.5)
U3 5_2 Uy

where S; and S, represents the cross-sectional area in the plenum (indicated with
the subscript ‘1’) and injector exit (indicated with the subscript ‘2’), respectively.
By combining Eqgs. 4.4 and 4.5, the pressure and velocity at the injector exit can
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be written in terms of pressure and velocity at section 1 as,

/
usy = zg—;% sin(kl) + g—;ull cos(kl) (4.6)
P P
=3 = cos(kl)=L +isin(kl)u} 4.7)
pc pe

Using the above equation, one obtains the velocity at the injector exit shown in
Fig. 4.2 (black curve) after normalizing with the bulk velocity. It can be seen that
the phase of the velocity in the chamber at the exit of the injector is retrieved by
making use of this formulation. However, the magnitude of velocity fluctuations
notably differs from the measurements. Although this difference is minor at fre-
quencies below 400 Hz, there is a factor of five between theoretical estimates and
measured values at higher frequencies, implying that velocities at the injector exit
cannot be reproduced by a purely acoustic representation of the system. Even
if one considers a normalization of the measured velocities at the injector exit
with bulk velocity, the match can still not be obtained using the representation of
Eq. 4.6. In addition to velocity, the evolution of measured pressure in the plenum
and chamber along with the chamber pressure deduced using Eq. 4.7 is shown in
Fig. 4.3. The phase of the pressure signals is obtained by comparing it against
the reference generator signal. The pressure phase is nearly the same between the
plenum measurement and the theoretically determined chamber pressure. Simple
calculations from Eq. 4.7 also reveal that the model would give nearly the same
phase in the chamber as in the plenum if one considers that a standing wave is
established in the plenum. The experimentally determined phase in the chamber,
however, notably differs from the phase deduced from the theory considering a
network formed by a straight tube and an area change between plenum and in-
jector exit. One can also see that the theory over-predicts the chamber pressure
compared to the experimentally determined value.

An alternate way to account for this variation in pressure and velocity is to con-
sider the representation of the injector from the literature. This was, for example,
considered by Paschereit et al. (2002), Bellucci et al. (2005), and Fischer et al.
(2006) and validated through experiments. Other works have also reported such
models with a similar basis, and as an example, only these three representations
are considered in a simplified fashion to see if they represent the present injectors.
It is important here to note that the references Paschereit et al. (2002), Bellucci
et al. (2005) use the convention ¢! convention so that +i has to be replaced
by —i to be consistent with our own convention. This is done in what follows. It
is also worth noting that Fischer et al. (2006) use the more standard e~ con-
vention, but the matrices quoted in one of their tables are not consistent with that
convention.

The model for the injector given by Paschereit et al. (2002) accounting for the
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area jump and the pressure drop can be written as,

IS 2
1 peM || 1—0— (—1) + ’igLeff
B= 52 ¢ (4.8)

S1
! 5

where M is the Mach number, o is the pressure loss coefficient, and Leg is the
reduced effective length of the injector which relates the upstream and downstream
area of the injector. Note that we use o instead of ( to designate the pressure
loss coefficient and that +i replaces the —i of the original article Paschereit et al.
(2002). The model proposed by Bellucci et al. (2005) and designated as the L-(
model is given in its original form,

1 2pwLes +
B_ ipw Legt + pQu 4.9)

0 1

However, one notes that the off-diagonal coefficient in the matrix should be di-
mensionless and the sign of the second term should probably be negative to be
consistent with the model of Paschereit et al. (2002). It is then necessary to cor-
rect for these various items and one gets :

s 1 —ou/c+ iwLeg/c (4.10)

0 1

Another model given by Fischer et al. (2006) to account for the injector pressure
loss is with our own notations,

1 —oM wDu
B = c 4.11)

0 1

where Dy is the hydraulic diameter. It is unusual to see a dependence with re-
spect to the square root of w which is relatively non-standard and also to note that
this last model would in the zero frequency limit correspond to an identity matrix
inducing no pressure loss at all.

Combining the injector models in Eqns. 4.8, 4.9, and 4.11 with the straight
section and area change between plenum and injector exit might account for the
change in pressure, but will result in the same form for u4 as Eq. 4.6, which does
not reflect for the magnitude change in velocity. Further considerations on whether
these models capture the variation in pressure need to be analyzed and are not pur-
sued in this thesis. The injectors studied here do not conform to the traditional
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representation valid for injectors that are transparent to acoustic waves as they no-
tably reduce the acoustic energy between the upstream and downstream sections,
as shown by the significant reduction in pressure and velocity fluctuation levels in
Figs. 4.2 and 4.3. Even though the injectors are compact compared to the acoustic
wavelength, they feature high pressure drop and abrupt area changes resulting in
dissipation of the acoustic energy, making them only weakly transparent to acous-
tic waves. In addition, considering a purely acoustic formulation might not be
able to capture the convective vorticity mode that is known to be generated when
acoustic waves impinge on a flow singularity like an orifice in a baffle (Noiray
et al. 2009¢), on a blade row, or on a swirler. The behavior of injectors that are
weakly transparent to acoustic waves is investigated further in Section 4.6. Con-
sidering reference velocity measurement location in the plenum, in fact, couples
the injector and flame response to acoustics, giving rise to an injector + flame de-
scribing function F;r. Although a correction can be applied to obtain the phase of
the flame describing function, the gain would still not be right. This necessitates
the measurement of velocity fluctuation in the chamber for the class of injectors
considered in this study to directly obtain the flame describing function Fp. The
other possibility is to use a frequency-dependent factor in the injector model ac-
counting for the reduction in relative velocity fluctuations. This is not considered
in the present study and is left as future work. However, the velocity determination
in the chamber raises additional questions on the measurement location as the ve-
locity at the exit of a swirling injector is nonuniform. This is explained in further
detail in the following section.

4.4 Reference velocity determination

This section discusses the selection of a location for the measurement of ve-
locity that can be used to determine the describing function of flames established
by injectors that are weakly transparent to acoustic disturbances. This location is
deduced from detailed measurements of axial velocity profiles.

4.4.1 Axial velocity profiles

This subsection gives information about the spray and velocity profile of swirler
716 and 712, both under cold flow and reacting conditions.

Figure 4.4 (a) shows the axial velocity profiles (mean and RMS) of 716 in the
chamber when the cold flow is modulated at 700 Hz with an amplifier voltage of
Vo = 3V (peak to peak) applied to the SICCA-Spray driver units. The measured
velocity is henceforth attached with the subscripts ‘c’ referring to chamber and
‘r’ referring to the radial location. Although the cold flow velocity profiles with
different swirlers were already discussed in Chapter 1, it is necessary to examine
the results obtained when the air flow is modulated. For these measurements, the
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Figure 4.4. (a) Axial velocity profile measured in cold conditions showing mean
(red) and RMS (blue) velocity fluctuations for swirler 716. The flow is seeded
with small oil droplets and the system is pulsed at 700 Hz with an amplifier voltage
Vo = 3V. (b) Mean (dy9) and Sauter mean diameter (ds2) of the oil droplets
measured in PDA mode and the data rate of the measurement when operated under
LDA mode. Error bars on the diameters indicate the 95% statistical confidence
interval computed using bootstrapping method. All measurements are performed
at a height of h = 2.5 mm above the chamber backplane.

air flow is seeded with oil droplets dispensed by an air nebulizer (Durox et al.
1999). The presence of a strong recirculation zone can be seen near the injector
centerline, down to —20ms ™. The mean velocity reaches a maximum of 60 ms™*
at r = 4mm. It is worth noting that the velocity fluctuation profile is not flat and
that the maximum velocity fluctuation does not occur at the same radius as the
maximum of mean velocity. The data acquisition rate profiles and the mean di-
ameter djo and Sauter mean diameter dsy of the oil droplets are shown in Fig. 4.4
(b) for swirler 716. The data rate quoted is for operation in the LDA mode, while
droplet sizes are obtained in PDA mode. The large data rate allows reconstruction
of the velocity signals up to 1000 Hz (more than 10,000 counts per second). Fur-
thermore, djg is small enough, of the order of 2.5 um, for the oil droplets to follow
the air flow well. The velocity profile for the other swirlers of the T2 category
can be reasonably expected to evolve similar to that of 716 based on the steady
velocity profiles shown in Chapter 1, and hence are not explored separately. The
measurements are also performed with swirler 712 belonging to the T1 category,
and the velocity profile is displayed in Fig. 4.5. Swirler 712 has comparatively
a slightly lower negative peak velocity of —12ms~ ' at the center, with the max-
imum mean velocity also being smaller at roughly 50 ms~!. The location of the
maximum mean axial velocity occurs at a radius of 3.5 mm, identical to the steady
state velocity profile reported in Chapter 1. Since the size of the oil droplets will
not change with the swirler, only the distribution corresponding to heptane spray
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Figure 4.5. Axial velocity profile measured in cold conditions showing mean (red)
and RMS (blue) velocity fluctuations for swirler 712. The flow is seeded with small
oil droplets and the system is pulsed at 700 Hz with an amplifier voltage Vi = 3 V.
The measurements are performed at a height of h = 2.5 mm above the chamber
backplane.

under hot conditions is reported in Fig. 4.7.

Under reactive conditions, the velocity measurements are made directly on the
spray of heptane droplets. The mean and RMS velocity profile for 716 are shown
in Fig. 4.6 (a) when the flame is modulated at 700 Hz with an amplifier voltage
of 3V (peak to peak). The maximum velocity is slightly higher than under cold
flow conditions (69 ms~!) and occurs at » = 4mm. The recirculation zone around
the injector axis is less pronounced than in the cold flow velocity profile (shown
in Fig. 4.4 (a)). This is because of fewer droplets in this region resulting in less
precise velocity estimates. The data acquisition rate and diameter profiles shown
in Fig. 4.6 (b), indicate that beyond » = 7 mm there are practically no droplets due
to the presence of the flame in this zone. The data rate is high between » = 3 mm to
r = 6 mm (more than 20,000 counts per second), making it possible to temporally
reconstruct the droplet dynamics. The particle sizes djp and d3» change substan-
tially depending on the position relative to the injector outlet (8 mm diameter).
Close to the center, only a small amount of large droplets get trapped in the stag-
nation zone. As the atomizer produces a hollow cone, the fine droplets are ejected
away from the axis. Outside the recirculation zone, from r = 2.5 mm, the droplet
size is reduced, and the droplet number increases, resulting in a higher counting
rate. Beyond the injector outlet radius, the particle size is slightly augmented. Just
ahead of the injector outlet lip (r = 4mm), the spray features very fine droplets
(d1p = 5um), which can follow the air flow well even in the presence of strong
velocity gradients. An estimate of the flow tracking by the 5 um droplets can be
done by looking at how they behave in a flow that is harmonically modulated. A
classical calculation makes it possible to show that, with an oscillation at 500 Hz,
the amplitude of the droplet velocity fluctuation is 95% compared to the ampli-
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Figure 4.6. (a) Axial velocity profile measured in reactive conditions showing mean
(red) and RMS (blue) velocity fluctuations for swirler 716. The system is pulsed
at 700 Hz with an amplifier voltage Viy = 3V. (b) Mean (dig in red) and Sauter
mean diameter (ds2 in blue) of the heptane droplets measured in PDA mode and
the data rate of the measurement when operated under LDA mode. Error bars
on the diameters indicate the 95% statistical confidence interval computed using
bootstrapping method. All measurements are performed at a height of h = 2.5 mm
above the chamber backplane.
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Figure 4.7. (a) Mean (dy in red) and Sauter mean (ds2 in blue) diameter of the
heptane droplets measured in PDA mode and the data rate of the measurement
when operated under LDA mode for swirler 712. This acquisition is carried out
in the presence of flame at 700 Hz with an amplifier voltage Vo = 3V. Error bars
on the diameters indicate the 95% statistical confidence interval computed using
bootstrapping method. The measurements are performed at a height of h = 2.5 mm
above the chamber backplane.
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tude of the gas flow. The phase delay remains small, of the order of 7 /20 for this
droplet size and frequency. It is, therefore, possible to measure the relative veloc-
ity fluctuations that are needed to determine the FDF under reactive conditions by
deducing the air velocity from the velocity measurement carried out on the fuel
droplets in the region where the diameter d;( is small. The size distributions for
712 reported in Fig. 4.7 under hot conditions indicate that the droplet diameters
take values similar to those found for 716, and d;( is mostly less than 10 pm in
the regions where the droplet availability is sufficient. It is pointed out in advance
that the measurements made with the two swirlers under the same flow rate con-
ditions give the values djg of 5.8 ym at » = 3.5 mm for swirler 712 and 4.5 um at
r = 4mm for swirler 716. The reason why the droplet sizes are indicated at these
radial positions is given in the following section.

4.4.2 Velocity measurement location

Profiles shown in the previous section indicate that the velocity at the injector
outlet is nonuniform, and this raises a question on the location to be chosen for
measuring the reference velocity fluctuations that can be used to determine the
FDF. As already mentioned, the FDF, by definition, considers volume flow rate
fluctuations at the base of the flame. One may then find a point at the flame base
where the relative volumetric flow rate fluctuations can be replaced by the relative
velocity fluctuations, i.e., where Eq. 4.3 is satisfied. To find where this equality is
verified, one has to first determine mean ¢, and RMS ¢/, of volume flow rate at the
modulation frequency by integrating the measured velocity profiles (from LDA)
obtained under cold flow conditions at ~ = 2.5mm for 716 and 712 (shown in
Fig. 4.4 and 4.5). The velocity is measured under cold flow conditions as the data
rate under reactive conditions is too low in the central injection region, thus reduc-
ing the accuracy here. In addition to the velocity amplitude shown in Fig. 4.4 and
4.5, it is also interesting to see how the phase of velocity disturbances evolves as
a function of the radial position. This is accomplished by acquiring the velocity
signal delivered by the LDA system together with a reference signal constituted
by the generator waveform delivered to the power amplifier. The phase between
these two signals plotted as a function of the radial distance to the injector axis
appears in Fig. 4.8 for swirler 716. This figure also shows the mean flow velocity
measured under cold flow conditions (the corresponding profile is the same as that
appearing in Fig. 4.4 (a) @, ). The air flow is modulated at 700 Hz and at an ampli-
fier voltage of 3 V. It can be seen that the phase is only roughly constant between
3mm and 4 mm and features rapid changes outside this region. This makes it nec-
essary to account for this phase shift as a function of the radius in calculating the
volumetric flow rate fluctuation. Figure 4.9 shows the radial evolution of uy,,. /T,
for swirler 716 and 712, along with the calculated ¢, /g,. For 716, the curve of
u,, , /T, intersects the line of ¢, /¢, at four points: close to £4mm and 5 mm. It
was previously shown that the diameter dj( of the spray droplets becomes larger



4.4 - REFERENCE VELOCITY DETERMINATION 91

o Ucy o= Pg—ul,

.2w

137/2

Uer (m/s)

r (mm)

Figure 4.8. Mean velocity profile (red) and phase between generator signal and
velocity fluctuations (blue) for swirler 716. These measurements are made un-
der cold conditions with oil seeding and by modulating the system at 700 Hz and
Vo = 3V. The measurements are performed at a height of h = 2.5 mm above the
chamber backplane.

0.5 . 0.5 0.5 . 0.5
1 1
[} [}
0.4} : 0.4 0.4 : 10.4
1
. I
50.3 ! {03 _ 503} ! {03
1S ! S \ L
~ ! =~ ! =~
= ! Bt ! =
0.2} 02 0.2 02°
| w N
0.1} : 0.1 0.1 : 0.1
1 1
1 1
0 — ! 0 0 ' 0
8 6 -4 -2 0 2 4 6 8 8 6 -4 2 0 2 4 6 8
r (mm) r (mm)
(a) 716 (b) 712

Figure 4.9. Ratio of RMS to mean velocity at different radii and the calculated
volume flow rate for swirlers 716 and 712. The vertical dotted line in black shows
the location where relative velocity fluctuations coincide with the relative volume
flow rate fluctuations. These measurements are made under cold conditions with
oil seeding and by pulsing the system at 700 Hz and Vy = 3V. The measurements
are performed at a height of h = 2.5 mm above the chamber backplane. The results
close to the center of the injector are not shown as the uy,, /U, values are high
due to the low value of u., and also as the region of interest for this figure lies
close to the injector outlet radius.

beyond the injector outlet radius (shown in Fig. 4.6 (b)). It is, therefore, suitable
to choose the point r = £4 mm and h = 2.5 mm for the relative velocity fluctuation
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measurement to use in the FDF determination as it satisfies the equality in Eq. 4.3.
The location of r for FDF determination plays a crucial role as even a 1 mm shift
from the optimal position will result in a larger difference (nearly a factor of 2 in
this case) between the relative rates of velocity and volumetric flow fluctuations,
with an error of the order of /10 for the phase. For example, a measurement
carried out in the middle of the outlet radius at » = 2mm and ~ = 2.5 mm would
have dramatic consequences on the FDF estimation, both on the gain and on the
phase. It can also be seen from Fig. 4.4 (a) that nominal location (r = 4 mm and
h = 2.5mm) essentially corresponds to the maximum of the mean axial veloc-
ity. Although these measurements were performed under cold flow conditions, on
comparing the velocity profile with flame in Fig. 4.6 (a), one finds that the maxi-
mum of mean axial velocity still occurs at » = +4 mm, validating the usage of cold
flow conditions for selecting the measurement location of the relative velocity fluc-
tuation used in the FDF. Similarly, for swirler 712 (Fig. 4.9 (b)), the point where
Eq. 4.3 is verified occurs close to » = 3.5 mm, also the point corresponding to the
maximum of mean axial velocity. From this analysis, it appears that the nominal
velocity measurement point for FDF determination corresponds to the location of
the maximum of mean axial velocity. Thus, as seen from the steady velocity pro-
files in Chapter 1, the suitable point for measuring relative velocity fluctuations
1s at r = 3.5 mm for all the swirlers of T1 group and swirler 713 and 714 of T2
group, and » = 4 mm for the rest of T2 group and swirler T. Measurements at other
frequencies and amplitudes lead to similar conclusions.

4.5 Sensitivity of FDF to velocity measurement loca-
tion

As seen in the previous section, the relative velocity fluctuation changes as
a function of the radial distance from the injector axis, and a nominal point is
chosen that verifies the equality in Eq. 4.3. This section discusses the possible
deviation that could occur in the FDF if the reference velocity is measured away
from the nominal location. For these measurements, the wave generator supplies a
frequency ramp of 250 Hz to 850 Hz in 133 s to the driver units at an amplifier volt-
age of Vp = 3 V. Figure 4.10 shows the FDF evolution for swirler 716 at different
radial locations between 2.5mm to 4.5mm. It is recalled here that the nominal
velocity measurement location is at » = 4 mm. In order to ensure a good signal-
to-noise ratio, the coherence function 7 = |S~,u,|2 / (SQ,Q,Su/uI) is calculated at
each frequency and the data is retained only if this value exceeds 0.9, ensuring a
signal-to-noise ratio of at least 9.5 dB. This procedure is adopted for all the transfer
function measurements reported in this thesis. The heat release rate fluctuations
for these measurements remain the same, and the variation occurs only in the ve-
locity fluctuation levels. The phase ¢ evolves in a similar fashion for these radii
except when r > R;,;. Thus the sensitivity of the FDF phase to velocity location
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Figure 4.10. Gain G and phase ¢ of the FDF F at different radial locations for
swirler 716.

is low as long as the measurements are carried out at a distance from the axis that
is less than the outlet radius. The gain Gy, however, is sensitive to the radial po-
sition where velocity is recorded, underlining the necessity of using the nominal
location.

4.6 Injector describing function

As discussed previously, the class of injectors considered in this study requires
that the reference velocity measurement be performed at the exit of the injector
at a nominal position where the relative velocity fluctuations match the relative
volume flow rate fluctuations. One would then directly obtain the flame describ-
ing function F. A reference velocity measurement in the plenum would result in
a combined injector and flame transfer function F;p. Figure 4.11 shows the two
describing functions F;r and Fr for swirler 716 at different amplifier voltages 1
delivered to the driver units. It is recalled here that the representation in terms of
amplifier voltages can, in turn, be related to velocity fluctuations at the different
frequencies. The displayed data is also smoothed using a five-point moving av-
erage. From the figure, it can be seen that the 77 and Fr are notably different.
This is distinct from the case of injectors that are transparent to acoustic waves,
as, for example in Palies (2010), where the two describing functions were found
to match at comparatively lower frequencies (wavelengths much larger than the
distance between the plenum and the combustion chamber). Thus, one needs to
either directly obtain the flame describing function by measuring the reference
velocity in the chamber or account for the injector describing function if the refer-
ence velocity is measured in the plenum.

The optimum strategy is probably to do a direct measurement of velocity fluc-
tuations in the chamber at the base of the flame, but it mandates some form of
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Figure 4.11. Coupled injector and flame describing function F;p and flame de-
scribing function Fr for swirler 716 at different amplifier voltages Vj given to the
driver units.

optical measurement technique such as LDA or particle image velocimetry. How-
ever, such a measurement is not always feasible, especially in the case of industrial
combustors where optical access to the flame zone is not available. Even though
in the present work LDA 1is adopted, it is not suitable for all the configurations
considered; for the spray flames, the small fuel droplets are themselves used as
seeders, but for the case of premixed propane, such a flow seeding is not available.
An oil seeding as in the cold flow measurements could be considered, but it was
found with the heptane spray flame that the addition of oil droplets changes the
equivalence ratio. Another possibility is to use particle seeding, but this was not
adopted owing to certain difficulties with practical implementation. One way to
overcome this problem for the case of premixed propane and for a more general
scenario where optical access to the flame zone is not feasible is by performing
the measurements under cold flow conditions with a hot wire anemometer placed
at the nominal position in the chamber to obtain the injector describing function
(IDF) F;. The flame describing function F can then be obtained by extracting
out F; from F;r. For these measurements, a 1D-hot wire probe (HW2 shown
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Figure 4.12. Gain G| and phase 1 of the injector transfer function F for swirler
716 at an amplifier voltage of Vi = 3V measured with the hot wire anemometer
under cold conditions and the PDPA system in the presence of flame.

in Fig. 4.1 (b)) is placed at the nominal reference location in the chamber. The
injector describing function is obtained between the relative velocity fluctuations
measured in the plenum using the multi-microphone method and the relative ve-
locity fluctuations measured at the injector outlet by the hot wire probe as:

/ —
UC,T’/U/Cvr

Fr= —
%/“p

(4.12)

where w, . /T, refers to the relative velocity fluctuations measured in the cham-
ber at the nominal position, and u,,/u, refers to the relative velocity fluctuations
measured in the plenum at the MP2 section (see Fig. 4.1 (a)). It is necessary to
see if the IDF obtained without the flame using a hot wire probe and an IDF ob-
tained directly at the flame base using LDA are similar or if there is a difference
that should be quantified. It is also necessary to recall that the velocity fluctua-
tions in the chamber are sensitive to the location, and that the hot wire probe itself
being 1.25 mm-wide might add to uncertainties in the measurements. Figure 4.12
shows the gain and phase of the injector describing function comparing the mea-
surements made in the absence of flame using the hot wire anemometer and with
flame using LDA at the injector outlet. A prior measurement (not shown here) is
carried out to verify that the measurement under cold conditions with a hot wire
in the chamber and LDA (with oil seeding) gives nearly the same injector transfer
function. The gains in the lower frequency range differ until 500 Hz, after which
the evolution is identical until about 700 Hz. Beyond this frequency, the two values
begin to diverge. The phase functions match quite well at lower frequencies, but
a difference of approximately 7 /8 exists beyond 500 Hz. This variation in phase
is, however, minor compared to the gain. The phase plays an important role in
the stability analysis using FDFs (Chapter 5), and as will be seen later, even the
approximate injector phase response can be used to obtain an FDF that can rea-
sonably predict the stability behavior. As other alternatives are not feasible for
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Figure 4.13. Gain G| and phase ¢ of direct IDF Fj for swirler 716 when op-
erated at F1 and different amplifier voltage levels. The IDF is determined us-
ing Eq. 4.12, where the plenum velocity fluctuations are obtained using multi-
microphone method at the MP2 section (see Fig. 4.1 (a)) and the velocity fluc-
tuations in the chamber close to the injector exit are obtained using LDA in the
presence of flame at the nominal measurement location.

the case of premixed propane, the injector describing function obtained with the
hot wire probe located in the chamber is used with a subsequent correction to de-
termine an approximate FDF, henceforth referred to as an indirect FDF. The FDF
determined directly in the presence of flame using LDA is referred to as the direct
FDE. In the rest of the thesis, simply specifying ‘FDF’ refers to the direct FDF,
and an explicit reference is made if the FDF is determined indirectly. The injector
describing function obtained between the acoustic velocity determined with the
microphones in the plenum and the velocity measured in the presence of flame
with LDA in the chamber is shown in Fig. 4.13 at different amplifier voltage lev-
els for swirler 716. Each amplifier voltage imposes a particular level of relative
velocity fluctuations in the plenum and in the chamber close to the injector outlet.
It can be seen from the figure that the injector response is a function of the modu-
lation amplitude, mainly in the gain and also in the phase in the higher frequency
range.

One might attempt to extract the injector response using one of the models
shown previously, like the L-¢ model discussed in Section 4.3. But our previous
analysis indicates that they do not suitably represent the observed injector behav-
ior. In addition to these models the mode conversion from acoustics to convective
dissipation across the swirler based on Howe’s model (Howe 1979) is considered,
for example, by Schuermans et al. (2003) and Gaudron et al. (2019b). In the
form given in Schuermans et al. (2003), this dissipation is accounted for as a time
delay that is independent of the frequency, while in Gaudron et al. (2019b), it was
found sufficient to just consider the area jump for the specific injectors. Since the
above injector descriptions are linear, they cannot account for nonlinearity with
respect to the forcing amplitude (Gaudron et al. 2019b) shown in Fig. 4.13. These
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formulations would not suitably model the present injectors, and a more compre-
hensive modeling framework needs to be developed with subsequent experimental
validation. This is not considered in the present thesis, and the FDF with refer-
ence velocity at the injector exit is directly obtained using LDA measurement.
An alternate way for obtaining the FDF in the literature is using the transfer ma-
trix methodology. It is pointed out here that this involves measuring the burner
transfer matrix under cold flow conditions and separating it out from the burner +
flame transfer matrix with the assumption that the former does not change due to
the combustion process. On the contrary, as shown in Fig. 4.12, this assumption
would lead to uncertainties that need to be accounted for in the final flame transfer
matrix or the flame transfer function determined from the transfer matrix.

4.7 Low frequency FDFs

It is next interesting to examine the evolution of FDFs in the low frequency
range to determine their limiting behavior. The case of both fully premixed flames
and combustion systems where equivalence ratio perturbations are prevalent was
considered by Polifke and Lawn (2007), who have analytically derived low fre-
quency limits from first principles. They found that for a fully premixed flame,
the FTF tends towards unity, and for a practically premixed system with stiff fuel
injection, the FTF would tend towards zero as the frequency tends to zero. The
authors also compared their findings with experimental FTFs reported by other
teams as a validation. It is then instructive to verify if the low frequency behavior
of the complex spray flames produced by the injectors considered here matches
the low frequency limits derived by Polifke and Lawn (2007). As the driver units
can be damaged by low frequency modulations, only a few experiments are carried
out at frequencies below 300 Hz until 50 Hz. Measurements at the highest amplifier
voltage of V[) = 3V are also avoided in the low frequency range to prevent possible
damage to the driver units.

Figure 4.14 shows the FDF of swirler 716 measured at different amplifier volt-
ages. The FDF results in the low frequency region between 50 Hz and 300 Hz are
shown here for the first time, and the results for frequencies greater than 300 Hz
are reproduced from Fig. 4.11. The results are first shown with premixed propane
by seeding the flow with oil droplets in order to verify the low frequency limits
in the case of premixed flames. The addition of oil droplets slightly changes the
operating condition, and the equivalence ratio for this case is expected to be higher
than 0.85. However, the injected quantity of oil seeding is much smaller compared
to the propane flow rate, and since the low frequency limits will not be affected by
the operating point, it is acceptable to carry out the measurements with oil seeding.
One finds that the gain tends to 1, and the phase tends to O for the fully premixed
case, matching the low frequency asymptotics of Polifke and Lawn (2007). It is
also useful to note that both the gain and the phase curve change slope in the low
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Figure 4.14. Gain G and phase pr of FDF Fr for swirler 716 at different am-
plifier voltage levels. These measurements are carried out in the low frequency
range between 50 Hz and 300 Hz, and the result of Fig. 4.11 at frequencies above
300 Hz is reproduced. Measurements at lower frequencies are not performed at
the highest amplifier voltage of Viy = 3V in order to prevent damage to the driver
units.

frequency region, and a linear extrapolation of Fr shown in Fig. 4.11 (second col-
umn) would result in an erroneous low frequency limit prediction (also observed
by Polifke (2020)). The case of heptane spray flames features a gain of 1 and a
phase of — in the vicinity of vanishing frequency. Although the fuel injection can
be considered stiff in this case, these flames behave in a quasi-premixed fashion,
as described in Chapter 2 when the fuel atomizer is recessed inside the injector.
This is possibly why the gain of the FDF tends to 1, like in the premixed propane
case. The negative phase evolution below 200 Hz presents a peculiar scenario, and
the question of the meaning of the —7 phase between velocity perturbation at the
injector outlet and heat release rate is not easily resolved. It is perhaps the result
of a mechanism where the velocity perturbations that are being observed at the
injector outlet are not the original velocities that gave rise to the heat release rate
disturbance but correspond to velocity perturbations that are caused by the heat re-
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lease rate disturbances themselves in the downstream flow. In other words, what is
observed is essentially the result of the heat release rate disturbances in the flame
that induce pressure perturbations which reach the injector outlet and, in turn, in-
duce an opposite velocity fluctuation. When the pressure is positive, the velocity
disturbance is negative.

Consider Q| (t), a heat release rate disturbance in the downstream flow. This
gives rise to a pressure disturbance which propagates to the injector outlet p/ (¢)
such that p) (t) = AQ’(t—7,). In turn, this pressure disturbance produces a velocity
disturbance at the injector outlet v} (t) = —Bp/ (t) or v} (t) = —ABQ/(t — 7). Now,
this velocity disturbance is out of phase by —7 with respect to the heat release
rate. Thus, in the low frequency range, it appears that the disturbances that are
fed back from the combustion process dominate the velocity fluctuations at the
injector outlet, and as they result from the heat release rate perturbations, they are
out of phase by —7 with respect to the heat release rate disturbances.

One may immediately wonder why this mechanism does not intervene in the
case where the system operates in the fully premixed mode but only occurs when
the fuel is delivered as a spray. This may be due to the difference in the non-
steady combustion process. When the fuel is injected as a spray, and the air flow
is pulsated, the droplet spray might pile up in successive regions of higher fuel
concentrations that may give rise to the kind of disturbances described previously.
This will not happen in the premixed mode where the non-steady combustion is
governed by the creation and destruction of flame surface area that does not give
rise to the pulse-like combustion described previously.

4.8 Conclusions

This chapter focuses on issues raised by the describing function determination
for flames formed by the specific class of injectors considered in this work. These
injectors act as a loss element in the acoustic pathway caused by the small swirler
channels, abrupt area changes, and relatively high pressure drop. These injectors
are thus only weakly transparent to acoustic waves and feature their own nonlin-
ear frequency response to incoming disturbances. It is found that for this family
of injectors, the traditional way of measuring reference velocity fluctuations in
the plenum raises issues that are not easily resolved, and one needs to carry out
these measurements directly at the base of the flame. An alternate route consisting
in calculating the describing function using velocity measurements in the plenum
gives a coupled injector and flame describing function, which substantially differs
in both gain and phase from the flame describing function. Although the phase of
the FDF may be reconstructed from measurements in the plenum using a simple
network model accounting for the plenum and the injector geometries, this model-
ing would not provide a suitable estimate of the FDF gain. The direct measurement
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of velocity at the injector outlet raises other problems because the velocity profile
is highly nonuniform. It is shown that this can be resolved by recording the ve-
locity at a location where the relative volumetric flow rate fluctuations equal the
relative velocity fluctuations. It is found that this position corresponds to the loca-
tion of the maximum of mean axial velocity for the family of injectors considered
here. The FDF is highly sensitive to the velocity measurement location, and it is
found that even a 0.5 mm variation in this position notably affects the FDF gain
and, to a lesser extent, the phase function. For carrying out velocity measurement
with the presence of flame in the chamber, some form of optical measurement
technique is needed, but this might not be possible with systems where optical ac-
cess is limited. One would then have to use the alternate possibility of determining
an injector describing function under cold conditions, which can then be used to
extract the FDF from the coupled injector and flame describing function. It is
found, however, that measurements of the injector describing function under cold
conditions introduces a new uncertainty because the response of this component
depends on the flow conditions (cold or hot-fire). This will affect the FDF gain
and, to a lesser extent, its phase. The last part of this chapter is dedicated to the low
frequency FDF asymptotic. Analytically-derived limiting values of the gain and
phase are known for premixed flames from Polifke and Lawn (2007). The FDF
measurements obtained by considering the reference velocity at the injector exit
are in agreement with the theoretical results (unity gain and zero phase) when the
flame is formed by premixed propane and air. For heptane spray injection, the gain
also tends to one in the low frequency limit, indicating a possible quasi-premixed
behavior, further supporting the observations discussed in Chapter 2. The phase
tends in this limit to —m, which is less easy to interpret. The methodology de-
rived in this chapter is used to measure most of the FDFs used in this thesis and
might guide other experiments where injectors are weakly transparent to acoustic
disturbances.
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Appendix 1: FDF measurement with and without cham-
ber metal ring
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Figure 4.15. Top: Gain Gr and phase o;p of injector + flame transfer function
Frr with and without the metal ring fitted at the bottom of the chamber for holding
the waveguide of chamber microphone (MCI in Fig. 4.1 (b)). Swirler: 716; Vi =
1300 mV. Bottom: Photograph of SICCA-Spray experimental setup with chamber
metal ring.

This section concerns a specific question raised by the experimental setup
where a metal ring of 15 mm height is sometimes placed at the bottom of the
chamber for pressure acquisition. This metal ring is mainly used when perform-
ing measurements under self-sustained oscillations where the chamber pressure is
measured by the microphone mounted on this ring. But the FDF measurements
are carried out without the metal ring to have optical access to the base of the
flame. As the measured FDFs are used in a low-order model for predicting the
SSOs, it is necessary to see if there is any effect due to the variation of the thermal
environment at the bottom of the chamber. Since the direct FDF measurement
with the bottom metal ring is not possible, this comparison is only based on the
coupled injector and flame describing functions. Figure 4.8 shows the gain Gp
and phase ¢ of the coupled injector and flame transfer function with and with-
out the metal ring mounted at the bottom of the chamber. A small deviation at
certain frequencies in the gain and beyond 650 Hz in the phase is observed, but
this variation is only minor (less than 5%). This analysis indicates that the slight
change in thermal environment at the bottom of the chamber does not influence
the heat release rate and that the FDFs obtained without the bottom metal ring
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are suitable for predicting the behavior during an SSO, where the bottom ring is
generally mounted.
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Appendix 1: Instability analysis using modal expansion

The theoretical model presented in this chapter has been previously published as
a part of the full-length article titled “Swirler effects on combustion instabilities
analyzed with measured FDFs, injector impedances and damping rates" authored
by Preethi Rajendram Soundararajan, Daniel Durox, Antoine Renaud, Guillaume
Vignat and Sébastien Candel in Combustion and Flame, vol. 238, April 2022.
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The present chapter discusses a theoretical framework for the instability
prediction of a system comprising an injector that is weakly transparent
to acoustic waves. The traditional three-cavity acoustic network model,
discussed, for example, by Palies et al. (2011), comprising simple cavities
with section changes between plenum, injector, and chamber, will not en-
tirely work for such injectors because these units dissipate acoustic energy
and by imposing a large head loss, they essentially decouple the upstream
manifold from the combustor. It is then more appropriate to derive a mod-
ified framework to carry out a stability analysis of the system and eventu-
ally predict the growth rate and frequency of oscillation. This is achieved
in the present work by introducing an impedance imposed by the injector
at its outlet and considering only the cavities corresponding to the injector
outlet and the chamber, with the flame response represented using an FDF.
A dispersion relation is derived on these grounds, which can be solved to
obtain the growth rate and frequency. In addition, the limits of unstable
bands encompassing the regions of positive growth rate can also be deter-
mined and traced in the FDF phase curve to identify the stability domains
of the system. A sensitivity analysis is subsequently carried out to identify
the dependence of the solution on different parameters considered in the
model. It is seen that the magnitude and phase of the injector impedance
have the strongest influence on the results and that this impedance needs
to be carefully determined. Validation of this theoretical analysis is pro-
vided in the following chapter discussing the experimentally-observed in-
stability behavior with different swirling injectors. This model also serves
as a useful tool throughout this thesis for understanding the self-sustained
instability behavior of both the single-injector combustor as well as the
annular combustor.

5.1 Introduction

Assuming that the flame response to the incoming acoustic perturbation is
known, the corresponding flame describing function can be used in a low-order
stability analysis framework for instability prediction. This framework can then be
used to control instabilities by tailoring the flame transfer/describing functions. A
detailed discussion on approaches based on FTFs and FDFs was recently proposed
by Schuller et al. (2020), in the case of premixed combustion systems. As demon-
strated in Chapter 3, the FDF suitably represents the complex spray flames consid-
ered in this work while undergoing self-sustained oscillations, and this framework
can be exploited in a low-order model to depict the flame response. The demon-
strated capability of FTF/FDF combined with 1D network models (Kim and San-
tavicca 2009; Palies et al. 2011; Li and Morgans 2016) has made it a valuable
technique for predicting instabilities. This was exemplified by Palies et al. (2011)
with a three-cavity model, where the different cavities of the system (the plenum,
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Uy Flame
a b

Figure 5.1. A simplified combustion system comprising a rigid backplane at x = 0,
an open end at x = | and a compact flame located at x = a.

injector and chamber) are represented in a simplified fashion accounting for vari-
ations in sectional area of the system and changes in density and sound velocity
associated with the flow temperature. The flame was represented by an FDF, and
the dispersion relation was subsequently solved to determine the frequency and
growth rate of oscillations. Predictions were then compared with experimentally-
observed instabilities to validate the low-order approach. A recently developed
open-source low-order network model tool named OSCILOS that uses a some-
what similar approach has also been shown to predict the oscillations of several
systems (Han et al. 2015; Xia et al. 2019; Kim et al. 2022). The dispersion
relation obtained using the network models can also be solved to obtain limits of
unstable bands that correspond to the regions of positive growth rate. The unstable
band can then be traced on the FDF phase diagram, and based on whether or not
the FDF phase falls inside this band, the stability of the system can be identified.
In addition, one also considers the gain of the FDF at the frequency of instability
to determine the growth rate of oscillation. This, for example, was shown in Prieur
(2017) and Schuller et al. (2020).

To be more concrete, consider a simple channel (Fig. 5.1) with a rigid ter-
mination on the upstream side u/(x = 0) = 0 and an open-to-atmosphere outlet
with p’(z = 1) = 0. It is convenient to consider that the length [ contains the end-
correction so that one may assume that the pressure perturbation vanishes at z = [.
A flame is located at a distance a from the backplane. Considering this simple
system with an FTF F characterized by a gain G and a phase ¢, a linear stabil-
ity analysis can be carried out. One obtains, after some standard calculations, the
unstable bands corresponding to the first 1L mode as 7 < ¢p(wp) < 27 mod 27,
where wy is the eigenfrequency of the 1L mode. If the phase ¢ falls outside this
band, the system can be deemed to be stable. This is further explained by Schuller
et al. (2020), who have also demonstrated that the derived unstable bands can
be drawn in the FDF phase curves to predict the instabilities from a simple Rijke
tube to the MICCA annular combustor equipped with multiple matrix injectors
(Bourgouin et al. 2015a). Although the above description works well for acousti-
cally transparent injectors, as outlined in Chapter 4, there is an underlying issue in
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rightly capturing the variation in the acoustic state across injectors that are weakly
transparent to acoustic waves. Even though a standing wave is established in the
plenum, the phase between pressure and velocity at the exit of the injector does not
correspond to 37 /2 (or /2, if one considers pressure to be ahead of velocity), as
will be seen in Chapter 6. One can then not simply consider that the unstable band
corresponds to [7,27], and one has to account for the variation in the impedance
phase at the injector exit. A modified approach is then used with only two cavi-
ties, representing the injector geometry and chamber and imposing an impedance
close to the injector outlet to represent the acoustic state upstream. The possi-
bility of using an inlet impedance or admittance has been previously explored
Krebs et al. (2013) and Schuller et al. (2020). While Krebs et al. (2013) used
an experimentally determined impedance at the inlet of the flame tube, Schuller
et al. (2020) have listed analytical expressions of admittance for common bound-
ary conditions. The present chapter describes a theoretical analysis carried out in
this general framework to represent the SICCA-Spray combustor dynamics. The
description of the model is given in Section 5.2, followed by a sensitivity analysis
shown in Section 5.3. An appendix is also provided, which considers an approach
based on the modal expansion method to further validate the method derived in
Section 5.2.

5.2 Model description

In the following theoretical model, one considers that the injector acoustic re-
sponse may be expressed in terms of an impedance at its outlet. The system now
comprises two cavities, one representing the injector outlet and the other represent-
ing the combustion chamber open to the atmosphere. This modeling effort relies
on a compact flame description, with the flame represented as a plane discontinu-
ity in combination with a one dimensional acoustic model of wave propagation, an
open end boundary condition at the combustor exhaust, and an effective specific
impedance ( at the injector outlet. The single-injector SICCA-Spray combustor is
first considered for developing this model, although this approach could also be
extended to a multiple-injector combustor, as shown in Chapter 7. The SICCA-
Spray system is sketched in an idealized manner in Fig. 5.2. Here, the injector is
represented by a short cylindrical tube of length 1 mm and an experimentally mea-
sured impedance at the injector outlet representing the upstream manifold. The
short length of the injector corresponds to the straight cylindrical section of the
terminal plate, just after the conical convergent nozzle (highlighted by the red el-
lipse in Fig. 5.2 (a)), and does not play a role in the final results. This short section
has an outlet diameter of d; = 8 mm leading to the combustion chamber, which
has an internal diameter of do = 69 mm. The flame is located at a distance of «a,
from the chamber backplane, which corresponds to the location of the heat release
rate barycenter. The jump conditions relating pressure and velocity at the different
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Figure 5.2. Model representation of the injector exit section and combustion cham-
ber. (a) Real configuration, (b) ldealized model. The injector and upstream mani-
fold are replaced by an effective impedance at the injector outlet. An end correc-
tion ¢ is used to account for acoustic radiation from the combustor outlet.

sections of this idealized configuration are derived using the standard convention,
where the time harmonic term in all waves is exp(—iwt). The acoustic pressure
and velocity can be represented as follows:

pi(x,t) = Ajexp(ikjr —iwt) + Bjexp(—ikjz — iwt) (5.1
wi(x,t) = L[Aj exp(tkjr —iwt) — Bj exp(—ikjz — iwt)] (5.2)
PjCj

A; and B; correspond to the amplitudes of the waves, k; = w/c; is the acous-
tic wavenumber, p; and c; are respectively the density and speed of sound in
the ;™ section and w designates the angular frequency. Considering the specific
impedance ¢ = p;/p1ciu; at the injector exit portion, one obtains

Are®h(1 - Q)+ Bre ™ (1+ ) =0 (5.3)

Now, the jump condition for the pressure and volumetric flow rate perturba-
tions in section 1 give
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At 4 Brem™h — Ay — By =0 (5.4)
ST S - S S
Al_lezlﬂh . Bl_le—lk’lll — Ao 2 + By 2 =0 (55)
picl pic1 p2C2 p2C2

The jump condition across the flame deduced from the linearized Rankine-Hugoniot
relation yields (Schuller et al. 2020),

Souly — Sty = 2Ly (5.6)
POCy

Here, S is the cross-sectional area at the flame location, which is the same up-
stream and downstream of the flame. (' is the heat release rate and can be repre-
sented by the FDF. As discussed in Chapter 4, the velocity reference for the FDF
measurement is that existing at the injector outlet and using the general definition
of FDF relating heat release rate fluctuations and relative velocity fluctuations, one
finds,
Y 1 G igop_'u_/l
PO re u

Sgulg — SQ'U//2 = (57)
Here, v} is the velocity measured in section 1, and Gy and ¢ represent the gain
and phase of FDF, respectively. The mean heat release rate from the flame can be
represented in terms of burnt products and incoming fresh reactants temperatures
(Ty and T, respectively) and is given by Q = mc,(Ty, — Ty,). 1 = p1Siuy is the
total mass flow rate and wy 1s the bulk velocity at the injector outlet. The specific

heat coefficient is ¢, ! " dT my Ah where m ; represents the
Cp = c = — , m
P Ty =T, )y P m Ty, — T, /TP

mass flow rate of heptane and Ah is the lower calorific value of heptane equal
to 44.6 MJ kg~ 1. poc% = ~p 1s nearly constant across the flame region. Here, p
represents the mean pressure, and it is suitable to consider that pocZ = pici =
p1yrTh. Simplifying (y — 1)/ gives 1/c,. Then Eq. 5.6 can be further simplified
as,

Souly — Souhy = OF I'Syu) (5.8)

Here © = (T3/T,,) — 1 is the volumetric expansion parameter and I is ¢,/c,. It is
next convenient to replace ©F with F. In this simplified 1D case, u; and u; cannot
be differentiated, although they are different, and hence replaced by ;.

Now, imposing a continuity condition for the pressure fluctuations across the
flame yields,

Ageikwb + Bzefikzab — A3 — B3 =0 (5.9
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Considering an open end at section 3,
Agetsb 4 Bae~hsb — (5.10)

Here b = .+ 0. — a, where [ is the chamber length and §, =~ 0.4 x d» is the acoustic
end correction (Rienstra and Hierschberg 2004; Bourgouin 2014). Eqns. 5.3, 5.4,
5.5,5.8,5.9 and 5.10 are combined to obtain a set of linear equations in the form
M x X =0, where X = [A] By Ay By As B3]T and M is

efili(1 —¢) e7hb(1 4 () 0 0 0 0
eiklll e—iklll _1 _1 O 0
Sy kil =Sy —ikily —So S,
pica € pici € p2C2 p20C2 0 0
Frs, —FIS; Sy gikeay =Sa ,—iksay =S S,
pici pici p20C2 p2c2 p3c3 p3cs
O 0 eikzab e—ik’gab _1 _1
0 0 0 0 ethsb  gmihsb

On solving for the nontrivial solution of M which requires that det[A/] = 0, one
obtains the dispersion relation of this system:

Fr
_ cos(ksb) sin(koap) + S5 sin(ksb) + S5 cos(kaay) sin(ksb)
P1C1P3C3 P1C1P2C2 P1C1P2C2
’iCSQ iCS2 . .
—————cos(koayp) cos(ksb) + —— sin(keayp) sin(k3b) = 0
Py (k2ap) cos(ksb) o (k2ap) sin(ks3b)

(5.11)

The complex roots of this expression w = w, + iw; can be obtained by numeri-
cally solving the dispersion relation. The frequency of oscillation is deduced from
w, = 2mf while w; provides the growth rate. The regions of positive growth rate
determine the limits of the unstable bands that can be traced in the FDF phase
curve to predict the stability regimes of the system.

5.3 Model results and sensitivity analysis

It is now interesting to examine some model results and consider their sensi-
tivity to the impedance values at the injector outlet. Calculations are based on the
dispersion relation (Eq. 5.11). This can be written in the following form:

D(w; Gr,or,Ge pc) =0 (5.12)

where the describing function is represented in terms of its gain and phase as
F = Gpe'* and the impedance is defined in terms of its absolute value and phase
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Figure 5.3. Sensitivity of the growth rate w; and frequency f to the phase o of
injector impedance.

as ( = Gce'¥¢. The geometrical parameters of the system are fixed. The flame
barycenter a;, is the only parameter that is not listed but may be varied (to a small
extent). In a first stage it is natural to fix all geometrical parameters, including a,
and to determine the roots of the dispersion relation by fixing the impedance ¢ and
using G and ¢ as parameters. One obtains in this way w = w(GF, or; G¢, ¢¢)
which may be decomposed into an imaginary and a real part:

wi = w(Gp,or;Ge,0c) (5.13)
[ = f(Gr,or; Ge o) (5.14)

It is convenient to plot a family of w; and f isocontours by fixing the FDF gain
value G and using ¢ as a variable. This is done in Fig. 5.3, where G has a
fixed value for a fixed impedance modulus G, but different values of ¢.. The
calculations correspond to the dispersion relation root pertaining to the 1L mode.

Similarly, Fig. 5.4 shows the growth rate and frequency variation with the mag-
nitude of the injector impedance at a fixed transfer function gain G and phase of
injector impedance .. These figures feature variations in the positive growth rate
zones in Fig. 5.3 (left), which correspond to the location of the unstable bands.
For example, an impedance phase of ¢, = 37/2 results in an unstable band be-
tween 7 and 27, whereas modifying the impedance phase to 7 moves the unstable
band between 7 /2 and 37 /2. Figure 5.4 shows that the magnitude of the injector
impedance does not modify the boundaries of the unstable band, and this param-
eter mainly influences the value of the predicted growth rate and frequency at a
given FDF phase. A higher impedance would result in a lower growth rate from
the model within the limits of the unstable band. Finally, Fig. 5.5 shows the vari-
ation of the growth rate and frequency deduced from the model when the flame
barycenter location a; is changed. It can be seen from the figure that neither the
predicted frequency nor the growth rate or the unstable band depends much on
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Figure 5.4. Sensitivity of the growth rate w; and frequency f to the magnitude G
of injector impedance.
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Figure 5.5. Sensitivity of the growth rate w; and frequency f to the flame barycenter
location ay,.

the barycenter location. In addition to the above parameters, the temperatures in
the different sections also play a role in the solution to the dispersion relation.
The value for 77 of the fresh gases is well known, but the temperatures 7> at the
base of the flame and 73 in the chamber downstream of the flame still need to be
determined. A rapid analysis indicates that 75 has only a negligible impact on
the growth rate or frequency. The temperature 75 downstream of the flame does
not alter the growth rate but plays a significant role in deciding the value of the
predicted frequency. Determining this temperature is quite difficult and is only
approximately obtained by coating the inner walls of the chamber using thermal
paint. Further details are provided in Chapter 6.

The above analysis shows that the solution of the dispersion relation is notably
influenced by the magnitude and phase of the impedance imposed by the injector
and that it is crucial to obtain this value correctly for the stability analysis. Al-
though a variation with the inlet impedance can be obvious, this analysis indicates
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the sensitivity to this parameter and quantifies the extent of this variation. As will
be seen later, this knowledge will be useful in the next chapter, which deals with
the variation in the instability behavior with different swirling injectors. A small
variation, especially in the phase of the impedance, can shift the unstable bands
in the FDF phase curves, thus modifying the predicted stability domains. This
model is applied in the following chapter and used to interpret the experimental
observations of self-sustained instability carried out with different swirling injec-
tors.

5.4 Conclusions

This chapter contains a description of the theoretical framework that can be
used to analyze the linear stability of a combustor system equipped with an in-
jector that is weakly transparent to acoustic waves. A traditional acoustic network
model accounting for the plenum, injector and chamber cavities adopted in several
other studies ceases to work and is replaced here by a model where the injector
is represented by its specific impedance. This is found to better describe a situa-
tion where the injector dissipates a large amount of acoustic energy and attenuates
incident disturbances, a situation that is not well represented by a purely acoustic
description of the upstream and downstream states. The low-order model derived
in this chapter takes into account the impedance imposed at the injector outlet by
considering only two cavities —one corresponding to the injector outlet and the
other to the chamber. The measured FDF can then be used in the dispersion rela-
tion to predict the growth rate and frequency of oscillations. The predicted growth
rates can also be used to derive the limits of the unstable bands, which correspond
to the region of positive growth rate. A sensitivity analysis is carried out to exam-
ine the variability of the predicted growth rate and frequency with respect to the
various model parameters. It is shown that the solution of the dispersion relation is
most sensitive to the gain and phase of impedance. Although such an effect on the
predicted values is expected, the extent of this sensitivity is quantified through this
analysis. Further considerations and experimental validation of this framework are
discussed in Chapter 6.
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Appendix 1: Instability analysis using modal expan-
sion

To complement the theoretical analysis of Section 5.2, the description of the
system is now carried out by making use of a relatively different theoretical frame-
work. The derivation now relies on a modal expansion starting from the wave

equation. A part of the description given in Schuller et al. (2020) is used while
adapting the problem specifically for the injectors considered here.

Consider the wave equation written as,

a2p/ ap/ 5 1 ;o aq-/
W%—Zaa—pc V';Vp =(v-1)— (5.15)

where « is the damping rate. Note that the previous expression allows for changes
in the sound velocity and density induced by variations in temperature.

The modes of this equations must satisfy,
1
P2V - Vit Wiy, = 0 (5.16)

subject to some homogeneous boundary conditions. These modes are normal and
this can be represented as,

/ ¢n¢mdv - An5mn (517)
Vv

where A,, is the energy of the n™ mode and §,,,,, = 0 is the Kronecker delta function
which is unity only when m = n and 0O elsewhere. The pressure field can now be
expanded in terms of these modes as,

P= i) (@) (5.18)

where 7, (t) are the modal amplitudes. Inserting the above expression in the wave
equation Eq. 5.15 and projecting on one of the modes, one obtains a set of differ-
ential equations.

d*n, dny, 9 1 oq'
T + QQE +winn = A—(v —1) /V E@DndV (5.19)

If one assumes that the heat release rate is concentrated at a point x; then ¢’ =
Q'0(x — x;). Substituting this on the right-hand side of Eq. 5.19,

1 o4’ 1 dQ! |
00 [ Foav - 60— wie) (5.20

n
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The modal amplitude equation now writes:

d?ny, dn, 1 dQ’
200—— n=—(v—1)—=,(x; 21
72 + 2« I + win An(v )dt Up () (5.21)

This can be written in the frequency domain as,

(~? = iow + W) = (7 — 1)(~it) @b ;) (5.22)

The above equation is similar to what is derived in Schuller et al. (2020). The

unsteady heat release rate can be expressed in terms of the FDF as,

' = OF (w, ) (5.23)

Uy

The fluctuation velocity ) can be written in terms of the specific impedance ¢ at
the injector outlet measured at, say x;, as,

o () = %p;)iff) (5.24)

where p) (z;) = Z Nm¥m(x;). Equation 5.22 becomes,

(@2 + diow = B = iy~ D > minl@ine) 629

Considering an open end at a distance of [ = [, + ¢ from the injection plane, then
1
Yy, = cos(kyx) such that k,l = (2n — 1)% and / YmpdV = 5mn582l. After some

v
calculations (similar to Section 5.2), it can be shown that:

1 Q 1 a5
L0 Va0 520
and,
~ F 512
(W2 + 2iow — wr%)nn = Z.W@ZS_;%F E nm¢m(wi)¢n(wj) (5.27)

Now, considering the first 1L mode with n = 1, the above equation becomes,

. SiaF
(w? + 2iaw — wi)n = 2zwfs—l%zn1¢1(0)w1 (ap) (5.28)
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as x; = [; and T = ap, then ¢1(l1) = COS(k‘lll) and ¢1(ab) = COS(k’Qab). Further,

w? 42 |a— F%Cl—l% cos(k1ly) cos(kaap) | wn — wi = 0 (5.29)
2
The roots for the above equation can be found by linearizing around w; such that
w=wi + .
w2~ w% + 2Q1w1 (5.30)

Substituting Eq. 5.29 in the above equation, one obtains:

0 =—i la - Téﬂf cos(k1ly) cos(kaap) (5.31)
Syl ¢

The length [; is small and hence cos(k1l1) =~ 1 in the frequency range of interest.
Considering a simpler case of a flame located at a;, = 0 and ignoring the damping
term, the growth rate and change in frequency can be written as,

. Sl (&) ./?
N Sl C1 ﬁ
Oy, = FSQ ; Im{ c } (5.33)

Given that ( = GcewC , the growth rate will be positive if,

Sl C1 ﬁ
FS_QT 7 cos(pr —p¢) >0 (5.34)

In other words, the first unstable band would be such that —7/2 + ¢, < ¢p <
7/2 + ¢¢. Considering ¢, = 37/2 would result in the unstable band falling in the
range [r,27] and ¢ = m would result in [7/2,37/2] as the unstable bands that can
be traced on the FDF phase curve. Figure 5.6 shows the variation of the growth
rate ()1; (same as w;) and frequency 27 f = w; + €3, with respect to ¢ at a fixed
Gr and G, but at different values of ¢¢. This is identical to the results obtained
by solving Eq. 5.11 shown in Fig. 5.3. It is interesting to note that the growth rate
and frequency are deduced here from a notably different framework.
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A part of this chapter is published as a full-length article with the same title,
“Swirler effects on combustion instabilities analyzed with measured FDFs, injec-
tor impedances and damping rates" by Preethi Rajendram Soundararajan, Daniel
Durox, Antoine Renaud, Guillaume Vignat and Sébastien Candel in Combustion
and Flame, vol. 238, April 2022. The experimental setup of the SICCA-Spray test
rig comprehensively described in Chapter 1 is briefly recalled in Section 6.2, and
familiar readers can skip this part.

The influence of the injection system on combustion instabilities is inves-
tigated on a laboratory-scale combustor equipped with a single injector
that is weakly transparent to acoustic waves. The combustor is fed with
liquid heptane delivered as a spray by a hollow cone atomizer. Experi-
ments are carried out with three swirlers having similar geometries but
different pressure losses and swirl numbers. Self-sustained oscillations
(SSOs) corresponding to these swirlers feature differences in oscillation
frequency and amplitude for a given chamber length. These observations
do not match with standard modeling predictions. Therefore, the low-
order analytical model derived in Chapter 5 is used, where the effect of
the injection system is represented using an impedance at the injector out-
let. This quantity and the flame describing function (FDF), both deter-
mined experimentally, are used together with damping rate estimates as
model inputs. The FDFs are obtained at the suitable measurement lo-
cation for the incident velocity disturbances at the injector outlet based
on the discussions in Chapter 4. It is also indicated earlier that OH*-
chemiluminescence intensity can be used as a proxy for the heat release
rate as the equivalence ratio modulations are relatively weak for the par-
ticular spray flames considered in this study (Chapter 2). Results from the
model indicate that the injector impedance (that depends on the swirler
characteristics) shifts the classical bands of instability and modifies the
growth rate magnitude compared to a generic combustor with an acous-
tically transparent injector. Using the proposed model, the stability of the
system can be rated along with a prediction for growth rate and frequency
of oscillation. Predictions generally agree with experimental observations
with some limitations. The model combined with damping rate estimates
is finally used to predict limit cycle oscillation amplitudes with the aid of
the FDF framework.

6.1 Introduction

Combustion instabilities often raise serious issues in the development and op-
eration of high-performance devices such as liquid propellant rockets, aircraft
engines, and gas turbines. Early work on rocket thrust chambers provided fun-
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damental insights on the mechanisms driving and coupling combustion instabil-
ities, emphasizing effects associated with the delay inherent to the combustion
process and its sensitivity to the state variables (Harrje and Reardon 1972; Yang
and Anderson 1995). Considerable research carried out more recently in relation
with novel combustor architectures for gas turbines has focused on the underlying
mechanisms and control techniques, an effort reviewed, for example, by Candel
(2002), Huang and Yang (2009), and Poinsot (2017). In aeronautical engines and
gas turbines for energy production, much of the research has been focused on
configurations operating in a nearly premixed mode, in which a swirling injector
stabilizes the flame at a distance from the combustor backplane. These swirled
injectors produce relatively compact flames, featuring a large volumetric power
in an environment characterized by a reduced level of damping, thus making the
system more susceptible to instabilities (Poinsot 2017; Méry 2018). The flow gen-
erated by such injectors exhibits complex fluid mechanics such as vortex break-
down, presence of precessing vortex core, etc., raising additional challenges in un-
derstanding the instabilities of such configurations (as discussed, for example, in
Steinberg et al. (2010), Steinberg et al. (2013) and in reviews by Huang and Yang
(2009), Syred (2006), Candel et al. (2014)). Some of these investigations indicate
that the injection unit plays a vital role in determining the dynamics of the system
and its propensity to instability. In the wide variety of injection configurations,
one may try to distinguish swirling units in terms of characteristic parameters, the
most obvious being the swirl number Sy and the pressure drop Ap or the pressure
drop coefficient 0 = 2Ap/pous (where py is the density and uy, is the injector bulk
velocity), in addition to other parameters like the Reynolds number or the turbu-
lence intensity at the injector outlet. By comparing injectors featuring different
swirl numbers and pressure losses, the present investigation intends to underline
the role of the swirler in the process leading to self-sustained oscillations (SSOs).

At this stage, it is worth reviewing some previous investigations that specifi-
cally examine the effects of swirling injector parameters on combustion dynam-
ics. One indication of the key role of the swirl number is provided by the large
eddy simulation (LES) of a swirl-stabilized, lean premixed combustor reported by
Stone and Menon (2002). An increase in this number (achieved by changing the
premixer vane angle) from 0.56 to 0.84 results in a 50% reduction in the amplitude
of acoustic pressure oscillations. Another LES study by Huang and Yang (2005),
focused on the effect of swirl on flame dynamics in a lean premixed swirl com-
bustor, indicates that high swirl numbers lead preferentially to transverse acoustic
oscillations, whereas longitudinal oscillations prevail at weak swirl levels. Swirl
number effects are also illustrated in a study by Durox et al. (2013), where an in-
jector with continuously variable swirl numbers was used. Different flame topolo-
gies are observed and two types of instabilities are identified, a higher frequency
instability—occurring for larger values of the swirl number featuring the highest
acoustic pressure amplitudes and another instability coupled with the plenum at
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lower values of the swirl number. A more recent investigation by Kim (2016) con-
siders the instability mechanism in an industrial-scale lean premixed gas turbine
combustor with a swirling injector. Two swirlers with swirl numbers 0.4 and 0.8
were tested at different chamber lengths. The normalized pressure amplitude, as
well as the heat release rate fluctuations, were more intense in the higher swirl
number case than at the low swirl number situation. These experimental results
are somewhat at variance with those described by Stone and Menon (2002). The
fact that these investigations arrive at opposing conclusions may be interpreted as
an indication that the instability mainly depends on the flame dynamics and its
coupling with acoustics but not directly on the swirl number value.

The effect of injector head loss is comparatively less well documented. In gen-
eral, the injector unit introduces a large change in the passage area, and this causes
a notable decoupling of the upstream manifold, as shown by Schuller et al. (2012).
This is characterized by an acoustic coupling index =, based on the expansion ra-
tio between the chamber and injection unit cross-sections and on the fresh and
burned gas temperature ratio. A large expansion ratio is often caused by a small
passage area inside the injector, inducing a high pressure drop. However, it is not
easy to distinguish the direct effect of the index = from that associated with head
loss. Recent work by Vignat et al. (2019) considers the effects of injector pressure
loss on self-sustained oscillations (SSOs) using a set of swirling spray injectors.
These injectors have the same swirl number, ensuring nearly identical flame struc-
tures but different head losses. The instability map is derived over a wide range
of operating conditions, and it is found that instability regimes change when the
operating conditions are varied. This reveals the notable influence of the pressure
drop on the system stability and on the oscillation intensity and nature. In another
study, Polifke et al. (2003) investigated a pressure loss instability mechanism in a
swirl-stabilized premixed burner. Experiments indicated that the onset of instabil-
ity corresponded to a negative slope of pressure drop characteristics with respect
to the mass flow rate. The experimental observations were supported by an ana-
lytical representation based on a network model using acoustic transfer matrices
leading to an instability criterion. Indications of the notable influence of the injec-
tion parameters are also derived from recent experiments on annular combustors,
which are reviewed by Vignat et al. (2020). The potential of using low-order mod-
els in representing complicated swirler geometries was explored, for instance, by
Fischer et al. (2006) using transfer matrices that were experimentally validated
under cold flow conditions in a combustor equipped with a variable swirl num-
ber injector. The pressure loss coefficient was also modified by variably blocking
the swirl generator. These investigations naturally encourage one to look for the
applicability of low-order models even in complicated swirling geometries.

From this review, it appears that in swirl-stabilized flames, the injector defines
the combustion dynamics of the system to a large extent. Changes in injector char-
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acteristics that vary the swirl number could alter the flow behavior resulting in a
different flame shape. Variations in the pressure drop across the injector (leading
to a change in the injector impedance) may alter the coupling between plenum and
chamber, thus modifying the instability behavior. This forms the motivation for
the present investigation. A single-injector system is employed to understand the
injector effect on combustion instabilities under longitudinal SSOs. The flame de-
scribing functions (FDFs) (Dowling 1997; Noiray et al. 2008) of the various units
are determined and used in combination with a stability analysis framework that
employs a measured impedance at the injector outlet to interpret the experimental
data.

The present chapter is organized as follows. Section 6.2 describes the SICCA-
Spray setup. Experimental data gathered in Section 6.3 illustrate differences in
SSOs that may be observed in this combustor with the different swirlers. Sec-
tion 6.4 highlights the issue of finding an optimal position for measuring the input
velocity fluctuations at the swirling injector outlet and reports the FDF measure-
ments. Sections 6.5 and 6.6 describe the impedance measurements at the injector
outlet and the damping rate estimation respectively. These data are combined with
a theoretical model developed in Chapter 5 to predict the occurrence of instabil-
ities. Comparison of the model predictions with experimental data discussed in
Section 6.7 underlines the importance of including injector dynamics in the theo-
retical model for instability analysis.

6.2 Experimental setup

6.2.1 The SICCA-Spray test rig

Experiments reported in this chapter are carried out in the single-injector com-
bustor SICCA-Spray described in Chapter 1 and only a few essential details of
the setup are recalled here. The schematic of the experimental setup and the ex-
ploded view of the injector are reproduced in Fig. 6.1. For the current study, three
swirlers, designated as 707, 712, and 716 imparting clockwise rotating to the in-
coming air flow are used, and their characteristics are gathered in Tab. 6.1. It is
reminded that the swirlers 707 and 712 have nearly the same swirl number and
velocity profile at the outlet, but 712 has a higher pressure drop. The swirler 716
features a higher value for both swirl number and pressure drop. In the present
study, the system is operated at a global equivalence ratio of ¢ = 0.85 and thermal
power of 6.4 kW, which corresponds to the operating point F1 having an air flow
rate of 2.6 gs ™! and a fuel flow rate of 520 gh~!.

Two kinds of combustion chambers are used depending on the measurement
type. In the configuration of Fig. 6.1 (b), velocity measurements near the in-
jector outlet, flame visualization, and chemiluminescence intensity detection are
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Figure 6.1. (a) Exploded view of the swirling injector showing its various compo-
nents. (b) Schematic of the experimental setup of SICCA-Spray reproduced from
Chapter 1. The combustion chamber is configured for laser Doppler anemometry
measurements. (c) Combustion chamber setup for pressure measurements during
an SSO. (d) Schematic diagram of the experimental setup used for damping mea-
surements under cold flow conditions. The bottom portion of the plenum is not
shown.

Table 6.1. Injector characteristics measured in an unconfined configuration (in
cold flow) with a mass flow rate of muy = 2.6gs™'. The swirl number Sy is

measured at a height h = 2.5 mm above the outlet. The head loss coefficient is

: : 1 : o
calculated using the equation Ap = §apou§ where wy, is the bulk velocity given

by mgir/ 7Tp0Rl-2nj and is approximately equal to 43ms™'. Here R, = 4mm is the
radius of the injector outlet, d. is the diameter of the swirler channels and 2Ry .
is the distance separating the axis of two opposing channels. Reproduced from

Chapter 1.

. Ap o dsc Ro sc
Swirler ’
() (kPa) () (mm) (mm)
707 0.60 3.65 333 40 4.6
712 059 450 4.10 3.0 2.3
716 070 5.74 523 3.5 4.7

carried out with a transparent quartz tube with an internal diameter of 70 mm and
a length of 100 mm or 150 mm, depending on the experiment. More details of the
experimental conditions are given in Tab. 6.2. In a slightly different configuration,
illustrated in Fig. 6.1 (c), a 15 mm-high metal ring is placed at the chamber bot-
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tom, on top of which quartz tubes of different lengths are placed to complete the
combustion chamber. The length of the chamber can thus be varied from 115 to
365 mm in steps of 50 mm, with an additional longest chamber of 465 mm. The bot-
tom metal ring supports the water-cooled waveguide microphone MC1 (shown in
Fig. 6.1 (¢)) that records the acoustic pressure close to the backplane. Two driver
units mounted at the bottom of the plenum subject the system to external acoustic
modulations for determining the flame response to incident velocity fluctuations
at different perturbation amplitudes.

6.2.2 Diagnostics

In the plenum, three microphones (designated as MP1, MP2, MP3 in Fig. 6.1
(b)) measure the pressure fluctuations, the signals from which are also used to cal-
culate the acoustic velocity. For the chamber pressure measurement close to the
backplane, the microphone MCI is fixed on a water-cooled waveguide mounted
on the bottom metal ring (Fig. 6.1 (c)). The pressure sensor element is placed
on the waveguide at a distance of 276 mm, resulting in a propagation delay of
0.79ms in the acoustic pressure record. A photomultiplier fitted with an OH* filter
detects the flame chemiluminescence I(OH") emitted by OH* radicals. Addition-
ally, an intensified CCD camera comprising 1024 x 1024 pixels is used to visu-
alize the flame shapes formed by each injection system by recording OH* light
emission. The velocity in the chamber is measured with a Dantec FlowExplorer
2-component phase Doppler anemometry (PDA) system, while configured exclu-
sively for anemometric measurements (laser Doppler anemometry—LDA). Table
6.2 gives a synthesis of the diagnostics used in the experiments presented in this
chapter.

Table 6.2. Summary of the different experimental procedures described in this
chapter. LDA: laser Doppler anemometry, SSO: self-sustained oscillation, FDF':
flame describing function.

Experiment Operation Total chamber length Measurement Procedure Section
R With flame ICCD camera Single image obtained by averaging 30 frames

Flame images 100 mm 6.3

Stable OH* chemiluminescence Abel deconvolution

With flame 115, 165, 215, 265, Microphone MC1 in chamber L
SSO Vary chamber length to obtain different SSO 6.3

Stable/unstable 315, 365, 465 mm Mounted on bottom metal ring
X X LDA .
FDF: Velocity With flame Upstream modulation: 300 Hz to 800 Hz
Measurement of u., /T,
150 mm . 6.4.1
Stable Photomultiplier Vo=05Vto3V
FDF: Heat release rate
Acoustic forcing OH* chemiluminescence ul., /e, =010 0.35
With flame Step 1: LDA - measurement of . . /%, . .
Impedance under SSO 265, 315, 365 mm ! Chamber length varied to obtain SSO 6.5
Unstable Step 2: Microphone MCI1 for chamber pressure
X Cold flow Microphone MC1 in chamber Downstream modulation: 300 Hz to 1000 Hz
Cold flow damping rate 165 and 315 mm 6.6.1
Stable; acoustic forcing Measurement of frequency response Vo=5V
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(a) 707 (b) 712 (c) 716

Figure 6.2. OH" images in SICCA-Spray for the three swirlers showing the flame
chemiluminescence captured using an intensified CCD camera. The images are
captured when SICCA-Spray is stable. An Abel deconvolution is applied to the
average image recorded by the camera and is shown in false colors.

6.3 Self-sustained oscillations (SSOs)

Before describing the unstable operation, it is first interesting to examine flame
images obtained under stable conditions with a chamber length of /. = 100 mm.
Figure 6.2 shows the OH* chemiluminescence images for the three different swirlers.
A single image is obtained by averaging 30 frames and applying an Abel decon-
volution. The flame shapes corresponding to the various swirler units are notably
different, especially near the central axis. For swirler 707, the flame is relatively
narrow and takes a “V" shape. For swirler 712, the “V” shape opens up slightly,
while for swirler 716, the flame spreads out and takes the form of a hollow “M”
with a central trough, which may be attributed to the higher swirl induced by
this swirler. From the flame images, the axial location a; of the heat release rate
barycenter is estimated, and it takes a value of 37 mm above the backplane for
swirler 707, 38 mm for swirler 712, and 32 mm for swirler 716.

Instability characteristics are now examined during longitudinal self-sustained
oscillations by varying the total chamber length /.. This changes the eigenfre-
quency of the quarter-wave chamber mode and allows to investigate the influence
of this parameter. Seven different chamber lengths are considered: 115, 165, 215,
265, 315, 365, and 465 mm, and the pressure signals measured by MC1 are recorded
at a sampling rate of f; = 16,384 Hz for a total acquisition time of at least 8 s.

The pressure power spectrum of the signal from the chamber microphone MC1
is calculated using Welch’s periodogram method, considering 32 Hamming win-
dows with a 50% overlap between windows resulting in a frequency resolution
of Af ~ 2Hz. The root mean square (RMS) of chamber pressure p;ys represent-
ing the instability amplitude (measured by MC1) and the peak frequency fpeax
obtained from the frequency spectrum together characterize the self-sustained os-
cillations of SICCA-Spray. Figure 6.3 shows the power spectra plotted in terms of
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Figure 6.3. Frequency spectra showing the sound pressure level (SPL y) measured
by microphone MC1 near the combustor backplane for the three swirlers at differ-
ent combustion chamber lengths ..

sound pressure level SPLa f in the frequency band A f and given in dB at different
chamber lengths (the reference pressure being pref = 2 x 107° Pa). In the figure,
the frequency corresponding to each peak is also marked.

At [, = 115mm, the spectra exhibit a relatively broadband shape without any
prominent peak. The measured chamber pressure fluctuations are relatively low
at this length, with a value of p.,s = 67 Pa for swirler 716, the maximum among
the three swirlers at this length. SICCA-Spray is therefore considered to be stable
at this length, and p’. . = 67 Pa is associated to background combustion and flow
noise. This length with swirler 716 is considered as a baseline (b/) configuration

for comparing the instabilities at other chamber lengths.

To determine whether the system can be considered stable or unstable, two
criteria are used. A first condition to identify an unstable regime is that the
pressure RMS value be at least twice that recorded in the baseline configuration
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pll. = 67Pa, ie., pms > 2p2,. In the second condition, the maximum SPLx f

in the spectrum (Fig. 6.3) is compared with the maximum SPL% f (~ 100dB)
recorded in the baseline configuration, and one requires that the maximum peak
level exceeds the baseline level by a predetermined amount, typically AS = 30dB.
This condition maybe written as SPLA ¢(peak) > SPLY r(peak) + AS. This crite-
rion considers whether the system features a well-defined pure frequency tone. If
the two conditions are met, one may say that the system is unstable, but when only
one condition is met, the system is considered to be marginally unstable. An alter-
nate criterion employed by Ebi et al. (2018) was also examined for distinguishing
stable and unstable points based on the probability density function (PDF) of time
records of the pressure signal. Although this criterion results in an equivalent cat-
egorization for unstable and stable points, it classifies some marginally unstable
points as stable even though a short but distinguishable peak is seen in the spec-
trum (e.g., 712 at [, = 265 mm in Fig. 6.3).

Figure 6.4 shows the stability map of SICCA-Spray for the different chamber
lengths based on the previous criteria. The peak frequency fyeac and pressure
amplitude pyns for the different chamber lengths are also shown in this figure.
For swirler 707, at [ = 165 and 215 mm, the system is stable as there is no peak
in the frequency spectrum and p.ys 1s low. These points are represented as gray
circles in Fig. 6.4. At the other lengths, SICCA-Spray with swirler 707 is unstable,
marked by a prominent frequency peak and significantly higher values of pressure
amplitude. This is denoted in the figure by red diamonds. With swirler 712, the
system is stable at /. = 165 and 215 mm, which can be seen from the lack of a peak
in the frequency spectrum of Fig. 6.3b, and it exhibits a behavior similar to that
of swirler 707 at this length. However, at [, = 265 and 315 mm, SICCA-Spray is
only marginally unstable, a behavior that differs from that of swirler 707 at these
lengths. At /. = 365 and 465 mm, the instability reaches a level similar but slightly
lower to that of swirler 707. The instability frequency does not change between
the swirlers 707 and 712 except during marginally unstable operation.

For swirler 716, the only stable configuration is found at 165 mm apart from the
baseline at [, = 115mm. At /. = 215mm, the system features a small peak in the
frequency spectrum, and the pressure amplitude p,s is moderate. Consequently,
SICCA-Spray is mildly unstable at this point—represented by a black star symbol
in Fig. 6.4. At the lengths [ = 265,315 and 365 mm, SICCA-Spray is unstable
with high chamber pressure amplitudes. However, when the length is increased
further, 716 starts to enter the stable zone and exhibits only a marginal instability
at [, = 465 mm. In general, swirler 716 has a lower oscillation amplitude during
instability and also exhibits a difference in the oscillation frequency compared to
the two other swirlers.
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Figure 6.4. Experimentally determined stability map of SICCA-Spray under self-
sustained oscillations at different chamber lengths [. for the three swirlers. The
peak frequency fpeqx (Hz) from the frequency spectrum and RMS chamber pressure
prms (Pa) measured by MCI are indicated for each configuration. Gray circles
correspond to stable points, black stars represent points that are marginally un-
stable, and red diamonds designate unstable points. The baseline level measured
at [, = 115 mm with swirler 716 is designated as bl.

6.4 Flame describing functions (FDF's)

FDF measurements are performed by submitting the flame to different levels
of acoustic velocity fluctuations induced by the loudspeakers located at the bottom
of the plenum. The wave generator produces sinusoidal waves with an amplitude
Vo (peak to peak) of 0.5V to 3V in steps of 0.5V, and a linear frequency sweep
is performed from 250 Hz to 850 Hz for a time duration of 133 s at each level. This
procedure subjects the flame to different levels of velocity modulation. The ampli-
fier voltages given to the driver units are selected to produce a velocity fluctuation
similar to the SSO measurements whenever possible. For the FDF measurements,
it is necessary to ensure that SSOs are absent and that the system is stable. This is
achieved by setting the chamber length at 150 mm.

It is here convenient to recall the FDF definition from Chapter 4,

Q'/Q

7 =
uc,r/uCﬂ"

Fw, Jue, ) = = Gr(w,[u,,|)eter e (6.1)

Here, G = || and o = arg(F) are the gain and phase of the FDF; uy,, is the
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acoustic velocity fluctuation determined at the base of the flame (subscript ‘c’ re-
ferring to the measurement in the chamber) at a certain distance r from the center
of the injector and at a particular height ~» from the chamber backplane. Equa-
tion 6.1 is such that the relative velocity fluctuations equal the relative volumetric
flow rate fluctuations, and it was shown in Chapter 4 that the appropriate point
that satisfies this equality is at » = 3.5 mm for 707 & 712, and » = 4 mm for 716,
all at a height of » = 2.5mm. In the above equation, Q' represents the fluctua-

tion in heat release rate and () is the mean heat release rate®, both deduced from
the light intensity of OH*. It is assumed that the equivalence ratio fluctuations
are negligible based on the analysis of Chapter 2, and hence the OH* light in-
tensity fluctuations are used as an approximate indicator of heat release rate, i.e.,

I(OH)*/I(OH)* ~ Q'/Q.

6.4.1 Results

It is now worth examining the FDF corresponding to the three swirlers oper-
ating under the same conditions (P = 6.4kW & ¢ = 0.85) as the self-sustained
instabilities. The FDFs shown in Fig. 6.5 represent the variation of gain Gy and
phase ¢ with frequency for different values of velocity fluctuation level in the
chamber, . /@.,. For the FDF calculation, the signals recorded from the photo-
multiplier (representing the heat release rate) and the velocity signals delivered by
LDA are filtered +5% around the signal generator frequency. The velocity RMS
1s determined by integrating the power spectral density of the filtered signal. The
transfer function between the filtered heat release rate and velocity fluctuations
is obtained by dividing the cross power spectral density of these two signals by
the spectral density of the relative velocity signal. The spectral densities are esti-
mated using Welch’s periodogram method. Each frequency block of two seconds
in the ramp is divided into 8 Hamming windows with a 50% overlap between win-
dows. The measurements are performed in the frequency range between 300 Hz
and 800 Hz. The low frequency range below 300 Hz is not covered because of the
limitations of the modulation system of driver units. This situation is often found
in similar investigations (see, for example, Bade et al. (2013)). Additionally, FDF
measurements below 300 Hz are outside the range of interest for the current study.

In general, the three FDFs have similar shapes, but one also notices significant
variations. This is particularly the case for the gain curves (Fig. 6.5 left). The
position of the maximum gain is around 520 Hz for swirler 712 and around 600
Hz for swirler 716. For swirler 707, the gain is nearly flat up to 600 Hz, after
which it begins to fall. The gain only weakly changes with the input level for
swirlers 707 and 712, while it is more sensitive to this level for swirler 716. Thus,
swirlers 707 and 712 are still in the linear regime with respect to the input, while
the behavior of the flame formed by swirler 716 is nonlinear in the vicinity of

*Here and henceforth the notation (-)’ refers to fluctuations and U refers to mean of a quantity.
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Figure 6.5. Flame describing function gain G (left) and phase o (right) for the
three swirlers. From top to bottom: swirlers 707, 712, and 716. The color scale
represents the level of velocity fluctuations measured at r = 3.5 mm for swirlers
707 and 712, and r = 4mm for swirler 716, at a height of h = 2.5 mm from the
backplane. Here, u’c’r and ., are respectively the RMS velocity fluctuations and
mean velocity fluctuations (‘c’ refers to measurements made in the chamber and
‘r’ refers to the radius at which the velocity fluctuations are measured). The data
are smoothed using a five-point moving average.
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the gain maximum, i.e., around f = 600 Hz. The phase evolution (Fig. 6.5 right)
is quasi-linear with frequency. The slopes corresponding to the different swirlers
are of the same order of magnitude but with some variations in the delays that
may be deduced from these slopes. These delays are 1.35, 1.46 and 1.33 ms for
swirlers 707, 712 and 716, respectively. Assuming that the delay is essentially
controlled by convection, one may deduce from these data the length scale a from
the injector outlet where the heat release fluctuations take place. Considering that
the perturbations travel at half the maximum of the mean velocity on the axial
velocity profile (Durox et al. 2005) (maximum velocity is around 69ms~! for
swirler 716 shown in Chapter 4, 58 m s~! for swirler 707 and 56 ms~! for swirler
712—not shown), one obtains for a: 3.9, 4.1 and 4.6 cm respectively for swirlers
707, 712 and 716. This distance is slightly longer than the axial distance of the
heat release rate barycenter a;, determined in Section 3.2 under stable conditions
but is only approximate. Even if the delay is relatively precise, the estimate of
the mean convection velocity is less accurate. As the distance a; is known more
precisely, it will be used in the theoretical analysis described in Section 6.7. It is
worth noting that this distance has only a minor impact on the results, as seen in
Chapter 5.

6.5 Impedance at the injector outlet during a self-
sustained oscillation

Changing the injector not only changes the dynamic behavior of the flame,
as indicated in the previous section but also modifies the acoustic response of this
unit. For low-order modeling of situations where the injector is weakly transparent
to acoustic waves, it is suitable to consider only the chamber with an impedance
at the inlet representing the combined response of the injection unit and upstream
manifold, as indicated in Chapter 5. It is observed with these injectors that, for
the same amplitude of velocity fluctuation downstream of the injector, the veloc-
ity fluctuations upstream of the swirler in the plenum are completely different
between SSO and forcing (shown in Chapter 3). This was also confirmed in a
previous numerical study (Prieur (2017), pp. 144-158), where it was found that
the injector dynamics is not the same during an upstream acoustic modulation and
under SSO. Such behavior could be attributed to the strong pressure drop created
by the small air channels in the swirler, resulting in strong acoustic decoupling of
the upstream (plenum) and downstream (combustion chamber) cavities. To assign
an impedance that is representative of the injector and the upstream cavity dur-
ing an SSO, it is, therefore, necessary to modulate the system from downstream
(unlike the FDF measurement in Section 6.4 where the system is modulated from
upstream). Even though such a downstream modulation is carried out for damping
measurements described in the next section, it is not possible to do this with flame
in the SICCA-Spray test rig. However, the impedance may be directly measured
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during an SSO, where there is a strong pressure oscillation downstream, and this
is done in two steps here. Firstly, during an SSO, the velocity fluctuation u.., at the
injector outlet is measured with LDA. Next, the pressure fluctuation p/, close to the
backplane is recorded with the waveguide microphone MC1. The two measure-
ments cannot be performed simultaneously because MC1 is supported on a metal
ring comprising the water-cooled waveguide, and this blocks the optical access re-
quired for the LDA measurements. From the pressure and velocity measurements,
the specific impedance ¢ = p./(pucyu.,) at the outlet of the injector is calculated
for the three swirlers. The density p, and the sound velocity ¢, are considered
at the temperature of the fresh stream of air (7, = 293 K). It is verified that the
OH" signal is the same between the two measurements, and this serves as a phase
reference to deduce the phase difference between pressure and velocity.
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Figure 6.6. The modulus G and phase ¢ of the injector impedance for the three
swirlers. The measurements are reported only under limit cycle self-sustained
oscillations at different frequencies.

Figure 6.6 shows the specific impedance for the three swirlers at different in-
stability frequencies—in other words, for different combustion chamber lengths.
Only the impedance corresponding to a limit cycle oscillation with sufficient am-
plitude is shown in the figure. The phase of this specific impedance takes similar
values for the swirlers 707 and 712, and its value is close to 37 /4, especially when
the instability is high (i.e., for longer chamber lengths and therefore for lower fre-
quencies). For swirler 716, this phase is closer to 7 when the instability amplitude
1s highest (i.e., at the chamber length /. = 365 mm and for a frequency of 395 Hz).
A quasi-phase opposition between pressure and velocity at the injector outlet has
also been observed previously in LES calculations by Staffelbach et al. (2009) of
an annular system exhibiting combustion oscillations and more recently by Patat
et al. (2021) under a downstream transverse acoustic field with similar type of
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injector as those in the present work. This effect arises when the acoustic pres-
sure amplitude downstream of the injector exceeds the mean dynamic pressure of
the flow (Baillot and Lespinasse 2014; O’Connor et al. 2015) and is analogous to
the injection-coupling analyzed in the domain of combustion instabilities in rocket
engines (Hutt and Rocker 1995). The impedance values reported here will be used
in the theoretical framework from Chapter 5. Growth rates obtained from this
theoretical model will be compared to damping rates determined in the following
section.

6.6 Damping rate estimate

To determine the stability of the system, it is essential to know the damping rate
induced by each swirler. Two methods for the experimental determination of the
damping rate are exploited in this section. In the first, one assumes that the system
behaves like a second-order linear system, and the damping rate is deduced from
the half-power bandwidth Af, of the resonance curve. This measurement can,
however, only be performed in cold flow conditions. In the second method, the
damping rate is estimated from an energy balance during a limit cycle oscillation.

6.6.1 Cold flow damping rate estimation using the resonance
curve method

Performing this measurement in cold flow conditions is admittedly a limitation
of this procedure, but it is still instructive to estimate the changes in damping rate
that may be linked with the different swirlers.

The experimental setup for this measurement is shown in Fig. 6.1 (d). A driver
unit placed near the top of the combustor excites the system, and the pressure
response (pc) is measured with microphone MC1. During this measurement, the
two bottom loudspeakers are left electrically open, as they are during the self-
sustained instability experiments. A microphone located in front of the driver unit
serves as a reference and measures the frequency response p¢ of this device. The
combustor surroundings are covered with an acoustic liner to reduce unwanted
reflections. The damping measurement is performed at two chamber lengths in
cold condition (with 7, = 2.6gs’1), lc = 165mm and [. = 315mm, such that
the resonance response occurs around the frequency of SSO in SICCA-Spray. At
lc = 165 mm, the chamber resonates at a frequency fchamper =~ 460 Hz corresponding
to a quarter wave mode while at [ = 315mm it resonates at fehamper ~ 760 Hz,
corresponding to a three quarter wave mode of the chamber. A frequency sweep
is performed around the resonance frequencies at a ramp rate of 1Hzs™!. The
measurements are sampled at a frequency of f; = 16,384 Hz and measured in
blocks that are 2s long. Damping is deduced from o« = wAf,, where Af, is the
width of the resonance curve at half power. The calculation of frequency response
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is performed using Welch’s periodogram technique by averaging two Hamming
windows at each 1 s block with 50% overlap. This results in a frequency resolution
of +1Hz, which in turn corresponds to a damping uncertainty of +3.14s~!. The
calculated damping values are indicated in the top row of Fig. 6.7 (b) at 460 Hz
and in the bottom row for 760 Hz. The damping rate is found to be about 905!
at 460 Hz and 120s~! at 760 Hz, with some variation between the swirlers. The
lowest value corresponds to the swirler 712 at both frequencies. It is interesting to
note that the swirler geometry influences this damping rate and that the variation
in damping is of about 20% of the mean level at 460 Hz, whereas such a difference
between swirlers is less evident at 760 Hz. However, these measurements do not
quite represent the level of damping corresponding to the system under hot-fire
conditions. In particular, there is no temperature evolution between the upstream
manifold, injector, and chamber. This will modify the resonance conditions and
the mode shape. The cold flow measurements only provide an estimate of the level
of damping that may be expected for this system and to distinguish the swirlers in
terms of their damping rate.
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Figure 6.7. (a) The top row shows the damping (o = nAf,) for the three swirlers
at a frequency of 460 Hz with a chamber length of 165 mm. The bottom row shows
damping at 760 Hz measured with a chamber length of 315 mm. The error bars
indicate the uncertainty in damping determined from the frequency resolution in
Welch’s periodogram calculation and is equal to +1Hz. (b) Damping rate un-
der hot-fire conditions deduced using energy balance method. The error bars
represent an approximate uncertainty which is considered to be about 10%. The
damping rate estimate is obtained only from measurements corresponding to a
well-established limit cycle oscillation.
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6.6.2 Hot-fire damping rate estimation using energy balance
method

It is not easy to obtain a direct measurement of the damping rate when there
is a flame. For example, it is not possible to perform a downstream modulation
as the hot gases might damage the driver unit located close to the chamber exit,
and the combustion noise will hamper obtaining a noise-free resonance curve.
Furthermore, it is difficult to cover the surroundings with liner material because
of the hot exhaust stream. One may instead use a system identification method or
an acoustic energy balance. These two methods were exploited by Vignat (2020)
(pp-245-255) in the case of axial coupling in the annular configuration MICCA-
Spray equipped with the same swirling injectors (of the 716 type). It was found
that the damping coefficient was ¢ ~ 6 x 10~ giving a damping rate under hot-fire
conditions oy = wp ~ 1705 1.

The acoustic energy balance method is used in the present configuration, and
the damping rate obtained with this method is given by:

(5)
H = 5y (6.2)

where oy refers to the damping rate under hot-fire conditions, (S) is the volume
integrated Rayleigh source term, (E) is the acoustic energy density integrated over
the volume. This equation is valid only when the oscillations have reached a limit
cycle. The individual expressions for (S) and (£), along with their derivation, are
given in Vignat (2020) & Durox et al. (2009) and are not provided here. After
a few calculations one may finally express the damping rate in terms of spectral
densities as:

Re(S .,
M (6.3)

ag=(y—1) Sy V
where Spy is the cross power spectral density between chamber pressure and
heat release rate, S,y is the power spectral density of the chamber pressure, both
obtained at the fundamental frequency of a limit cycle oscillation, and V' is the
chamber volume. This expression is employed to obtain the damping rate using
the experimentally determined SSO described in Section 6.3. Results are shown
in Fig. 6.7 (b) for the different swirlers at various lengths. The uncertainty in
this damping estimate is not well known but is approximately considered to be
about 10% (indicated by error bars). This does not preclude the analysis that
will be carried out in the upcoming section, and it may be treated as a means
to incorporate the variability that characterizes the experimental measurements
of damping rates. The damping rate under hot conditions is two to three times
larger than the damping rate under cold flow operation. The changes observed
are partially linked to the variations in the resonance frequency. As this method



6.7 - LOW-ORDER THEORETICAL ANALYSIS 137

is valid only for a limit cycle oscillation, the damping rate cannot be obtained for
oscillations corresponding to a marginal instability (for example, at [, = 265 and
365 mm for swirler 712 and at /. = 215 and 465 mm for swirler 716).

6.7 Low-order theoretical analysis

A simplified theoretical analysis is now carried out to help understand the self-
sustained instability observations. This can be done, for instance, by defining
unstable bands in the FDF phase diagram using linear stability analysis. One may
do this by employing the traditional three-cavity analysis considering closed-open
boundary conditions with an acoustically-transparent injector. This will result in
an unstable band of 7 < ¢p < 27, mod[27| (Schuller et al. 2020) for the first
axial mode. If the first of these bands is considered with swirler 716, for example
(see Fig. 6.5c right), then the possible unstable frequencies would only lie between
580 Hz and 880 Hz, and this is at variance with the observed oscillation frequencies,
which are much lower (400 Hz to 530 Hz, as shown in Fig. 6.4). It is then natural
to use the theoretical formulation, described in Chapter 5 in which the injector
is explicitely represented by its impedance. The model uses two cavities—one
representing the injector outlet with an impedance boundary condition defining the
injector’s acoustic response, and the other representing the combustion chamber
open to the atmosphere. The dispersion relation derived in the previous chapter is:

Frs
cos(ksb) sin(koap) + L sin(ksb) +
P1€1P3C3 p1c1p2C2 pP1c1p2C2

%5, iCSy |
cos(kaap) cos(k3b) + —— sin(kaayp) sin(ksb) = 0
T B

cos(kaap) sin(ksb)

(5.11 Rep.)

The above equation is numerically solved to determine the growth rates and os-
cillation frequency in the following section. The values of p and ¢ in each section
correspond to the following temperatures 77 = 293 K, 75 = 573 K, and 73 = 900 K.
The value of T3 here is much lower than the burnt gas temperature 7, = 2100 K, as
the former value is an estimation of mean temperature in the chamber. This was
approximately determined in a steady state experiment by coating the inner wall
of the quartz tube with a thermochromic paint (MC153-14 from TMCHallcrest
adapted to a temperature range of 160 to 1240 °C).

6.7.1 Model predictions

A necessary condition for instability is that the growth rate be positive, i.e.,
w; > 0. This defines an instability band that is shown as a band in gray in Figs. 6.8
and 6.9. In addition to this, it is also necessary that the growth rate exceeds the
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damping rate to sustain instability. Solving the dispersion relation (Eq. 5.11) pro-
vides this growth rate and the expected oscillation frequency, but it requires two
parameters as input, the gain and phase of the FDF, which depend on frequency.
Therefore an iterative process is used to solve the dispersion relation until con-
vergence is reached on the predicted frequency. The experimentally measured
FDFs shown in Section 6.4 display a dependence on the velocity fluctuation level
u/c,r /7., in addition to the frequency, which adds more complexity to obtaining
the solution. Hence for simplicity, the dispersion relation is solved using a flame
transfer function framework (without taking the fluctuation level into account) as
a first step. For this purpose, FDF gain and phase values shown in Fig. 6.5 are
averaged over the fluctuation level at each frequency (obtaining G raye and ¢ g ave).

Figure 6.8 shows the roots of the dispersion relation when gain G and phase
 are taken as independent parameters (not measured) for a chamber length /. =
365 mm for the three swirlers. It also graphically illustrates the procedure to solve
the dispersion relation. Firstly, one chooses an arbitrary value for the gain, say G =
1 (green curves on the top row of Fig. 6.8), and plots the roots of the dispersion
relation as a function of an arbitrary phase ¢. The intersection with the curve
©Favg(fr) (blue curve in the top row of Fig. 6.8) then gives an initial value of
oscillation frequency f, (represented by the downward arrow in Fig. 6.8). This
frequency is then used to obtain a new gain from the transfer function (averaged
FDFs), and the dispersion relation is solved to obtain a new oscillation frequency.
The above process is repeated until convergence is reached with respect to the
oscillation frequency . The final gain (dotted black curve in Fig. 6.8) and phase at
this converged frequency is used to obtain the growth rate (bottom row in Fig. 6.8
indicated with a downward arrow).

One may now compare the model predictions with the observations of SSOs.
This is done in Figs. 6.9 and 6.10. Two conditions need to be satisfied for instabil-
ity to occur. In the first, the predicted point should fall inside the instability band.
The growth rate then is positive so that the system will be potentially unstable. In
addition, the predicted growth rate must exceed the damping rate. Figure 6.9 com-
pares the calculated instability bands with results from experiments to verify the
first condition. The symbols represent experimental SSO data from Section 6.3.
The frequencies correspond to the peaks of the spectra in Fig. 6.3 and the phase
©Favg 1s Obtained using an average of the FDF phase plots from Fig. 6.5, shown as
blue dotted lines. For each of these experimental data points, the instability band
for the corresponding length and swirler is obtained by solving the dispersion re-
lation and shown in gray. The position of the unstable band notably depends on
the injector impedance and, more specifically, on its phase . The band location
substantially differs from the standard position corresponding to a quarter wave
mode coupling [r, 27| (Schuller et al. 2020; Poinsot and Veynante 2012). When
the experimental data point falls within the instability band (as is the case for the
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Figure 6.8. Frequency and growth rate prediction from the model for different
gains and phases at |. = 365mm. The unstable band is defined when w; > 0
and indicated by the gray bands. The dotted black curve corresponds to the final
gain of FDF G and the black dot is the point where it intersects the final phase
(¢ Favg)- The converged frequency and growth rate prediction are obtained at this

point. The arrows show the direction of obtaining a value from the graphical
solution.

three swirlers at /. = 365 mm), the model predicts a positive growth rate, and the
system is potentially unstable. Conversely, when the point falls outside the in-
stability band, the model predicts a negative growth rate, and the system will be
stable. It can be seen that the predictions are mostly confirmed by experiments
since all unstable points fall well within the predicted instability bands. It is also
instructive to compare the instability bands with the evolution of the phase curve.
For example, the model predicts that swirler 716 is unconditionally stable for any
frequency below 375 Hz and that swirler 712 is also unconditionally stable above
600 Hz. In Fig. 6.9, the dark gray bands with black outlines represent the points
where the impedance is experimentally measured (definite prediction). For the
points where the impedance is not measured, the nearest neighbor value is used to
obtain the solution, and the predicted unstable band is shown with a lighter shade
of gray (approximate prediction). This procedure is admittedly a limitation, but if
the frequency is close enough, the impedance might be expected not to vary much.

As mentioned earlier, a positive growth rate only indicates potential instabil-
ity but is not enough to predict whether the system is effectively unstable. For
this purpose, one must check if the predicted growth rate is higher than the damp-
ing rates determined in Section 6.6. Figure 6.10 reports the predicted instability
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frequencies and growth rates for all investigated cases. Points that fall outside
the instability bands are marked as stable. Points that fall within the instability
band but for which the damping rate is unavailable or is higher than the predicted
growth rate are dubbed “potentially unstable". The former ones are the points that
correspond to a marginal instability in SSO (refer Fig. 6.4) and where the hot-fire
damping rate cannot be obtained. Points that fall inside the band and for which the
growth rate exceeds the estimated damping rate are unstable. Note that in Fig. 6.9,
the symbols correspond to the experiments, whereas in Fig. 6.10, they correspond
to the prediction from the model. On comparing the predicted stability map with
the experimental stability map (Fig. 6.4), one can see that the model predicts all
the stable and most of the unstable operations. It can be seen from Fig. 6.10 that
the growth rate exceeds the damping rate (typically of the order of 150 to 3505~ 1),
indicating the growth of oscillations at most unstable points, except two (712 at
465 mm and 716 at 365 mm). However, the growth rate at these points is still fairly
close to the lower limit of the damping rate. The marginally unstable points from
the experiments cannot be predicted accurately, and only a potential instability
can be speculated. The lack of experimental impedance and definite damping rate
estimate and analysis based on a linear approach can contribute to the inexact
prediction of such points. At the two smaller lengths (115 mm and 165 mm), ex-
perimental FDF data are not available beyond 800 Hz to make an exact prediction.
However, if one linearly extrapolates the phase, the resonant frequencies that can
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Figure 6.9. Instability bands (marked in gray) predicted by the model are shown at
self-sustained oscillation (SS0) frequency for the three swirlers. The combustion
chamber length . is quoted under each band in mm. The dark gray bands with
black outlines correspond to a definite prediction and the light gray bands refer
to an approximate prediction. For the unstable points (black diamonds with red
shading), the size of the marker is proportional to the RMS chamber pressure
prms- The blue dotted line represents the phase of the FDF averaged over the
Sfluctuation level o 4. The theoretical model provides unstable bands while the
FDF phase and the stability of the system are obtained from experiments (also
shown in Fig. 6.4).
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be expected for these two lengths in hot conditions would lie outside the band giv-
ing a stable prediction. The frequency predicted by the model is close but almost
always has a difference of +20 Hz compared to the experimental measurement of
SSO.

In the method described here, an average gain and phase of FDF are considered
to remove the dependence on the fluctuation level. This iterative process can also
be extended to deal with the dependence of FDF on the input level vy, ,. /7., and is
exemplified in Section 6.7.2 for swirler 716.
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Figure 6.10. (a) Prediction obtained from the model at different chamber lengths
le. The predicted frequency and growth rate are indicated when the prediction
points to an unstable operation. Black font colors are marked to show a definite
prediction from the model, whereas gray font colors show only an approximate
prediction. The gray circles represent the stable points, gray diamonds represent
the potentially unstable points, and red diamonds represent the unstable points.
(b) Experimentally obtained stability map duplicated from Fig. 6.4.

6.7.2 Model prediction at different «'/u

The theoretical model to consider the measured FDF at different u’ /% (same as
u,. . /Ter in Section 6.4) for limit cycle prediction is demonstrated here. The pro-
cess involves applying the iteration procedure presented in Section 6.7.1 for every
input level ' /u of the FDF. One can then predict the growth rate and frequency
of oscillation as a function of the input level. These two quantities are plotted
in Fig. 6.11 for the swirler 716 at two chamber lengths /. = 265 and 315 mm.
Swirler 716 is chosen as its FDF exhibits sufficient difference with respect to the
input level, whereas, for swirlers 707 and 712, considering an average FDF is
still reasonable as the FDFs do not vary much with respect to the input level in
the available data range. Figure 6.11 shows the changes in growth rate w; in the
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top row as the relative velocity fluctuation level is augmented. These figures also
indicate the level of damping oy (shown as a band to represent uncertainties) un-
der hot-fire conditions estimated in Section 6.6. A limit cycle oscillation may be
expected when w; ~ ap. For a chamber length [, = 265 mm, the limit cycle cor-
responding to this condition implies a level of velocity fluctuation v’ /z that is of
the order of 0.1. On comparing with the experimental measurement at this length,
(v /u)sso ~ 0.06 which is close to the predicted oscillation level. For [, = 315
mm, the crossing point between w; and «a; 1s slightly outside the range where the
FDF was measured, but the value of v’ /% may be extrapolated and is 0.32. In com-
parison with the measurements, the fluctuation level is (v’ /u)ss0 ~ 0.14, which
is much lower than the prediction. While the predicted frequency is close to that
found experimentally, the predicted level of velocity oscillation is twice that ob-
served during SSO. This discrepancy could be attributed to the linear extrapolation
of v’ /u, which might not be adequate.

Using the predicted fluctuation level, one may try to estimate the frequency at
limit cycle, the evolution of which is shown in the bottom row of Fig. 6.11. The
frequencies at limit cycle are predicted to be f; o = 540 and 453 Hz, respectively, at
l. = 265 and 315 mm, which agree with the experimental values of 536 and 449 Hz
(refer to Fig. 6.4 or Fig. 6.10 (b)).
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Figure 6.11. Prediction of growth rate and frequency at different u' /u for swirler
716. The red band shows the calculated damping under hot-fire conditions oy
described in Section 6.6 with an uncertainty of 10%. The black circles indicate
the prediction by the model at different ' /i, while the solid blue line shows a
linear fit applied to these points.

6.7.3 Model implications

Figure 6.9 reveals that the position of the unstable band changes with the
swirler and with the combustion chamber length (in other words, with the insta-
bility frequency). This is because the unstable bands are solely determined by
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the phase ¢, imposed by the injector impedance at the entrance of the combus-
tion chamber and this changes with the swirler and frequency. The impedance
modulus G determines the growth rate magnitude. A smaller impedance mod-
ulus results in a broader evolution of growth rate and frequency with respect to
the phase of the FDF. On revisiting the question raised at the beginning of the
section on why the standard instability band of 7 < ¢ < 27 does not work for
the instability prediction in the present case, it can be seen that this is due to the
changes in phase imposed by the injector unit between the pressure and local ve-
locity disturbances. The instability band of 7 < ¢ < 27 works if the velocity is
in quadrature with respect to the pressure i.e., p(u,p’) = 37/2 as considered by
Noiray et al. (2009b) & Schuller et al. (2020). Such a band cannot be used for
modeling the injectors considered in the present study because these elements de-
fine impedance at the combustion chamber inlet that does not correspond to such
a quadrature. It is then important to have a good model for the injector impedance
or to use an experimentally determined impedance. The injectors employed in this
study are not acoustically transparent, resulting in a certain degree of decoupling
between plenum and chamber. Such a decoupling has been observed in a previ-
ous study with these injectors on the annular test rig MICCA-Spray (Prieur et al.
2018), where the observed instability is mainly a chamber mode decoupled from
the plenum.

The injector outlet impedance is deduced from measurements during SSO in
this work. This is not completely satisfactory since, logically, it would be nec-
essary to use a measurement that is independent of the SSO. In addition, the
impedance is only obtained at discrete frequencies where limit cycle oscillations
exist, hampering predictions over the entire frequency range of interest. One could
use a downstream modulation of the flame in the frequency band of interest by
measuring pressure near the chamber backplane and velocity fluctuations at the
outlet. This kind of modulation was, however, not feasible in the present exper-
imental setup. Despite this limitation in the experimentation, the knowledge of
impedance derived from SSO, even at discrete frequencies, allows a good predic-
tion of the instability bands and, therefore, validates the modeling strategy. The
impedance does not significantly vary with the type of swirler and the oscillation
frequency, but these changes are sufficient to move the unstable band. For all the
tests carried out in this study, the modulus of the impedance is of the order of 0.5,
and the phase is between 37 /4 and 7. With an injector roughly identical to those in
the present study and with a downstream modulation by acoustic waves transverse
to the flame, Patat et al. (2021) obtain similar phase shift values. Alternatively,
a simple theoretical analysis of the behavior of injectors with significant pressure
drops can be done to estimate the impedance phase. It is possible to consider that
the injector operates in a quasi-steady regime. The calculations show that the real
part of the impedance is negative and generally larger than the imaginary part.
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One may then express ¢ = ¢, + i(; with
¢ = —Kuo/c (6.4)

In this expression, o designates the head loss parameter, and « is a coefficient of
the order of one. It is less easy to obtain an expression for (;, but it is possible to
infer from the data that |(;| << |(,| so that the phase angle ¢, is generally close to
.

The experimental measurements presented here and the subsequent modeling
approach feature certain limitations. For example, the impedance measurement is
performed in two steps: one with a metal ring to measure pressure signals and the
other with a quartz chamber to obtain velocity fluctuations. This sort of approach
might change the thermal environment at the flame base, resulting in a small error
in the measured impedance. Although this variation is expected to be minor, as
shown in Appendix 1 of Chapter 4, this could induce some uncertainties, espe-
cially near the limits of the unstable band. The model also uses a linear approach
that cannot distinguish marginally unstable points. The other limitation is in the
prediction of limit cycle amplitude. Even though an estimate of hot-fire damping
was obtained with the energy balance method, there exists an uncertainty in this
estimation, making it difficult to predict the oscillation amplitude at the limit cy-
cle. There is also a limitation of the modulation system to reach a fluctuation level
(v’ /uw) similar to those found at the limit cycle. As a consequence, the FDF data
do not cover the full range of relative velocity fluctuations that may arise in the
system. Although the present modeling has limitations, it nevertheless highlights
the importance of injector impedance on the instability of the system calling for
further studies aimed at identifying the role of injector dynamics and modeling
injector impedance, which is planned in the future work following this thesis.

6.8 Conclusions

Experiments and theoretical modeling reported in this article underline the impor-
tance of the injection unit in combustion instability analysis. The present inves-
tigation considers seven combustion chamber lengths and three different swirlers
with a fixed geometry of the upstream manifold and the injector unit. Experiments
are conducted under the same operating conditions with liquid heptane as fuel de-
livered as a spray by a hollow cone atomizer. The major findings from this chapter
are as follows.

(1) Systematic experiments indicate that the regimes of instability for the three
swirlers do not occur for the same chamber length and that they also differ in peak
frequency and limit cycle amplitude levels.

(2) Results show that the phase of the FDF is relatively insensitive to the ampli-
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tude level but that the phase curves corresponding to the three swirlers are distinct.
The gain of FDF remains in the linear regime even up to a fluctuation level of 35%
for two of the swirlers having the same swirl number and different pressure losses.
For the swirler with the highest value of swirl number and pressure drop, the gain
changes substantially with the fluctuation level beyond 500 Hz but remains in the
linear regime in the low frequency range.

(3) It 1s next indicated that the standard modeling approach that uses acousti-
cally coupled cavities in closed-open conditions cannot explain the observed in-
stability regimes. In the case of injection units that have a significant pressure drop
and are therefore acoustically weakly transparent, it is necessary to represent the
injector outlet with a specific impedance. A low-order modeling approach com-
bining the measured injector impedances and flame describing functions (FDFs)
developed in Chapter 5 can then be used to explain the experimentally observed
behavior, and obtain an estimate for the growth rate and frequency of instability.
The instability bands deduced from this model markedly differ from the classical
ranges [r, 2] mod 27 by an offset of more than 7/2. By further combining the
model with damping rate estimates, predictions can also be derived for limit cycle
amplitudes.

In summary:

* The injector imposes a specific impedance at the chamber inlet, which dis-
places the bands of instability in a way that depends on the swirler charac-
teristics.

* It defines the flame geometry and its dynamics, and this is reflected in changes
in the FDF gain and phase functions. These changes, together with those
observed in the injector impedance, determine whether an operating point
belongs to a band of instability.

* It contributes to the damping rate. The levels induced by the different swirlers
and deduced from resonance experiments under cold flow conditions change,
and the relative difference between injectors may reach up to 20%. The cold
flow damping rates are, however, found to be a fraction of those estimated
under hot-fire conditions using an energy balance method.

The admittedly simplified modeling approach highlights the importance of injector
impedance on stability and allows to retrieve most but not all of the instability
features observed in the systematic experiments described in this chapter.
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CHAPTER 7 - INFLUENCE OF INJECTORS ON ANNULAR COMBUSTION
DYNAMICS: MICCA-SPRAY

Experiments are carried out on the laboratory-scale MICCA-Spray an-
nular combustor to examine the effects of swirlers on combustion insta-
bilities. This system comprises sixteen spray-swirl injectors and gives
rise to instabilities coupled by azimuthal modes. Five swirlers producing
clockwise rotation and varying in swirl numbers and pressure drops are
considered. These swirlers can be broadly categorized into two groups,
lower-swirl, and higher-swirl groups, based on their swirl numbers. An
arrangement where clockwise and counterclockwise swirlers alternate is
also studied. Experiments are performed systematically with liquid hep-
tane at five levels of thermal power and six equivalence ratios. Results
reveal that none of the swirlers in the lower-swirl category exhibit insta-
bility in the operating region considered, whereas the higher-swirl units
feature strong azimuthal instabilities that trace an overall limit cycle enve-
lope with a few short and random bursts. Among the higher-swirl group, a
higher pressure drop swirler is associated with a broader instability map.
This shows that the transition to instability mainly depends on the swirl
number through its effect on the flame structure, and the pressure drop
adds to further variations in amplitude and frequency of oscillation. The
spin ratio time series indicate that the modes are of mixed type and that
its distribution depends on the operating condition. On specifically com-
paring the spin ratio distribution between a full set of clockwise rotating
(CR) swirlers and a configuration where clockwise and counterclockwise
rotating (CCR) swirlers are alternatively placed, it is found that there is
no definite statistical preference for spin ratio linked to the effect of bulk
swirl. In some cases, however, the CCR configuration promotes a broader
distribution of spin ratios centered around the standing mode (s = 0),
while the CR setup favors azimuthal modes spinning in the counterclock-
wise direction. An attempt is made to interpret the occurrence of instabil-
ities by making use of flame describing functions (FDFs) measured in a
single-injector combustor. It is found that the FDFs corresponding to the
two swirler categories (lower-swirl and higher-swirl) are relatively dis-
tinct. The observed behavior is tentatively interpreted using an instability
analysis in which the injector and upstream plenum are represented by
an impedance that shifts the band of instability. The unstable behavior
is then linked to the relative position of the FDF phase with respect to
the instability band in the frequency range corresponding to the expected
azimuthal mode frequency. The phase and gain of the FDF notably de-
pend on the swirl number, and it is possible to distinguish, for the present
configuration, a category of low swirl number injectors inducing stable
operation and another category of high swirl number units leading to os-
cillations.
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7.1 Introduction

Combustion instabilities have been the subject of an intense research effort
(Mongia et al. 2003; Lieuwen and Yang 2005b), with much of the more recent
work focused on gas turbine applications. In these systems, the combustor ge-
ometry is mostly annular, and the coupling modes are predominantly azimuthal
(Poinsot 2017). It is generally considered that these modes are the most dangerous
because they are less well-damped and also because they correspond to the low-
est eigenfrequencies where flames are most sensitive to disturbances. These az-
imuthal modes, in turn, induce axial velocity fluctuations in each injector (Staffel-
bach et al. 2009), a process that dominantly leads to heat release rate fluctuations.
Experiments carried out on lab-scale and industrial annular combustors (Worth
and Dawson 2013a; Prieur et al. 2017; Rajendram Soundararajan et al. 2021;
Aguilar et al. 2021), numerical simulations (Pankiewitz and Sattelmayer 2003;
Staffelbach et al. 2009; Wolf et al. 2012; Wolf et al. 2012; Laera et al. 2017),
and theoretical analysis (Parmentier et al. 2012; Ghirardo and Juniper 2013) have
provided a wealth of information on azimuthal coupling. Other investigations aim
to develop active and passive control techniques (Steele et al. 2000; Annaswamy
and Ghoniem 2002; Noiray et al. 2009a; Krishnan et al. 2021) to reduce such in-
stabilities. This article is specifically concerned with effects related to the swirling
injector. The injector unit (Huang and Yang 2009; Candel et al. 2014) is known to
determine the flame structure and dynamical characteristics, and it is important to
document its influence on azimuthal combustion instabilities. This could help un-
ravel the mechanisms of instabilities associated with swirling injectors and might,
in turn, help identify injector architectures that are less sensitive to disturbances
and less prone to instabilities.

Before moving further, it is worth considering some of the past research efforts
carried out on annular combustors and the influence of swirler on acoustic insta-
bilities to give a context for the present work and identify the existing knowledge
gap. A large eddy simulation (LES) of a full aeronautical combustor was carried
out by Wolf et al. (2012) to capture the azimuthal modes of this combustor. Re-
sults revealed that the amplitude of azimuthal modes varies with time, resulting
in pressure fluctuations changing between purely standing and spinning modes. It
was also found that the presence of a bulk swirling convection velocity resulted in
slow rotation of the standing mode. The effect of injector spacing on instabilities
was analyzed by Worth and Dawson (2013a) and Worth and Dawson (2013b) on
an annular combustor with flames stabilized by a bluff body. The time evolution
of the pressure variations indicated repeated switching between standing and spin-
ning modes, similar to Wolf et al. (2012). It was found that for larger separation
distances between injectors, each flame unit behaved independently and adopted
a helical structure of heat release rate. The effect of bulk swirl motion on instabil-
ities was investigated in Worth and Dawson (2013a). The configuration with al-
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ternating swirl directions resulted in statistically preferred standing modes, while
for the arrangement where all swirlers rotated in the same direction, the statistical
preference depended on the operating conditions considered and the direction of
spin dominantly depended on the bulk swirl direction. Early studies were carried
out with matrix burners in the lab-scale annular combustor MICCA. Several pure
azimuthal modes, such as standing, spinning (Bourgouin et al. 2015a), and slanted
(Bourgouin et al. 2015b) modes, were observed in this system. Experiments were
also carried out on this combustor to identify the effect of symmetry breaking by
partially blocking the injectors or changing their geometry (Aguilar et al. 2021).

At this point, it is also useful to identify the role of the injection units in the
mechanism leading to combustion instabilities. Several studies indicate the pres-
ence of a strong interaction between the flow behavior in a swirl combustor and
combustion instability (for example, Steinberg et al. (2012)). This reveals a possi-
bility of developing control techniques by altering the flow structures (Paschereit
et al. 2000) through modification of the swirler geometry. Few researchers have
pursued this, but such studies are limited only to simplified single burner test
rigs. For example, the effect of inlet swirl number was studied by Huang and
Yang (2005) using LES, and it was observed that strong swirling flows resulted
in transverse acoustic oscillations, whereas with weak swirl, longitudinal insta-
bilities prevailed. Komarek and Polifke (2010) attempted to identify the effect
of swirl number fluctuations by varying the axial position of the swirl generator.
Through the combination of experiments and numerical simulations, it was ob-
served that the position of the swirl generator has a strong impact on the flame’s
dynamical response. Another study that considered the effect of swirl number was
reported by Kim (2016). Experiments with two different swirl numbers indicated
that the normalized pressure and heat release rate oscillations were more intense
in the stronger swirl number case than in the weaker swirl configuration. Recently,
Zhang et al. (2021) performed LES on a premixed swirl-stabilized combustor and
found changes in the regions of instability depending on the swirl number value. It
was noted that the corner recirculation zones played a major role in inducing heat
release rate fluctuations compared to the central recirculation zone. Apart from
the dependence on swirl number, the work carried out by Vignat et al. (2019)
revealed the effect of swirler pressure drop on combustion instabilities. A recent
study by Rajendram Soundararajan et al. (2022) in a single-injector combustor
shows that the longitudinal self-sustained instabilities strongly depended on the
swirler type used. A low-order model based on injector impedance using flame
describing function (FDFs) was also shown to predict these instabilities. FDFs
from single-injector systems have also been used to successfully predict the in-
stabilities of annular combustors equipped with matrix burners featuring laminar
flames (Laera et al. 2017).

The above review shows that the swirler effect on instabilities has been inves-
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Figure 7.1. (a) Photograph of the MICCA-Spray setup. The height of the combus-
tion chamber is maintained at 400 mm for both the inner and the outer chamber
walls. (b) Schematic top view of the combustion chamber showing the locations of
chamber microphones (MCx) and photomultipliers (PMx). The azimuthal angle 0
is positive along the counterclockwise direction, and its baseline is taken along the
centerline of injector 1. (c) Schematic diagram of complementary single-injector
setup SICCA-Spray. (d) An exploded view of the injector unit with its various com-
ponents together with a schematic drawing of the swirler.

tigated in single-injector combustors, but to our knowledge, such studies have not
been carried out in annular combustors. The current investigation would thus help
in bridging several knowledge gaps. (1) What happens when the swirl number
and pressure drop of the injector unit are systematically varied in an annular com-
bustor? Such knowledge would help develop swirlers that are less susceptible to
instabilities. (2) What happens to the modal structure in a configuration where co-
and counter-rotating swirlers are alternating compared to a configuration where
all the swirlers are co-rotating? (3) Can a simplified single-injector setup capture
some of the features exhibited by the multi-flame annular combustor where there
are flame-flame interactions?

Experiments reported in this chapter address the above questions by systemati-
cally documenting instabilities in the lab-scale MICCA-Spray annular combustor.
The setup is presented in Section 7.2. Stability maps of the annular combustor
with the various swirler configurations are presented in Section 7.3, followed by
a discussion of the modal structure between a fully co-rotating configuration and
an alternate co- and counter-rotating configuration (Section 7.4). Results from a
complementary single-injector setup, SICCA-Spray, with the various swirlers are
finally presented in Section 7.5, along with a discussion on how they can help ana-
lyze the instabilities observed in the annular system. Two appendices are included
at the end of this chapter. Appendix 1 is concerned with the FDF phase evolution
at a higher equivalence ratio, and Appendix 2 proposes a detailed comparison of
spin ratio distributions between co- and counter-rotating swirlers when operating
with premixed propane and air or with liquid dodecane delivered as a spray.
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7.2 Experimental setup of MICCA-Spray

The experimental setup of the lab-scale annular combustor MICCA-Spray is
shown in Fig. 7.1 (a) & (b). Only the main features of the test rig are described
here, and the readers are referred to Chapter 1 for a more detailed description. The
test rig consists of an annular plenum connected to the annular combustion cham-
ber through sixteen swirling injectors (exploded view shown in Fig. 7.1 (d)). In
the present study, liquid heptane is used as fuel and is delivered into the chamber
through a simplex atomizer mounted on the injector. The atomizer is mounted
inside the injector at the nominal distance of 6.75 mm from the backplane and
disperses finely atomized fuel droplets as a hollow cone spray in the presence
of air flow. The MICCA-Spray chamber consists of two concentric, cylindrical
quartz tubes of height 400 mm. Eight Briiel & Kj@r microphones are mounted on
the chamber (marked as MCx in Fig. 7.1 (b)). These microphones are placed on
waveguides whose ports are flush-mounted on the chamber backplane to prevent
direct contact of the microphones with the hot chamber environment. The micro-
phone signals are acquired at a sampling frequency of f; = 32, 768Hz for a total
time period of 7y = 16s.

For the present study, five different radial swirlers featuring six tangential chan-
nels are tested. The swirlers are named 707, 712, 716, 726, and 727, and their
characteristics are recalled in Tab. 7.1. The swirlers can be grouped into two cate-
gories based on their swirl number: the lower-swirl category comprising swirlers
707 and 712, and the higher-swirl category comprising the rest of the swirlers.
Each group also includes swirlers with the same swirl number values, but different
pressure drops. The swirlers 707 and 712 have nearly the same swirl number, but
their pressure drop values are not identical. Among the higher-swirl category, the
swirlers 726 and 727 have the same swirl numbers but a slightly different pressure
drop, while the swirlers 716 and 727 have almost the same pressure drop, but 727
has a slightly higher swirl number. In addition to the five swirling injectors, a com-
bination of clockwise rotating (716-type) and counterclockwise rotating (namely,
816) swirlers are placed alternatively to understand the effect of overall bulk swirl
on instabilities. Swirler 816 is completely identical to swirler 716 except in the
swirl direction.

7.3 Stability map of MICCA-Spray annular com-
bustor

The stability map of the MICCA-Spray annular combustor is obtained by con-
sidering five levels of thermal power P and, at each level, operating at six different
equivalence ratios ¢, resulting in a total of thirty data points per swirler. At each
operating point, the fuel flow rate is fixed, and the air flow rate is systematically
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Table 7.1. Swirler characteristics measured under cold flow at an air flow rate
of hair = 2.6g s~ and 2.5 mm above chamber backplane. Sy represents the ex-
perimentally obtained swirl number and Ap represents the pressure drop of the

1
injector. o is the head loss coefficient defined by Ap = §apou§, where wy, is the

bulk velocity at the injector exit and py is the density. ds. is the diameter of the
swirler channels, and Ry s is the distance between the axis of a channel and the
axis of the swirler.

. Ap g dsc RO,SC

Category Swirler
-) (-) (kPa) (-) (mm) (mm)
707 060 3.65 333 40 4.6
712 059 450 410 3.0 23
716/816 0.70 5.74 523 35 47
Higher-swirl 726  0.74 6.00 547 35 55

727 0.74 570 520 35 5.1

Lower-swirl

varied to obtain different equivalence ratios. The stability map of MICCA-Spray
is represented in terms of two parameters, amplitude and frequency of instability,
to suitably represent the first azimuthal-first longitudinal 1A1L modes exhibited in
the assessed operating points. Considering a e ™ time harmonic convention for
the acoustic waves, at any instant ¢, the acoustic pressure measured by the chamber
microphones can be represented as:

ph(0,t) = AT exp(if — iwt) + A~ exp(—if — iwt) (7.1)

In this expression, p/, represents the instantaneous pressure measured by the mi-
crophones, A" and A~ designate counterclockwise and clockwise spinning waves
respectively of the 1A1L mode, w = 2 f; is the angular frequency, and 6 is the
azimuthal angle, which is considered positive in the counterclockwise direction.
The instantaneous signals recorded by the eight chamber microphones can be used
to determine the wave amplitudes A" and A~ and deduce an indicator of instabil-
ity that is spatially averaged over the annulus and temporally averaged over the
duration of acquisition (Rajendram Soundararajan et al. 2021). This amplitude,
proportional to the root mean square (RMS) amplitude and independent of the
structure of the unstable mode, is given by

A= (AT + A )2 (7.2)

A 1s used to compare the instability between the different swirlers along with the
instability frequency f;, which is the peak frequency from the power spectrum of
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the microphone signals. The power spectral densities are obtained using Welch’s
periodogram method by considering 64 windows with 50% overlap between win-
dows, resulting in a frequency resolution of Af ~ 2 Hz. The microphone signals
are bandpass-filtered between 500 Hz and 1100 Hz, and the time-resolved analytical
signals are obtained through the Hilbert transform. The wave amplitudes are then
reconstructed up to the third order in azimuthal harmonics (Vignat et al. 2020).

In addition to comparing the amplitude and frequency of instability, the spin
ratio s, is calculated to identify the structure of the azimuthal instabilities and is
given by,

A+ - |47
S = 7.3
" AT A )
A value s, = 1 corresponds to a counterclockwise spinning wave, s, = —1 rep-

resents a clockwise spinning wave, and s, = 0 pertains to a standing azimuthal
wave.

The behavior of the swirlers in the lower-swirl category (707 and 712) is spe-
cial as they do not exhibit any azimuthal instability in the domain of interest (P:
93-118 kW and ¢: 0.75-1.05), and the fluctuating pressure amplitude remains be-
low 50 Pa. On the contrary, all the swirlers in the higher-swirl category exhibit
unstable behavior. Although the various swirlers have similar geometries, a minor
change resulting in the reduction of swirl number improves the stability of the an-
nular combustor. This study indicates that a critical value exists 0.6 < Sy¢-ir < 0.7
such that injectors with low swirl Sy < Sn.-i+ yield stable operation, while units
with swirl numbers exceeding this critical value Sy..+ < Sy lead to oscillations
in certain ranges of operating parameters. It is worth noting, however, that this
categorization is specific to the present configuration and may not be generally
applicable. For the different swirlers in the higher swirl category, stability maps
representing the amplitude and frequency of instability are displayed in Fig. 7.2.
The data obtained at the thirty operating points are interpolated to derive the sta-
bility maps plotted in this figure.



7.3 - STABILITY MAP OF MICCA-SPRAY ANNULAR COMBUSTOR 155

Amplitude (Pa) Frequency (Hz)

0 200 400 600 800 1000 1200 1400 1600 1800 750 760 770 780 790 800 810 820 830 840
AP N e ()T T T .

1.05

95

(b) 716-816

1.05

95 100 105 110 115
P(kW)

95 100 105 110 115 95 100 105 110 115

P(kW) P (kW)

(d) 727

Figure 7.2. Amplitude (left) and frequency (right) stability map of MICCA-Spray
for the different swirlers in the higher-swirl category. The swirlers in the lower-
swirl category (707 and 712) are always stable in the assessed operating zone
and hence are not shown here. The black star on the stability map refers to the
operating conditions of the complementary single-injector combustor described in
Section 7.5.
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The measurements reported here were also repeated, and it was found that the
stability contour shapes and their location were reproducible but with some differ-
ences in the amplitude levels caused by variations in the nature of the modes sus-
taining the instability. Overall, the swirlers exhibit gradual changes from stable to
unstable states as the operating points are varied. On comparing the three swirlers
in the higher-swirl category (716, 726, 727), minor variations in amplitude can be
observed; the highest amplitude of instability is exhibited by swirler 716 (Amax ~
1673 Pa) at P = 110kW and at slightly fuel-rich conditions (¢ = 1.05). This is
followed by swirler 727, which exhibits a maximum amplitude of Apax ~ 1540 Pa
at P = 118kW, also under slightly rich conditions, and then swirler 726, which
reaches the maximum amplitude of Ap.x & 1460 Pa at both P = 118 and 110 kW
for slightly rich conditions. The amplitude stability map of 727 evolves like that
of 716 (Fig. 7.2 (a) & (d) left), while it differs from the map of 726, which has
the broadest instability region among the three swirlers, exhibiting instability even
at the lowest power. The swirlers 727 and 716 possess the same pressure drop,
which is slightly lower than the pressure drop of 726. This observation points to
the dependence of instability amplitude on the pressure drop; a higher pressure
drop for the same swirl number appears to widen the region of instability. The
amplitude map of 726 contains two discrete high-instability zones (red zones in
Fig. 7.2 (c) left), one occurring at higher power and slightly richer conditions and
the other occurring at lower power and leaner equivalence ratio. Swirlers 716 and
727, however, exhibit continuous high-instability regions at higher equivalence ra-
tios and are always stable at the lowest power. All the swirlers are stable at the
lowest equivalence ratio of ¢ = 0.75, irrespective of the thermal power.

On comparing the frequency maps, swirlers 716 and 727 feature similar val-
ues. But with 726, the frequencies are nearly 15 Hz higher than those of the other
two swirlers. The operating point where the instability frequency is highest occurs
at P = 118 kW and close to stoichiometry, a set of conditions yielding the highest
adiabatic flame temperature and correspondingly the highest frequency of oscil-
lation. It is indicated here that the results corresponding to swirler 716 are also
reported in Chapter 9, where a comparison of instabilities with different fuels is
presented.

It is also interesting to examine oscillations at some points in the unstable range
to compare features exhibited by the different swirlers. A first point is character-
1ized by {P = 110kW & ¢ = 1.0} while the second corresponds to {P = 103kW
& ¢ = 0.95}. The pressure-time traces recorded by four chamber microphones are
shown in the top rows of Fig. 7.3, whereas the spin ratio evolutions are plotted in
the bottom rows of this figure. The pressure signals feature an overall limit cycle
envelope with small, random bursts. The spin ratio randomly switches between
standing and spinning modes. Such a modal behavior was previously observed
in large eddy simulations (Wolf et al. 2012) and in annular combustor experi-
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Figure 7.3. Time evolution of chamber pressure pl, (MCI to MC4) and spin ratio
s, for 716, the alternate arrangement of 716-816, 726, and 727. Two operating
points are chosen from the instability map, where strong instability is exhibited by
the four swirler configurations. The pressure-spin ratio set at the top corresponds
to {P = 110kW & ¢ = 1.0}, and the bottom set corresponds to {P = 103kW &
¢ = 0.95).

ments (Worth and Dawson 2013a; Bourgouin et al. 2013). At the two operat-
ing points, swirler 716 is characterized by similar spin ratio fluctuations between
standing s, = 0 and the two spinning modes s, = —1 and +1. The spin ratio traces
corresponding to 726 are also quite similar with rapid fluctuations between the
different modes but centered around the standing mode s, = 0. However, these
traces are notably different for swirler 727. For this swirler, at {P = 110kW &
¢ = 1.0}, s, rapidly oscillates between the standing and spinning modes, whereas,
at {P = 110kW & ¢ = 0.95}, it mostly oscillates between standing and clockwise
spinning mode and spends almost no time in the s, > 0 (counterclockwise) region.
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7.4 Instability with co- and counter-rotating swirlers

It is now worth comparing the combustion dynamics in a configuration where
all the swirlers impart clockwise rotation (all are of 716-type, referred to as CR:
clockwise rotating) and a configuration where clockwise and counterclockwise ro-
tating swirlers are alternatively placed (716-816, designated as CCR: clockwise-
counterclockwise rotating). Our goal is to check whether the bulk swirl induced in
the annular chamber when all swirlers rotate in the same direction influences the
modal dynamics. A study of this type was already carried out by Worth and Daw-
son (2013a) in an annular system using a different class of injectors comprising
a central bluff-body stabilizer and featuring a lower swirl number. As indicated
by Worth and Dawson (2013a), the bulk rotation in the CR arrangement can be
expected to be in the clockwise direction along the outer wall of the annulus and
in the anticlockwise direction along the inner wall. The CR arrangement would
also form a shear velocity layer between two adjacent injectors due to the oppo-
site direction of the swirling velocity. The bulk motion would be canceled out in
the CCR configuration, where co- and counter-rotating swirlers are alternatively
placed.

The stability maps in Fig. 7.2 (a) & (b) right show that the instability frequency
is the same for the two cases. This is expected since changing the swirl direction
does not change the overall temperature distribution in the chamber, which, in turn,
is reflected in the instability frequency. On the other hand, some changes appear
in the location of the unstable domain (Fig. 7.2 (a) & (b) left), which is shifted
towards lower thermal powers and equivalence ratios for the CCR arrangement
compared to the CR arrangement. This can be better appreciated by probing the
point where the maximum amplitude of oscillation occurs in these two cases. In
the CR arrangement, one finds Ap.x = 1673 Paat P = 110kW and ¢ = 1.05, while
in the CCR configuration Ap.x = 1775 Pa occurs at a lower thermal power of
P = 103kW and a lower equivalence ratio of ¢ = 1.0. The pressure signals plotted
in Fig. 7.3 (a-b) & (e-f), corresponding to CR and CCR arrangements, are fairly
similar with intermittent bursts along with rapid changes in the modal composition
as indicated by the spin ratio evolution in the same figures.

Previous studies on annular combustors (Wolf et al. 2012; Worth and Dawson
2013a) indicate that when all the swirlers impart rotation in the same direction, the
bulk swirl imposes a slow rotational motion of the nodal line of the s, = 0 standing
mode. Worth and Dawson (2013a) indicate that in the alternate anticlockwise and
clockwise swirler arrangement (i.e., CCR configuration), a statistical preference
towards a standing mode appears compared to the case where all swirlers induce a
rotation in the same direction (i.e., all are co-rotating as in the CR configuration).
To see if this is verified in the present configuration, one may examine the spin
ratio statistical distributions plotted in Fig. 7.4 for the CR and CCR configurations
corresponding to four thermal powers (P: 118, 110, 103, 99kW) and a single
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Figure 7.4. Histogram of spin ratio occurrence comparing a configuration where
all the swirlers impact clockwise rotation (CR) and a configuration where clock-
wise and counterclockwise rotating (CCR) swirlers are alternatively placed. The
black vertical line corresponds to the mean spin ratio s,. The results are presented
at four thermal powers and ¢ = 0.9.

equivalence ratio ¢ = 0.9. The lowest thermal power of 93 kW is not considered
as the system is always stable at this power when ¢ = 0.9. In these diagrams,
most of the spin ratio distributions resemble a Gaussian random process with a
mean and standard deviation that depend on the operating point. The preferred
operating mode can be roughly deduced from the mean spin ratio s,, shown as
a vertical black line. The statistical preference is mostly either a standing mode
or an anticlockwise spinning mode but not a clockwise spinning mode except for
the CR configuration at 99 kW, where the distribution inclines towards clockwise
spinning wave mixtures. The CCR combination has a wider distribution spanning
the full range of spin ratios at most operating points. This may be attributed to
an effect of the bulk swirl, but one observes that, at certain operating points, the
CR configuration as well features a relatively broad distribution (see Fig. 7.4(b)
& (c¢)). Therefore, in contrast with Worth and Dawson (2013a), the present data
indicate that there is no statistical preference for a particular mode. Similar data at
other operating points confirm this finding, so one cannot generally infer that the
presence of a bulk swirl determines the nature of the coupling mode.

7.5 Flame describing functions and their impact

It is natural to ask whether flame describing functions (FDFs) can be used to
analyze the differences in unstable behavior observed in MICCA-Spray with the
various swirler units. The FDFs are determined in the single-injector combustor,
namely SICCA-Spray, which represents one sector of the MICCA-Spray annular
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combustor. This analysis is carried out at one operating point selected from the
MICCA-Spray stability map, which is marked as a black star in Fig. 7.2. The
annular combustor operates at a thermal power of P = 103kW and an equiva-
lence ratio of ¢ = 0.85. The corresponding thermal power of SICCA-Spray is
Psicca = 6.4kW. The experimental setup shown in Fig. 7.1(c) is described in
Chapter 1. The rig comprises a cylindrical quartz chamber with an inner diam-
eter of 69 mm, allowing optical access to the flame region, and is operated with the
same injectors as MICCA-Spray. Although the wall-bounded flames in SICCA-
Spray do not exactly represent the flames of MICCA-Spray, where each flame
is surrounded by other flames, it is concluded in a later investigation that they
approximately represent the flame dynamics in MICCA-Spray. Further details
are provided in Chapter 10. This conclusion relies on a comparison between the
single-injector configuration and a newly developed three-injector linear test rig
TICCA-Spray, where the central flame is surrounded by two side flames and more
closely resembles the MICCA-Spray environment. In these three configurations,
the injection-to-backplane surface area ratio is kept constant. It is found that the
FDFs measured in the single-injector rig do not coincide but are generally close
to those found in the multiple injector array. Since the FDF data from the single-
injector configuration (SICCA-Spray) is thoroughly determined, it is used in what
follows to interpret observations made in the annular system. Before discussing
the flame response in terms of FDFs, it is logical to first examine flame shapes
under steady conditions.

7.5.1 Flame shapes formed by the different swirlers

Flame images displayed in Fig. 7.5 are recorded when the SICCA-Spray com-
bustor is in a steady state stable operation. Each image is obtained by averaging
30 frames recorded by an intensified CCD camera fitted with an OH* filter and
applying an Abel inversion to the average image.

The overall flame shapes corresponding to the lower-swirl injectors notably
differ from those formed by the higher-swirl units. The lower-swirl devices (707
and 712) establish “V" flames that are narrower and longer. Such flames would
result in reduced interactions with the neighboring flames in MICCA-Spray. Be-
tween 707 and 712, the flames differ in the distribution of chemiluminescence
intensity; while 707 has a relatively uniform distribution in the flame wings, 712
features a more concentrated chemiluminescence intensity close to the tip. The
higher-swirl units form “M" flames that are generally wider, resulting in aug-
mented flame-flame interactions in MICCA-Spray. The flame wing angle is lower
for 716 compared to the other two swirlers (726 and 727), probably because this
unit has a lower swirl number. A modest difference exists between 726 and 727
in the two central branches, which are seen to merge at a greater distance from the
outlet for 727 compared to 726. This could possibly be linked to the difference in
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(a) 707 (b) 712 (c) 716 (d) 726 (e) 727

Figure 7.5. Flame images showing OH* chemiluminescence captured in SICCA-
Spray under stable conditions. An Abel inversion is applied to the averaged im-
ages captured by the camera and are displayed in false colors. Pgsiccy = 6.4kW
and ¢ = 0.85. The swirlers 707 and 712 belong to the lower-swirl category, while
the other three swirlers (716, 726, 727) belong to the higher-swirl category.

pressure drop values, as other parameters remain the same for these two swirlers.
Differences in mean flame shapes can be expected to influence the flame response
to incoming disturbances, as confirmed in what follows.

7.5.2 Measurement of flame describing function

The flame response to external acoustic modulations is obtained in the SICCA-
Spray combustor in terms of a flame describing function (FDF). In the absence of
equivalence ratio fluctuations, the FDF is given by:

F=(Q/Q)/(d/d) (4.2 Rep.)

where @' /Q designates the relative fluctuations in heat release rate, and ¢/, /¢, rep-
resent the relative fluctuations in volume flow rate. The assumption that equiv-
alence ratio fluctuations are negligible is verified in Chapter 2 for the injectors
considered in the present study. Further, it is observed that these injectors behave
in a quasi-premixed fashion due to the recessed position of the atomizer. Thus, for
the present spray flames, chemiluminescence intensity can be used as an indicator
of heat release rate. A photomultiplier fitted with an OH" filter centered at 308 nm
records the mean and fluctuating light intensities I'(OH*)/I(OH*) from the flame,

which approximately represents the relative heat release rate fluctuations Q’/Q.

The relative fluctuations in volume flow rate ¢ /¢, are often replaced by the
relative velocity fluctuations for ease of measurement. Such a substitution is valid
as long as the measurement is carried out in a region where the relative velocity
fluctuations match the relative volumetric flow rate fluctuations. This was reported
in Chapter 4, and it was found that the suitable measurement position is close to
the location of maximum mean axial velocity. This location is at » = 3.5 mm for
the swirlers in the lower-swirl category (707 and 712) and at » = 4 mm from the
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Figure 7.6. Flame describing function represented in terms of gain G and phase
o at different levels of relative velocity fluctuation u’c’r /e, and shown for the five
swirlers considered. The gray bands in the phase diagrams indicate the tentative
unstable bands. It is recalled here that swirlers 707 and 712 belong to the lower-
swirl category, while the other three swirlers (716, 726, 727) belong to the higher-
swirl category.
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center of the injector for the swirlers in the higher-swirl category (716, 726, 727)
and at a height of 4 = 2.5 mm above the backplane. The axial velocity fluctuations
are measured with a 2-component phase Doppler particle analyzer (PDPA) sys-
tem operating in laser Doppler anemometry mode and making use of the heptane
droplets in the spray. This is adequate because the droplet size at the measurement
point does not exceed a mean diameter of 8 um, and the droplets, therefore, follow
the air flow well in the frequency range of interest. Henceforth, the relative ve-
locity fluctuations measured at the injector exit are represented by u’c,r /7c,r, Wwhere
‘¢’ refers to measurement carried out in the chamber and ‘r’ refers to the radial
measurement location.

The two driver units mounted at the bottom of SICCA-Spray are modulated at
different frequencies and amplitudes, resulting in different levels of relative veloc-
ity fluctuations uy, . /7., at the injector outlet to obtain the FDF gain G and phase
¢r. The FDFs are shown in Fig. 7.6 for the five swirling injectors considered in
this study. The FDFs for the lower-swirl category (Fig. 7.6 (a) & (b)) notably dif-
fer in both gain and phase from the FDFs of the higher-swirl category (Fig. 7.6 (c),
(d), & (e)). However, the FDFs are quite similar when the swirlers belong to the
same category. On comparing the swirlers 707 and 712 (Fig. 7.6 (a) & (b) top),
one observes that the overall trend in gain is preserved with some minor differ-
ences. While the gain of 707 evolves almost linearly with the velocity fluctuation
levels, 712 exhibits mild variations with respect to the velocity fluctuation level
close to 500 Hz in the tested amplitude range. The gain for swirler 707 features
a plateau until 600 Hz, beyond which there is a steady drop. For swirler 712, the
gain mildly increases in the low frequency range (< 600 Hz) and falls beyond that
frequency. Similarly, the gains of the swirlers 716, 726, and 727 exhibit the same
overall behavior, rising until around 550 Hz and then reaching a plateau, especially
at the higher velocity fluctuation levels. In the low frequency range, the 716 gain
is nearly independent of the velocity fluctuation level but then exhibits substantial
sensitivity to the excitation level beyond 500 Hz. The other two swirlers (726 and
727) feature a weak nonlinearity, first at the lower velocity fluctuation amplitudes
and below 500 Hz, but this becomes more pronounced beyond this limit, similar to
the 716 case. For the same level of amplifier input voltages delivered to the driver
units of SICCA-Spray, 707 reaches the highest level of velocity fluctuations, with
u,, ,/Teyr =~ 37% at a frequency of around 500 Hz. This level is slightly lower for
712 at 31%, whereas the swirlers in the higher-swirl category feature a maximum
level of about 23%. These limitations in relative modulation levels may be linked
to the pressure drop. The swirlers in the higher-swirl category also feature the
highest pressure drop values offering higher resistance to the incoming acoustic
disturbances.

The phase of the FDF is almost linear for all of the swirlers in the ampli-
tude range tested. A mild nonlinearity is observed around 500 Hz for 707, beyond
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500 Hz for 712, and beyond 700 Hz for the higher-swirl units. The phase of the
FDF essentially depends on the swirler category. In general, the higher-swirl units
have similar phase functions, whereas the lower-swirl devices differ in their phase
characteristics beyond 630 Hz.

7.5.3 Instability analysis using FDF's

The FDF framework allows for a reasonable prediction of instabilities ob-
served in MICCA-Spray, as demonstrated in Laera et al. (2017). For injectors
that are weakly transparent to acoustic waves, like the ones considered here, it
was shown in Chapter 6 that a low-order model might be used to predict insta-
bilities of SICCA-Spray. The model consists of imposing an impedance ¢ at the
injector outlet, the phase of which determines the unstable bands, and an experi-
mentally determined FDF F to represent the flame dynamics. One may infer, from
this model, a qualitative interpretation of observations made in the annular system.

l Lower-swirl: Ac707 x#712  Higher-swirl: -O-716 <-726 -3-727
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Figure 7.7. FDF phase o for the different swirlers considered in this study. Only
the phase evolution of Fig. 7.6 corresponding to maximum attainable relative ve-
locity fluctuations are shown. The swirlers 707 and 712 belong to the lower-swirl
category while the swirlers 716, 726, and 727 belong to the higher-swirl category.

The model yields unstable bands, which can be plotted in the FDF phase di-
agram. If the phase of the FDF at a particular frequency falls within this band,
then one can predict a “potential instability" at this frequency. The location of this
unstable band is predominantly decided by the phase of the impedance ¢, at the
injector outlet, which, in turn, could be linked to the injector pressure drop, as seen
in Chapter 6. In addition, one also obtains a growth rate for the instability, which
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directly depends on the FDF gain. If this growth rate is greater than the damp-
ing imposed by the system, then it can be concluded that a particular operating
point will be “definitely unstable" in MICCA-Spray. Using this simplified injector
representation and FDF, an attempt is made to understand the instabilities of the
MICCA-Spray combustor. It has been shown in Chapter 6 that for an acoustically
weakly transparent injector, the impedance measured at the injector outlet takes a
phase ¢¢ in the range 37 /4, 7] for frequencies lying between 300 and 600 Hz. It
is, however, not possible to obtain the injector impedance in SICCA-Spray as the
measurements can be obtained only when there is a self-sustained oscillation and
the system is stable beyond 600 Hz (discussed in Chapter 6). A similar result is
also obtained by Patat et al. (2021) using an equivalent injector placed in a linear
multi-injector test rig and submitted to transverse acoustic perturbations around
750 Hz. In the absence of information on the definite injector impedance in the an-
nular configuration, one may tentatively assume that o = 7. The corresponding
unstable band lies in the range between [r/2, 37 /2], and this band can be placed
in the phase diagrams shown in Fig. 7.6 & 7.7 (marked as a gray region). As
seen from the images in Fig. 7.5, the flames are longer for the lower-swirl group,
whereas they are shorter and broader for the higher-swirl group. From these im-
ages, the axial location of the heat release rate barycenter a; can be calculated
and is found to be approximately at a height of 36 mm for the lower-swirl cate-
gory and 30 mm for the higher-swirl category. Given that the higher-swirl group
has a slightly higher maximum mean axial velocity between the different swirlers
(seen in Chapter 1 under cold conditions and shown in Chapter 4 under hot condi-
tions, where the maximum mean axial velocity is 69 ms~! for 716 and 58 ms ™! for
707, measured 2.5 mm above chamber backplane), and assuming that disturbances
travel at half the maximum mean velocity (Durox et al. 2005), one can expect the
lower-swirl group to have a higher time delay. This is then reflected as a compar-
atively higher FDF phase for the lower-swirl category, which is seen in Fig. 7.7,
where two distinct groups of FDF phase functions can be distinguished depend-
ing on the swirler category. This figure shows the FDF phase for all the swirlers
to facilitate comparison. Only the phase curves of Fig. 7.6 corresponding to the
maximum of relative velocity fluctuations at all frequencies are shown in Fig. 7.7.
Noting that the instabilities in MICCA-Spray coupled with the 1A1L mode have
oscillation eigenfrequencies lying between 750 and 832 Hz, one can see that the
phases for 707 and 712 cross the 37/2 upper limit of the unstable band at 700 Hz
and 650 Hz respectively. This clearly indicates that the two lower-swirl units will
not give rise to 1A1L instability in MICCA-Spray. For the three swirlers in the
higher-swirl group, the phase of the FDF crosses the 37 /2 limit of the instability
band at ~ 790 Hz at the highest level of velocity fluctuations (uy.,. /%, ~ 15% in
Fig. 7.6 (c-e) (bottom row). This crossing frequency is close to the 1A1L eigen-
frequency, which is around 800 Hz for the three swirlers (marked in Fig. 7.2 right),
thus providing a positive growth rate. This means that these swirlers might give
rise to instability and that their crossing frequency would then increase as the am-
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plitude grows, while the phase would continue to be reduced and stay within the
unstable band in Fig. 7.2 so that the oscillation corresponding to 726 would finally
reach a limit cycle at a frequency of 832 Hz. Of course, this is only a tentative sce-
nario since there is no information beyond 800 Hz and also because the unstable
band has been placed in the range [r/2,37/2]. Thus, as a general guideline, one
may say that the pressure drop defines the position of the unstable band, whereas
the swirl number controls the location of the FDF phase with respect to the unsta-
ble band, consequently deciding the stability of the system.

One other condition for instability is to have a growth rate level that is suffi-
ciently high to overcome the system damping rate. The growth rate increases with
the FDF gain. From the gain plots in Fig. 7.6, a significant difference is observed
between the two swirl categories. For the lower-swirl group, the gain decreases
between 750 and 832 Hz and drops below one. Whereas, for the higher-swirl cate-
gory, the gain increases in this range and is about two times higher than that of the
lower-swirl category. The three swirlers in the higher-swirl category feature simi-
lar FDF gain values (Gayerage ~ 2.8), thus promoting the occurrence of instabilities
in the annular combustor at this operating point and partially explaining why the
swirlers in the higher-swirl category become unstable in MICCA-Spray, whereas
units in the lower-swirl category are always stable.

It is also possible to infer why swirlers 716 and 727 have similar stability maps,
as indicated in Section 7.3. These two swirlers have the same pressure drops, their
FDF phase functions are identical, and their gains are roughly similar. The unsta-
ble bands will have the same location, and one may expect a common instability
behavior. In contrast, the relatively high pressure drop induced by swirler 726
might shift the tentative unstable band towards higher phase values. Thus, for an
FDF phase that is slightly above the upper limit of the unstable band correspond-
ing to 716 and 727, the swirler 726 might still show an unstable operation (refer
to Fig. 7.7). Therefore, in the frequency range between 750 to 832 Hz, one can
expect that 726 will feature a broader instability range, which is also confirmed
by the results shown in Section 7.3 (Fig. 7.2 (c) left). In addition, the FDF phase
corresponding to slightly higher frequencies would be inside the unstable band for
726. This potentially explains the comparatively higher instability frequencies in
MICCA-Spray with this swirler (see Fig. 7.2 (c¢) right).

7.6 Conclusions

Systematic experiments carried out on a lab-scale annular combustor equipped
with sixteen injectors are used to identify swirler effects on azimuthal combustion
instabilities. The present investigation reports results obtained with five different
swirlers that may be qualified as weakly transparent to acoustic waves. Their swirl
numbers range from 0.59 to 0.74 with relatively high pressure drop coefficients.
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The swirlers are categorized based on the swirl number values into lower-swirl
(swirlers 707 and 712) and higher-swirl (swirlers 716, 726, 727) groups with vari-
ations in pressure drops within each category. The swirlers in the lower-swirl
group also have comparatively lower pressure drops. Experiments are carried out
with liquid heptane at five thermal power and six global equivalence ratio levels
(30 operating points) for each swirler. The data are then used to plot stability
maps which indicate that the swirler type has a notable influence on the stability
characteristics of the system. One observes that:

None of the swirlers in the lower-swirl category feature instability at any of
the thirty operating points tested. In contrast, all the swirlers in the higher-
swirl category give rise to azimuthal instabilities.

* The transition to an unstable mode is mostly determined by the swirl number
through its effect on flame structure. The pressure drop contributes to further
variations in amplitude and frequency of oscillation.

* On comparing the swirlers in the higher-swirl category, a higher pressure
loss value appears to be associated with wider instability regions and higher
oscillation frequencies in the tested range of operating conditions.

* The evolution of the spin ratio reveals that the modes are of mixed type
and constantly switch between standing and spinning modes, an observation
similar to Worth and Dawson (2013a) and Wolf et al. (2012).

An additional case of alternatively-placed clockwise and counterclockwise ro-
tating (CCR) swirlers is compared with the standard arrangement where all the
swirlers are clockwise rotating (CR), to reveal possible effects of mean bulk swirl
on instabilities. It is found that:

* Compared to the CR arrangement, the stability map for the CCR arrange-
ment is shifted towards lower thermal powers and lower equivalence ratios.

* When the mean bulk swirl is absent, the spin ratio distribution features no
statistical preference to standing or spinning mode.

* In some cases, the CCR configuration promotes a broader distribution of spin
ratios centered around the standing mode (s, = 0), while the CR arrangement
appears to favor counterclockwise spinning modes.

Flame shapes and flame describing functions (FDFs) measured in a single-
injector combustor, namely SICCA-Spray, representing one sector of MICCA-
Spray, are employed to interpret the differences in behavior observed in the annu-
lar system at one operating point. Results show that:
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 The flame shapes obtained under stable conditions are distinct for each swirler
category. Swirlers in the lower-swirl category generally take a “V" shape,
whereas the swirlers in the higher-swirl category take an “M” shape.

* The dynamical response of the flames represented in terms of an FDF also
distinctly depends on the swirler category.

An attempt is made to qualitatively interpret instability observations in the annular
combustor by making use of a simplified instability analysis combining the FDFs
and impedance at the swirler outlet. A tentative instability band is defined (Rajen-
dram Soundararajan et al. 2022), the position of which depends on the impedance,
which, in turn, is expected to depend on the pressure drop of the injector. For the
lower-swirl injector, one finds that the FDF phase lies outside the instability band
in the frequency range of the 1A1L mode of MICCA-Spray. In the higher-swirl
case, the phase is near the band upper boundary in the frequency range of the IA1L
mode, and the gain takes larger values that are about twice those of the lower-swirl
units. These two features may then promote the growth of instability. As the gain
decreases with the amplitude of velocity oscillations, this will lead to a limit cycle.
As a general rule, one may say that the pressure drop decides the position of the
unstable band, whereas the location of the FDF phase with respect to the unstable
band is controlled by the swirl number, consequently deciding the stability of the
system.
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Figure 7.8. FDF phase o for swirlers 707 and 716 at ¢ = 0.95 (operating point
F2) in SICCA-Spray. Only the phase evolution with the maximum attainable rela-
tive velocity fluctuations at all frequencies are shown.

Appendix 1: FDF phase evolution at a higher equiva-
lence ratio

It is interesting to see whether the instability analysis developed in Section 7.5.3
can be used to explain observations made at a higher equivalence ratio of ¢ = 0.95
but at the same thermal power of P = 103kW in MICCA-Spray corresponding
to a thermal power Pgiecn, = 6.4kW in SICCA-Spray. One may only consider two
swirlers, 707 and 716, one from each category, which typify the trends observed
for the two swirler groups. It is also sufficient to examine the FDF phase corre-
sponding to the highest level of relative velocity fluctuations plotted in Fig. 7.8
together with the tentative unstable band between [r/2, 37 /2] marked in gray. The
phase of 707 leaves the unstable band at 700 Hz. Since the instability frequency in
MICCA-Spray corresponding to the 1A1L mode lies between 750 and 832 Hz, one
can conclude that this swirler will lead to a stable operation of the annular combus-
tor. In contrast, the phase of 716 falls within the unstable band between 380 and
800 Hz, which comprises a part of the eigenfrequencies of MICCA-Spray. When
MICCA-Spray is equipped with this swirler, it may potentially become unstable.
The regime will be unstable if, in addition, the gain of the FDF is sufficiently high
and such that the growth rate may overcome the damping rate in the system. The
present results obtained at a higher equivalence ratio substantiate the discussion in
Section 7.5.3.
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Appendix 2: Spin ratio comparison between co- &
counter-rotating swirlers

In Section 7.4, it was observed with heptane that the CR and CCR configu-
rations did not exhibit any statistical preference for a particular azimuthal mode.
This analysis is now extended to the other two fuels —premixed propane and lig-
uid dodecane.

With premixed propane, the mean spin ratio of the CR configuration indicates
a standing mode at the highest thermal power (118 kW), but there is an inclination
towards counterclockwise spinning mode at the other powers. With CCR config-
uration, the mode is nearly standing at the two higher powers. However, at the
two lower powers, the CCR configuration peculiarly exhibits a double peak favor-
ing both spinning modes. With dodecane, the CR configuration mostly features
a preference for the standing mode, and the CCR configuration mainly prefers
clockwise spinning, except at 103 kW, where the preference is close to a standing
mode. The spin ratio distribution is not shown for the CCR configuration at 99 kW,
as the system 1s almost stable (A = 260 Pa) at this operating point. From the 24
distributions shown for the two configurations with three fuels and four operating
points, one can say there is no conclusive statistical preference exhibited, unlike
in Worth and Dawson (2013a).
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Figure 7.9. Histogram of spin ratio occurrence comparing a configuration where
all the swirlers impact clockwise rotation (CR) and a configuration where clock-
wise and counterclockwise rotating (CCR) swirlers are alternatively placed. The
black vertical line corresponds to the mean spin ratio s,. Top set: Propane, mid-
dle set: heptane, bottom set: dodecane. The results are presented at four thermal
powers and ¢ = 0.9, except for CCR configuration with dodecane at P = 99kW
as MICCA-Spray is almost stable at this operating point.
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This chapter reports experiments aimed at identifying the effect of fuel
atomizer location on combustion instabilities. Results obtained in this
study might serve to guide design that will reduce injector sensitivity to
disturbances and instabilities. Experiments are carried out on a single-
injector combustor comprising a swirler with high swirl number and pres-
sure drop, and a pressure atomizer that delivers liquid heptane fuel in the
form of a fine spray. In the first set of experiments, longitudinal self-
sustained oscillations (SSOs) are studied by systematically varying the
atomizer recess distance and making use of three combustion chamber
lengths. Three distinct instability zones characterized by jumps in ampli-
tude and frequency are observed as a function of the atomizer recess. At
lower SSO frequencies, the pressure fluctuation amplitude in the chamber
decreases as the atomizer recess distance is diminished, tending towards
a stable operation. This behavior is reversed at higher SSO frequencies,
where the system becomes less unstable at higher atomizer recess dis-
tances. The oscillation frequency is also found to change and increases
as the recess distance is reduced. Three recess distances corresponding
to each zone of operation are selected to further analyze the flow struc-
ture and flame behavior. The mean velocity profiles only reveal moderate
differences in the flow field, but the liquid droplet spray geometry and
size distribution feature significant differences in the neighborhood of the
injector axis. Laser sheet images of the fuel spray showing the spatial
distribution of droplets reveal two patterns —one where the spray pre-
dominantly interacts with the conical exit nozzle unit when the atomizer
is recessed, and the other where this interaction is minimal. In the latter
case, the fuel spray exits directly into the chamber, and this happens when
the atomizer recess is small. The spray distribution, in turn, affects the
flame shapes resulting in two distinct configurations. Finally, the flame
response to external disturbances is studied to obtain the flame describ-
ing function. The gain and phase at the three recess positions vary quite
substantially, changing the instability behavior of the system.

8.1 Introduction

Combustion instabilities characterized by high-amplitude pressure fluctuations
are extensively investigated because of their detrimental effects (Lieuwen and
Yang 2005b; Poinsot 2017). The case of liquid fuels is of particular interest to the
aviation industry and many investigations on combustion instabilities in lab-scale
combustors specifically operated with liquid spray flames have provided useful
insights (Wolf et al. 2012; Vignat et al. 2020). The presence of liquid spray adds
additional complexity to the mechanism leading to these instabilities as time lags
associated with vaporization and mixing may alter the stability domains of the
combustors (Rajendram Soundararajan et al. 2021).
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At this stage it is worth considering some of the previous works that inves-
tigated the effect of spray dynamics on instabilities. Giuliani et al. (2002) per-
formed measurements on an air-blast atomizer and showed that the spray number
density and droplet size distribution fluctuated with the imposed acoustic modula-
tion. Such a variation may lead to the formation of hot spots in the presence of a
flame. Other experimental and numerical studies under cold flow conditions also
confirmed the presence of droplet density waves (Gajan et al. 2007), the depen-
dence of droplet size distribution (Yang and Turan 2017), spray structure (Sujith
2005), and evaporation rate (Sujith et al. 2000) on the frequency and amplitude of
the acoustic oscillation. A direct numerical simulation of an externally modulated
bunsen spray flame by Pera and Reveillon (2007) showed that for droplets with
significant Stokes number, the flame response was additionally affected by mix-
ture fraction variations caused by preferential segregation of the droplets. Such
droplet number densifications were also reported by Greenberg and Katoshevski
(2012) in an oscillatory flow field leading to flame front pinching and a subse-
quent shape transformation. The effect of convective time delay associated with
droplets on self-sustained instabilities was identified by Eckstein et al. (2006) on
a swirl combustor equipped with an air-blast atomizer. The oscillation frequency,
in this case, was found to be mainly dictated by the convection time of fuel from
the atomizer lip to the flame zone. The convective time scales of the spray can be
modified if there are wall interactions, as observed by Apeloig et al. (2015). Dur-
ing some parts of the acoustic cycle, the liquid droplet stream interacted with the
swirler walls, forming a liquid film, which was further convected and subsequently
re-atomized by the air flow. While at other instants, the droplets rebounded or
were transported directly into the chamber from their injection point. The impact
of spray-wall interaction on thermoacoustic instabilities was also emphasized by
Lo Schiavo et al. (2020) through large eddy simulations (LES) on SICCA-Spray
combustor equipped with an injector similar to the ones considered in the present
investigation. The authors found that a slip boundary condition on the walls of the
exit nozzle was unable to reproduce the experimental results. Whereas, consid-
ering film conditions accounted for the delay caused by the impingement of fuel
droplets on the wall and the subsequent formation and atomization of the liquid
film, nicely reproducing the experimental limit-cycle observations. Several other
studies (see, for example, Zhu et al. (1999), de la Cruz Garcia et al. (2009),
Tachibana et al. (2015), Innocenti et al. (2017)) have also identified the effect
of spray-flame coupling mechanisms, motivating further investigations in this do-
main. In a recent study by Lo Schiavo et al. (2021), the impact of spray injection
angle was considered through the LES of SICCA-Spray. Even though the influ-
ence of spray angle on the stable flame was negligible, it completely altered the
instability behavior —the system tended to become stable when the spray angle
was diminished in the SICCA-Spray combustor. Using numerical modeling, it was
shown that this variation of spray angle affected the film formation on the injector
exit nozzle, modifying the film-acoustic coupling. Although it is not practically
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feasible to change the spray angle, it is easier to shift the fuel atomizer location. In
this way, one can modify the spray-wall interaction, in other words, the convective
time scales associated with the fuel delivery and also the spatial distribution of
spray. This technique is adopted in the present study to develop insights on the
spray-flame dynamics leading to instabilities.

Understanding the effect of fuel injection position can also be motivated from
the viewpoint of passive control of instabilities. Such a strategy was considered
by Straub and Richards (1998) on a premixed can combustor, where experiments
were carried out to study the effect of moving the fuel injection location along
the axis of the premix nozzle. The instability regimes (both in amplitude and fre-
quency) clearly depended on the fuel injection position, which was subsequently
explained using a time lag model. By moving the fuel injection location, the dis-
tance and correspondingly the time taken for the air/fuel mixture to reach the flame
front changes for a given nozzle velocity, thus affecting the phase between heat re-
lease rate and pressure. Although a stable operation of the combustor could not be
achieved by simply changing the fuel injection location, it was possible to obtain
a stable regime of operation by injecting the fuel from two axial fuel ports. With
liquid rocket coaxial injectors, it was also found that the expansion rate of flames
1s notably augmented if the central channel conveying liquid oxygen is in recess
with respect to the outlet (Juniper and Candel 2003). This is because the confined
central stream becomes absolutely unstable, which possibly enhances the mixing
and spreading rate. A slow active control method of damping instabilities based
on varying the fuel spray properties using a Nanomizer™ unit was successfully
demonstrated by Lee et al. (2005). By varying the power input to the fuel injector,
it was possible to change the droplet diameters, which resulted in modified sta-
bility behaviors. The above studies indicate the possibility of developing control
techniques by altering the spray characteristics. This is achieved in the present
study by modifying the fuel atomizer position with the aim of developing insights
on the influence of spray dynamics on instabilities. As will be seen later, unlike
in the study of Lee et al. (2005), the droplet distribution remains nearly the same
in the present study, but the spray-wall interaction mechanism is altered, leading
to different characteristic times and spatial dispersion for the spray when the fuel
atomizer position is varied.

The current chapter is organized as follows. After a presentation of the exper-
imental setup (Section 8.2), it reports the data obtained by systematically varying
the fuel atomizer position (Section 8.3) in a combustor fueled by a spray of liquid
heptane. A detailed analysis of the spray and flame structures is then carried out,
and the observed regimes of self-sustained oscillations are interpreted by making
use of measured flame describing functions (Section 8.4 and 8.5). An appendix
is provided at the end to show the injector impedance measurement at different
atomizer positions.
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Figure 8.1. (a) Experimental setup of the SICCA-Spray test rig. (b) Exploded view
of the injector unit. Reproduced from Chapter 1.

8.2 Experimental setup

Experiments reported in this chapter are carried out in the SICCA-Spray com-
bustor equipped with swirler 726 and operated with liquid heptane as fuel deliv-
ered by an atomizer. The experimental setup shown in Fig. 8.1 is only briefly de-
scribed. More details may be found in Chapter 1. A movable atomizer is threaded
onto the injector such that its position can be continuously varied along the injec-
tor axis, an arrangement that differs from the traditional setup where the atomizer
position is fixed. The swirling air surrounding the atomizer assists in opening up
the liquid spray cone and aids in breaking up the fuel jet. The injector houses the
usual terminal plate with an exit diameter of 8 mm. It is recalled that this com-
ponent features a 5 mm-long conical section followed by a 1 mm-long cylindrical
section. The swirler, fuel atomizer, and terminal plate (conical exit nozzle) to-
gether form the injector shown in Fig. 8.1 (b). In the present experiments, the test
rig is operated at a thermal power of P = 6.4kW and a global equivalence ratio of
¢ = 0.85, corresponding to the operating point F1.

Two kinds of experiments are performed for this study. In the first set, the
combustion chamber length is varied to produce self-sustained oscillations (SSOs)
of different amplitudes and frequencies. Three chamber lengths are used in the
present study, /. = 365 mm, 265 mm, and 215 mm, all with a chamber inner di-
ameter of d. = 69mm. At each chamber length, the atomizer position is varied
continuously to identify the effect of fuel injection location. In the second set of
experiments, the two driver units mounted at the bottom of the plenum modulate
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the air flow at different frequencies and amplitudes to determine the flame describ-
ing function (FDF). During these experiments, the length of the chamber is fixed
and equal to /. = 150 mm to avoid self-sustained oscillations. A wave generator
connected to the driver units delivers frequency ramps between 250 Hz and 850 Hz
at the rate of 4.5 Hzs ! and at six amplifier voltages to produce different velocity
fluctuation levels ., /7., at the base of the flame.

The pressure signal is measured by microphone MC1 plugged on a water-
cooled waveguide connected to the chamber through a brass ring of diameter
70mm and a length of 15 mm mounted on the backplane. The microphone lo-
cated at a distance of 276 mm from the waveguide port is protected from the high-
temperature environment in the chamber, but this introduces a propagation delay
of 0.79 ms in the measured acoustic pressure that is accounted for in the data pro-
cessing. The chamber formed by a quartz tube provides the optical access needed
for recording the chemiluminescence I(OH™) from the flame using a photomul-
tiplier. Axial velocity measurement of the spray of heptane droplets is obtained
using laser Doppler anemometry (LDA), and the droplet size profile is acquired
using phase Doppler anemometry (PDA). The air velocity profiles reported in Sec-
tion 8.4.1 for cold flow conditions are the only ones to include axial, radial and
tangential velocity components. These are obtained using LDA by seeding the air
flow with fine oil droplets having a small mean diameter of 2.5 um. More details
on LDA and PDA measurements are given in Chapter 1. An intensified camera
equipped with a UV lens and an OH™ filter centered at 308 nm is used to obtain the
flame images. For heptane spray imaging, laser light sheet scattering images are
recorded without chamber confinement to avoid parasitic reflections. The light-
sheet is formed by a continuous Nd:YAG laser with a wavelength of 532 nm and
the images are acquired using a Panasonic Lumix FZ38 digital camera.

8.3 Regimes of self-sustained oscillations (SSOs)

Pressure fluctuations are measured in SICCA-Spray for three chamber lengths
lc = 365 mm, 265 mm, and 215 mm, and at each length, the atomizer position is
systematically varied. The atomizer recess h, refers to the distance of this unit
with respect to the chamber backplane. The atomizer is moved continuously from
hy = 9.25 mm (lowest position) to 1.75 mm (highest position) in steps of 0.5 mm to
obtain the instability characteristics at sixteen recess distances. At each position,
the microphone MC1 measures the acoustic pressure level in the chamber, and
the signals are sampled at a rate of 16,384 Hz for an acquisition time of at least
10s. Measurements are performed when the atomizer is moved upwards as well
as downwards to check if there is any hysteresis effect. The recess distance is not
reduced below 1.75 mm to avoid flame stabilization on the atomizer head, which
would eventually damage this unit.
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Figure 8.2. Amplitude (a) and frequency (b) of SSO at three chamber lengths
365 mm, 265 mm and 215 mm and for different recess distances. The vertical ar-
rows in (a) at 365 mm and 265 mm point to the jumps corresponding to changes in
the system’s state. (c) Stability map at different recess distances. U: Upwards; D:
Downwards.

Figure 8.2 (a) and (b) show the amplitude and frequency of SSO at different
atomizer recess distances both for downward (increasing the recess distance) as
well as upward movements (decreasing the recess distance). The frequency of
oscillation is obtained by considering the peak frequency of the power spectrum,
and the root mean square (RMS) pressure amplitude is calculated as the square
root of the integrated power spectral density multiplied by the frequency resolution
Af.

At /. = 365 mm and 265 mm, a general tendency of increased amplitude and de-
creased frequency can be observed as the recess distance h, is augmented. From
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the amplitude map, one distinguishes two jumps (represented by vertical arrows),
resulting in three well-defined regions of operation. Each jump could be envisaged
as a change in the state of the fuel injection geometry leading to a change in the
system behavior. For both chamber lengths, one identifies three zones, the first
between 1.75 mm and 3.75 mm, the second between 4.25 mm and 5.25 mm, and a
final one between 5.75 mm and 9.25 mm. Amplitude jumps are accompanied by
frequency jumps, but this is less apparent in the [, = 365 mm case. No visible
hysteresis is seen between the two operations as the system follows the same tra-
jectory between downwards and upwards motion with minor differences existing
at the jump locations. The tendency after these jumps is not necessarily the same
between the two chamber lengths. At /. = 265 mm, the amplitude in each zone ap-
pears to reach a plateau, whereas the frequency shows a continuous decrease. At
l. = 365 mm, the first two jumps result in the plateauing of the amplitude, whereas
after the final jump, the amplitude does not plateau but keeps increasing. The fre-
quency monotonically decreases in the first and third zones, whereas it remains
nearly constant in the second zone. Although at each recess distance, the system
has a slightly higher pressure amplitude at 265 mm, the plateauing of amplitude
in the final zone results in a smaller amplitude at the largest recess distance com-
pared to 365 mm, which has a higher amplitude at this state. On the other hand, the
instability tendency at [, = 215 mm (third row of Fig. 8.2) differs from that found
for the other two chamber lengths. The amplitude is much smaller and exhibits a
reverse trend compared to the other two lengths, i.e., the instability amplitude is
diminished when the recess distance is increased, and the RMS pressure tends to
zero at higher recess distances, as seen from the third row of Fig. 8.2 (a). Unlike
the other two cases, no distinct jumps are observed in the amplitude stability map,
and the variation occurs gradually with changes in the recess distance. This is
probably because the system is already close to its stability limit and any change
caused by modifying the recess distance is not sufficient to drastically alter the sys-
tem’s stability domain. The frequency map shows a similar tendency as the other
two chamber lengths and decreases when the atomizer recess distance is increased
with a jump occurring at i, = 4.75 mm.

The unstable regimes displayed in Fig. 8.2 (c) are identified with an instability
criterion introduced in Chapter 6, in which the state of the system is compared to
a stable baseline configuration corresponding to a chamber length /. = 115 mm.
Two metrics are computed: one related to RMS pressure amplitude and the other
to peak prominence in the power spectrum. When only one of these two criteria is
met, the system is deemed marginally unstable. The system is seen to move from a
highly unstable operation (indicated by circles) to a marginal instability (indicated
by stars) as the atomizer recess distance h, is diminished at 365 and 265 mm, and
the recess distance at which this transition occurs is nearly the same for the two
chamber lengths. At the smallest recess distance, pyys 1S quite low, indicating that
the system is approximately stable. At 215 mm, the instability is only marginal at
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all the recess distances except when the atomizer is at its closest position to the
backplane, where the system becomes unstable.

In order to further understand the behavior of the system at each instability
zone, three recess distances are selected at ~, = 2.75 mm, 4.75 mm, and 6.75 mm,
corresponding to each zone. As will be seen later, the extent of spray-wall interac-
tion at each of these locations changes, leading to a modified instability behavior
of SICCA-Spray. Detailed measurements at these selected locations are presented
in the following sections.
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Figure 8.3. Velocity profiles of the air flow at different radii showing the evolution
of the mean (solid line without marker) and RMS (solid line with marker) axial
(uy), tangential (ug), and radial (u,) velocity components at three different recess
distances. The measurements are made at 2.5 mm above the backplane with the
quartz tube confinement under cold flow conditions with oil seeding.

8.4 Measurements under steady conditions

It is instructive to successively examine velocity profiles under cold flow con-
ditions, and spray configurations under cold and unconfined conditions using laser
light scattering, droplet size distribution in the liquid spray under hot fire condi-
tions, and the corresponding flame images at the three chosen atomizer positions.

8.4.1 Velocity profiles under cold flow conditions

The velocity profiles are measured with the PDPA system under cold flow con-
ditions with a chamber length of /. = 150 mm. The air flow is seeded with fine oil
droplets to obtain three velocity components at different radii and at a height of
2.5 mm above the backplane. Figure 8.3 shows the mean and RMS profiles for
axial (u,), radial (u,), and tangential (uy) velocity components. The mean velocity
profiles are similar for the three recess distances except for minor differences in
the peak of axial and radial components. Contrary to the mean profile, the RMS
velocity profiles reveal two distinct categories: one corresponding to 6.75 mm and
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(a) h, = 2.75 mm (b) h, = 4.75 mm (¢) h, = 6.75mm

Figure 8.4. Top: Spray tomographic images at three atomizer positions obtained
by illuminating the liquid spray with a laser light sheet. Middle: Schematic show-
ing mean spray evolution at the three atomizer positions. Bottom: Flame images
showing OH* chemiluminescence obtained under steady conditions. An Abel de-
convolution algorithm is applied to the images captured by the camera and dis-
played in false colors.

the second family belonging to the two smaller recess distances. At 6.75 mm, the
atomizer is slightly below the swirler head, but as the recess distance is decreased
further, its presence in the air stream causes a minor interference in the flow.

From the measurements of the mean velocity evolution, the swirl number can
be calculated by:

2R —
f " UgTgr3dr

0
2Rinj —2
Rinj 0 uxrdr

Sy =

(1.1 Rep.)

where Rj,; = 4mm is the radius at the injector outlet. The swirl numbers calculated
using the above equation are Sy = 0.77 at 2.75mm, Sy = 0.75 at 4.75 mm, and
Sy =0.72 at 6.75 mm. At h, = 6.75 mm, the atomizer is slightly below the swirler
level, but when the recess distance is further decreased, the atomizer is located
in the path of the swirling air flow, likely resulting in a minor variation in swirl
number. Although minor differences exist, the velocity profiles reveal no marked
changes that might explain the observed behavior at the various recess distances.
The next natural step is to explore the spray behavior, which is discussed in the
subsequent sections.



8.4 - MEASUREMENTS UNDER STEADY CONDITIONS 183

8.4.2 Spray tomographic images

The spray images shown in Fig. 8.4 (top row) are obtained under cold flow
conditions without chamber confinement. Additionally, an image (not shown here)
is obtained by moving the atomizer almost in-level with the backplane to obtain a
mean angle of the spray. The spray angle determined in this manner is then used
to schematically plot the mean spray evolution as shown in Fig. 8.4 (middle row)
at the different atomizer positions. At h, = 2.75mm, the laser sheet scattering
images reveal the presence of droplets throughout the region above the backplane,
whereas they are scarce close to the injector axis for h, = 4.75mm and 6.75 mm.
This indicates that there are two regions in the spray: one close to the axis, where
the droplets are directly issued from the atomizer, and a second close to the edge of
the injector outlet, where the fuel spray originates after interaction with the conical
section of the terminal plate as shown in Fig. 8.4 (middle row, (b) & (c)). At
h, = 2.75 mm, the spray directly exits into the chamber with only a small portion
impacting the conical end piece. When h, = 4.75mm, the spray is displaced
towards the injector periphery with only a small amount of droplets remaining
in the central region. At h, = 6.75mm, most of the spray originates from the
injector edge. When the atomizer recess is augmented, most of the initial spray
hits the conical wall and exits into the chamber along the injector edge. Two
possibilities can be envisaged when such a spray-wall interaction occurs. The
spray particles hitting the wall might form a liquid film that undergoes secondary
atomization due to the shearing action of the inner air flow on one side and by
gases recirculating near the chamber backplane on the other side, producing small
droplets that are convected away by the flow. This behavior has been modeled in
the LES of a similar injector when the fuel injection angle is varied (Lo Schiavo
et al. 2021). When the injection angle is augmented, spray-wall interactions lead
to the formation of a film and a subsequent film-acoustic coupling that favors
instability for certain operating points. The authors observed that when the spray
angle is diminished and the spray is directly conveyed into the chamber, the level
of instability is reduced, matching the experimental observations shown in the
top row of Fig. 8.4. However, as will be seen in the next section, the droplet
diameter distribution remains nearly the same at the injector exit at all three recess
positions of the atomizer, which might not be the case if a liquid film undergoing
subsequent atomization was present. The other outcome of spray-wall interaction
might simply be the particles hitting the wall and bouncing back or sliding along
the conical wall and being swept away by the air flow. One cannot be sure of the
exact mechanism of the interaction, but whatever be the case, it is clear from the
spray tomographic images in Fig. 8.4 (top row) that the spatial extent of the spray
and possibly the convection time for any specific particle are modified. The laser
sheet scattering images also indicate that the spray envelope spans a broad region
when h, = 2.75mm, whereas it narrows down as the recess is increased (Fig. 8.4
top row).
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8.4.3 Liquid droplet counts and size distributions
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Figure 8.5. Granulometry profiles of the liquid spray showing mean diameter (dy)
and Sauter mean diameter (ds2) measured at different radii and three recess dis-
tances. The droplet count acquired by the PDPA system at each radial position is
plotted in blue circles. The measurements are made at a height of 2.5 mm above
the backplane.

It is also instructive to examine the droplet profiles in terms of mean diameter
(d1p) and Sauter mean diameter (ds2), as shown in Fig. 8.5 for the three recess
values. Size distribution profiles and droplet counts in the spray are measured
using PDA at a distance of 2.5 mm above the backplane. The ds2 distributions are
quite similar, except for h, = 2.75 mm, where the spray features larger ds2 values
in the central region. The droplet counts confirm that the droplets are present in a
broad region when the recess h, is small (Fig. 8.5(a)) but that they are evacuated
from the central region when A, is augmented (Fig. 8.5(b)) and essentially absent
when h, takes its largest value (Fig. 8.5(c)). The diameter d;y remains nearly the
same (around 10 um) at the three atomizer positions close to the injector outlet
radius (Rj,; = 4mm). The size is comparatively higher near the injector center at
6.75 mm, but the droplet count is too low to substantially infer this.

8.4.4 Steady state flame images

The OH* chemiluminescence images of the flame under steady conditions are
displayed in Fig. 8.4 (bottom row). These images are obtained by accumulating
35 frames and applying an Abel deconvolution algorithm. The flame images cor-
responding to the various atomizer recess distances show noticeable differences
and can be primarily distinguished by three factors: overall flame shape, the ap-
pearance of the side branches, and light intensity. At the smallest recess distance
h, = 2.75mm, the flame takes a relatively straight narrow-“M" shape. The flame
is characterized by broad upright side branches that are luminous. When the re-
cess distance is increased, the flame widens and takes a slant-“M" shape. The side
branches reduce in thickness and have lower luminosity. At the largest recess dis-
tance of h, = 6.75 mm, the flame widens further, and the side branches are thinner
and more inclined. At this position, the flame retains an overall slanted “M" shape
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with two low-intensity lobes at the top of the side branches. When the atomizer is
close to the outlet, there is a greater density of droplets near the axis (see Fig. 8.5).
As a result, combustion occurs in the central area, leading to narrower flames with
higher intensity. This is also observed in the LES calculations of the SICCA-Spray
combustor by Lo Schiavo et al. (2021).

8.5 Measurements with flame modulation

The previous section described the behavior of SICCA-Spray under steady op-
erating conditions. It is next logical to identify the differences in the flame re-
sponse through external acoustic modulation at the selected recess distances. This
is done by first considering the flame images at different phase instants of the
acoustic cycle. This is then followed by the determination of the FDF.

8.5.1 Flame images with acoustic modulation

Y ¥ ¥ M Y R\ H
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Figure 8.6. Flame images showing OH* chemiluminescence obtained when modu-
lating the flame at 500 Hz with u’cﬂ, [Ty =~ 25%. An Abel deconvolution algorithm
is applied to the images captured by the camera and displayed in false colors.
The images are plotted at different phase instants of the wave generator signal p,,
mentioned at the bottom.

Phase average flame images are obtained using the ICCD camera with an OH*
filter when the flame is modulated at 500 Hz with an amplifier voltage of 3V re-
sulting in uy, . /G, ~ 25%. Figure 8.6 shows the OH*-Abel transformed images at
different phase instants of the wave generator signal ¢,. Overall, the flame size
appears to diminish between ¢, = 7/4 to ¢, = 7, after which its size increases,
as observed for all the atomizer positions. However, the flame shapes vary for the
different recess values at any particular phase instant. The flames corresponding
to h, =2.75mm feature a “claw”-like shape near its anchor point at many phase
instants. This feature is absent at 6.75 mm, and it is weakly present at a few phase
instants for 4.75mm. On the other hand, the flame at 6.75 mm features wings at
its top, which are absent at 2.75 mm, but feebly present at some phase instants
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for 4.75 mm. Thus, the flames at 4.75 mm possess the characteristics of flames at
2.75 mm and 6.75 mm, which could not be previously identified in the steady flame
images (Section 8.4.4).

8.5.2 Flame describing functions (FDFs)

Heat release rate fluctuations play a central role in combustion instability anal-
ysis. In spray flames, these fluctuations mainly caused by velocity and equivalence
ratio disturbances and may be expressed as:

Q'/Q = Folul, [ues) + Fo(d/9) (8.1)

where F, and F represent describing functions with respect to relative velocity
and equivalence ratio fluctuations. As indicated in Chapter 4, the velocity fluctua-
tion is measured at » = 4 mm, corresponding to the location where relative veloc-
ity fluctuations equal the relative volume flow rate fluctuations for swirler 726. At
this point, the droplet count is sufficient to retrieve the RMS velocity, and the fuel
droplets are small enough to follow the air flow with a negligible phase delay. Ex-
periments described in Chapter 2 indicate that with a larger recess distance, the rel-
ative equivalence ratio fluctuations are weak compared to the velocity fluctuations,
so that one may assume, as a first approximation, that the corresponding term may
be neglected and link the relative fluctuations in heat release rate to the relative
fluctuations in velocity only through: F,(w, |ul,,/Tc,|) = (Q'/Q)/(u,.,/Tc,). In
the absence of equivalence ratio fluctuations, the light intensity fluctuations of the
OH* radical I'(OH*)/I(OH*) are known to approximately represent the relative

fluctuations in heat release rate Q’/Q. In essence, we consider that the spray flames
operate in a quasi-premixed mode because the droplets sizes are small, heptane is
highly volatile, and the atomizer is in recess with respect to the injector outlet.
However, as shown in Chapter 2, when the recess is reduced to lower values, the
equivalence ratio fluctuation level may become significant, and this is admittedly
a limitation of the current measurements. Thus, the following describing function
data are only meant as an approximate portrayal of the flame response to incident
velocity disturbances.

Figure 8.7 shows the FDF in terms of gain G and phase ¢ at the three recess
distances. Due to the difference in flame shape shown in Fig. 8.4, one naturally
expects that differences will be manifested in the FDF as well. At h, = 2.75 mm,
the gain remains relatively flat until 600 Hz, beyond which there is a moderate in-
crease. The gain has a slightly higher value at 4.75 mm and takes the highest value
when the atomizer is at 6.75 mm. At this position, the gain notably depends on
the fluctuation level. For the operating regimes considered here, there is almost
no dependence of the phase on velocity fluctuation level, except close to 600 Hz
for 2.75 mm and at low velocity fluctuation levels for 6.75 mm. The phase curve
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Figure 8.7. Flame describing function gain G (top) and phase ¢ (bottom) for
the three atomizer recess positions. The color scale represents the level of velocity
fluctuations measured at a radius of r = 4 mm and at a height of h = 2.5 mm from
the backplane. u’w and ., are respectively the RMS and mean velocity. The gray
bands indicate the approximate location of unstable bands. The time delay T,
indicated in the bottom row is calculated by considering a linear evolution of the
phase curve.

slope changes at the various atomizer positions. By approximating a linear evo-
lution, a time delay 7y;, can be calculated from the phase curves, and its values
are indicated in Fig. 8.7. The delay is smallest at 2.75 mm, while it is higher for
the recess distances of 4.75 mm and 6.75 mm. It is known that the phase evolution
has a major impact on the instability of the system (Schuller et al. 2020), as it
determines whether or not a particular frequency falls within an unstable band.
With similar injectors that are weakly transparent to acoustic waves, it is shown in
Chapter 5 that the unstable bands primarily depend on the phase of the impedance
¢¢ imposed by the injector at its outlet. Thus to obtain the unstable bands, the
impedance is measured during an SSO with /. = 365 and 265 mm (instability fre-
quency in the range 420 Hz—600 Hz), when the system mostly exhibits limit cycle
oscillations. It is recalled here that ideally, the impedance measurements must be
done when modulating the system from downstream, but the experiments are in-
stead carried out under SSO due to the limitations of the test rig. The measured
impedance details are given in Appendix 1, from where it can be seen that its
phase is approximately ¢ ~ 7 at most frequencies. Considering this value for the
impedance phase and using the model proposed in Chapter 5, the unstable band is
located between 7/2 to 37/2 (mod 27) and superimposed on the phase curves in
Fig. 8.7. At h, = 2.75mm, the phase curve enters the unstable band around 580 Hz
when the velocity fluctuation level is highest. The instability frequency reported
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in Section 8.3 at this atomizer position is below 590 Hz at [. = 365 and 265 mm,
which is just at the lower limit of the unstable band. This potentially explains the
marginal instability observed at this atomizer position. However, at [, = 215 mm,
the instability frequency is above 600 Hz, and the FDF phase curves begin to fall
inside the unstable band indicating why the SSO amplitude is slightly higher at this
chamber length. At h, = 4.75 and 6.75 mm, the phase curves cross the unstable
band at a lower frequency (=~ 450 Hz), indicating that a system having an acoustic
mode at frequencies higher than 450 Hz and lower than 750-800 Hz may develop
a self-sustained oscillation, provided that the gain is sufficiently high, which is the
case for these two atomizer positions. This corresponds to what is observed during
the SSOs reported in Section 8.3.

However, this analysis does not explain the nearly-stable behavior when the
recess distance is larger at [, = 215 mm (see third row and first column of Fig. 8.2).
This discrepancy could perhaps be because the injector impedance is measured at
a different frequency range, and the actual unstable bands corresponding to the
eigenfrequencies of 215 mm could be lower. As seen in Chapter 6, the limits of
the unstable band may depend upon the frequency/amplitude of oscillation for a
particular swirler, and the lower limit can, in fact, be as low as 7/4, in which case,
the upper limit will be close to 57/4. In the higher frequency range, the unstable
band is perhaps displaced to lower phase values, and the unstable range where the
phase curve would cross the unstable band might not coincide with the frequency
of oscillation corresponding to the chamber 1L mode, eventually resulting in a
stable operation at larger recess distances.

8.6 Conclusions

This article describes the effects of spray dynamics on combustion instabilities
through experiments carried out on a single swirl injector combustor fueled by a
liquid-heptane pressure atomizer. By varying the fuel atomizer position in the ax-
1al direction, one observes three distinct instability zones, characterized by jumps
in amplitude and frequency at two of the chamber lengths tested. The amplitude
of instability decreases when the atomizer recess is diminished, indicating that
the system can be stabilized by moving the atomizer towards the injector outlet.
However, these observations are reversed at a chamber length corresponding to
higher eigenfrequencies where the instability is only marginal and the amplitude
increases when the atomizer recess is diminished. Light scattering images indicate
that the spray interaction with the conical exit section of the injector plays a key
role. When the atomizer is recessed deep inside the injector, the spray impinges
on the conical section, whereas this process is reduced when the atomizer is closer
to the outlet, thus modifying the spatial dispersion of the droplets and possibly
the convection time of the particles. In turn, this is manifested in the flame shape,
flame dynamics, and flame describing function. A smaller recess distance results
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in a lower gain and a shorter delay. When the recess distance is increased, the
delay is enhanced, and the FDF phase is within a band of instability for certain
frequency ranges corresponding to the system’s eigenmode. At the same time, the
gain takes larger values, possibly explaining why the system becomes highly un-
stable. The present data indicate that small changes in the injector geometry can
substantially impact the system dynamics. The extent of such variations depends
on the operating regime. This study, therefore, constitutes an interesting test case
in the development of instability prediction tools and may also serve in devising
control techniques for instability suppression.
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Figure 8.8. The modulus G and phase . of the injector impedance measured in
SICCA-Spray at l. = 365 and 265 mm, and at frequencies corresponding to the
three atomizer positions of h, = 2.75, 4.75, and 6.75 mm. The highest frequency at
each chamber length corresponds to the lowest recess distance and so on.

Appendix 1: Impedance at the injector outlet during
self-sustained oscillations

As indicated earlier in this chapter, the injector impedance is measured when
the system features limit cycle self-sustained oscillations at /. = 265mm and
365 mm. However, the measurements at h, = 2.75mm are slightly less reliable,
and the measurement is not performed at /. = 215 mm, as the system only exhibits
marginal instability in these cases. Figure 8.8 shows the impedance modulus G
and phase ¢, measured at the injector outlet. These values are obtained with the
two-step procedure described in Chapter 6. The highest frequency at each chamber
length corresponds to the lowest atomizer recess distance and so on. The readers
are referred to Fig. 8.2 for the relation between oscillation frequency and recess
distance. The impedance phase decides the position of the unstable band and is
mostly 7 in the frequency range considered except below 440 Hz, where the phase
is rather close to w/2. Nevertheless, in the simple analysis using FDFs described
in Section 8.5.2, an impedance phase of 7 is considered to interpret the SSO be-
havior. The modulus of impedance is always close to 0.5 in the frequency range
considered.
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This chapter is based in part on an article published as a full-length article with
the title, “Effect of different fuels on combustion instabilities in an annular com-
bustor" by Preethi Rajendram Soundararajan, Guillaume Vignat, Daniel Durox,
Antoine Renaud and Sébastien Candel in the Journal of Engineering for Gas Tur-
bines and Power, vol. 143, March 2021. Two appendices are included, which were
not discussed in the publication. The experimental setup of the MICCA-Spray test
rig comprehensively described in Chapter 1 is only briefly recalled in this chapter.

191
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Readers who are familiar with the MICCA and SICCA test facilities can skip this
part.

Combustion instability in annular combustors of jet engines is a stand-
ing issue. The characteristics of instabilities are investigated here for
different fuels by combining the stability maps obtained in a laboratory-
scale annular combustor equipped with multiple swirling spray injectors
(MICCA-Spray) with flame describing functions (FDFs) determined in a
single sector configuration (SICCA-Spray). Two types of liquid fuels are
injected as hollow cone sprays: heptane, which is relatively volatile, and
dodecane, which is less volatile. Experiments are also carried out with
gaseous propane, perfectly premixed with air, which serves as a refer-
ence. Stability maps are systematically determined by varying the global
equivalence ratio and thermal power. The data indicate that the ampli-
tude and frequency of instabilities depend, for the same operating point,
on the fuel injection conditions (premixed or spray) and fuel type. Overall
trends show that premixed propane is unstable in a broad operating do-
main. Injection of liquid fuels induces changes in time lag that modify the
unstable regions. For heptane, the stability map is closer to the propane
reference map, whereas dodecane exhibits wider stable regions. An at-
tempt is made to understand these features by examining the FDF, which
gives the ratio of relative fluctuations in heat release rate to the relative
fluctuations in velocity. The unstable bands obtained using a low-order
theoretical analysis marked in the FDF phase diagrams are used to deter-
mine the stability limits of the annular combustor. In general, the change
in time delay associated with the different fuels displaces the phase of the
flame response with respect to the instability band, thus modifying the dy-
namical behavior of the annular combustor.

9.1 Introduction

Combustion instability is most often linked to a time delay between reactant
injection and combustion. This delay is associated with convection, mixing, and
chemical conversion, and under liquid injection, it is also linked to atomization,
vaporization, and droplet momentum relaxation. The present investigation is fo-
cused on the role of changes in time lag linked with the injection of three different
fuels in an annular combustor. In a reference case, propane premixed with air is
injected. In two other cases, heptane and dodecane are atomized in the form of
a spray of droplets. Thus, the time lag is modified, and this directly changes the
instability characteristics.

At this point, it is worth reviewing the literature that considers delay effects (or
equivalently phase effects) on the development of combustion instabilities. In a
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pioneering work on the so-called “singing flame”, Lord Rayleigh (Rayleigh 1878)
provided a stability criterion indicating that acoustic pressure and unsteady heat
release rate fluctuations have to be in phase for instabilities to grow. This may be
translated in terms of a time delay between acoustic pressure oscillations and heat
release rate fluctuations, providing a necessary condition for the growth of ther-
moacoustic instabilities. The importance of time lags was underlined in the early
work on rocket engine instabilities, most notably by Crocco and his co-workers
(Crocco 1951; Crocco 1952). It was recognized that the time delay involved in the
conversion of liquid fuels to a gaseous state before burning and the additional time
lag associated with mixing and reaction of propellants could be sensitive to the
instantaneous conditions prevailing in the thrust chamber. This led to the sensitive
time lag (STL) theory that was used in many investigations of combustion instabil-
ities. The time lag was considered especially important in the case of liquid fuels
as it results from complex processes such as the atomization of fuel droplets fol-
lowed by vaporization and mixing. Many studies have relied on time lag concepts
to derive methods that could be employed to suppress instabilities by suitably tim-
ing the liquid fuel injection or controlling other flow parameters, as successfully
demonstrated by Lee et al. (2005) & Yu et al. (1998).

The role of the time lag associated with liquid fuel injection has been investi-
gated in many different ways. Zhu et al. (1999), for example, employ numerical
tools to analyze the fuel-spray dynamics when the pressure is fluctuating in an
aero-engine combustor. It is concluded that the modulations of air flow rates af-
fect the fuel droplet size distribution, thus modifying the fuel-air ratio and thereby
changing the time delay. Experiments carried out by Eckstein et al. (2006) on
an air-blast atomizer in a rich-quench-lean combustor indicate that the atomizer
is sensitive to air velocity fluctuations in the injection unit, generating different
droplet sizes, thus varying the combustion delay and related oscillations. Effects
of air and liquid fuel flow modulations are examined by Gajan et al. (2007) and
Kim et al. (2012) in non-reactive conditions. Gajan et al. (2007) show that mod-
ulations of the air stream influence the atomization process generating a droplet
density wave with varying evaporation rates. Depending on the convection ve-
locity of this wave, a time lag arises between pressure and heat release rate. Ex-
periments reported by Apeloig et al. (2015) on a multi-point spray injector in an
aeronautical combustor indicate that the air flow fluctuations in the injector perturb
the atomization process, changing the time delay either amplifying or damping the
instabilities. A numerical simulation by Pillai et al. (2020) considers thermoacous-
tic instabilities in a backward-facing step geometry in which liquid kerosene was
injected as a jet in cross-flow. It was found that the fuel flow rate and atomization
processes, modulated by the acoustic pressure fluctuations, amplified the insta-
bility. The large-eddy simulation (LES) reported by Tachibana et al. (2015) for
a single sector aero-engine combustor operating at high pressure with liquid fuel
(Jet-A) indicates that only a short time delay is linked to the evaporation and fuel-
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air mixing processes. In an experimental investigation of a premixed prevaporized
combustor fed with heptane, Bernier et al. (2004) found that the evaporation pro-
cess occurs simultaneously with droplet convection to the combustion region so
that this delay need not be added to the other delays in the analysis of combustion
instability. Vignat et al. (2021) used an LES to study a self-sustained combustion
oscillation in the single injector test rig, SICCA-Spray and reached a similar con-
clusion. However, this might not apply to fuels that are less volatile than heptane.

The preceding studies indicate that it is worth examining instability character-
istics that may be linked to the nature and physical state of the fuel to identify the
time lags’ origins, comparing them with those of purely gaseous and premixed in-
jection and sorting out consequences in terms of instability. Although time lag ef-
fects associated with liquid fuels are relatively well documented in the combustion
instability literature, the number of studies that deal with liquid sprays in annular
combustors is more limited. The annular configuration has, however, considerable
importance because it is commonly found in jet engines and gas turbines. The
presently studied MICCA-Spray annular combustor at the EM2C laboratory has
been found to exhibit large amplitude azimuthal instabilities in the past when it is
fed with liquid fuel (Prieur et al. 2018; Vignat et al. 2020). Another annular rig
used by the team of Dawson & Worth at NTNU is only operated with gaseous fuel
(Worth and Dawson 2013a; Worth and Dawson 2013b). Investigations carried out
on these combustors have revealed different modes of azimuthal instabilities such
as standing, spinning (clockwise or counterclockwise), and slanted (Bourgouin
et al. 2015b). There are, in addition, some interesting LES of industrial annular
combustors with spray injection (Wolf et al. 2009; Staffelbach et al. 2009) and a
number of more theoretical investigations (Bauerheim et al. 2015; Ghirardo and
Juniper 2013) of instabilities in annular chambers. The MICCA-Spray test rig has
also been used (Prieur et al. 2017) to examine ignition dynamics under premixed
propane, heptane, and dodecane injection, and it was concluded that the light-
round time delay is maximum for less volatile fuel, indicating that evaporation
induces additional time lags. As an extension to the previous studies, the current
work focuses on azimuthal instabilities in the MICCA-Spray annular system using
three different fuels. Propane (CsHs), fully premixed with air, is considered as the
reference, as it features no mixing, atomization, or evaporation delays. Two liquid
fuels are considered, heptane (C7H;¢) which is relatively volatile (7o = 371 K)
and is closer to the reference case, and dodecane (CioHog), a heavier fuel that is
less volatile (Ty0; = 489 K) and hence has a longer vaporization time than heptane.
Developing a complete understanding of the underlying mechanism of instabili-
ties in an annular combustor is quite challenging, and hence it is worth examining
the phenomenon in a simplified single-injector system that resembles one sector
of the annular combustor. A familiar way to understand the flame dynamics and
its response to acoustic perturbations is by measuring the flame transfer function
(FTF) or flame describing function (FDF) (Dowling 1997; Noiray et al. 2008).
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Figure 9.1. From left to right: (a) Photograph of the MICCA-Spray test rig. (b)
Schematic top view of the combustion chamber showing the locations of chamber
microphones (MCx), the arrangement of photomultipliers (PMx), and the position
of wall mounted thermocouple. The baseline for azimuthal angle is taken along
the centerline of injector 1 and the positive angular direction is oriented in the
counterclockwise direction. (c) Photograph of MICCA-Spray during operation.
Reproduced from Chapter 1.

The FDF determined in a single-sector configuration can then be used to interpret
the observations in the MICCA-Spray configuration, similar to Chapter 7.

This chapter begins with a brief recollection of the experimental setup of the
MICCA-Spray annular configuration and of single-injector arrangement (SICCA-
Spray) that is used for FDF measurements. Readers who are familiar with the
construction of these test rigs can skip this part. Results of instability experiments
in MICCA-Spray are systematically examined by varying the fuel types, equiv-
alence ratio, and thermal power. The next section describes the FDFs obtained
for the different fuels at three operating conditions in SICCA-Spray. The rela-
tion between MICCA-Spray instabilities and FDF results is then explored using
the simplified model discussed in Chapter 5. Appendix 1 shows the FDF mea-
surement in SICCA-Spray with heptane and dodecane at F1 and F3. Appendix
2 discusses the stability maps of MICCA-Spray with other swirler units operated
with the three fuels, and finally, Appendix 3 shows the flame images obtained in
SICCA-Spray with different swirlers.

9.2 Experimental setup

The two experimental setups used in this chapter are briefly reviewed in what
follows. For a detailed description, the readers are referred to Chapter 1.
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9.2.1 MICCA-Spray

The MICCA-Spray setup (shown in Fig. 9.1) comprises sixteen injectors equipped
with swirler 716 for the current study. The liquid fuels are delivered by the hollow-
cone atomizer mounted at a distance of h, = 6.75 mm from the combustor back-
plane. While operating with premixed propane, this atomizer remains unused and
gaseous propane is premixed with air before it enters the plenum. The combus-
tion chamber consists of two concentric, cylindrical, and vertical quartz walls of
height 400 mm, each with a thickness of 8 mm. Ignition is achieved by a spark plug
introduced from the top of the chamber and removed before the measurements to
ensure rotational symmetry in the system’s geometry. The eight microphones in
the chamber (MCx) and the four microphones in the plenum (MPx) record the
acoustic pressure signals in the system at a sampling rate of fs = 32,768 Hz. A set
of eight PMs (PMx) records the light intensity fluctuations from the flames, but
the acquired measurements are not used in the present study. Previous investiga-
tions in MICCA-Spray (Prieur et al. 2018) indicate that the instability depends on
the wall temperature. This temperature and the thermal stability of the system are
monitored with a K-type thermocouple mounted on the outer wall of the chamber.

9.2.2 SICCA-Spray

To interpret the self-sustained instabilities of MICCA-Spray, it is instructive
to measure FDF in a single-sector device, namely SICCA-Spray. This setup uses
the same injection unit as that of MICCA-Spray and operates with the same three
fuels. A schematic of the experimental setup is shown in Fig. 9.2. When used in
premixed conditions, propane is mixed with air at a distance of approximately 1 m
from the plenum by a cyclone mixer. The combustion chamber of SICCA-Spray
has an internal diameter of 69 mm and is 150 mm long for the experiments reported
in this chapter. This length ensures that the flame operates in a stable fashion
allowing external modulation. Three microphones (designated as MP1 to MP3)
measure the acoustic pressure in the plenum and are also employed to deduce the
acoustic velocity using the multi-microphone method (Chung and Blaser 1980;
Seybert and Ross 1977). A hot wire anemometer complements the velocity mea-
surements in the plenum. The measurements of velocity in the chamber with liquid
fuels are carried out using a phase Doppler particle analyzer (PDPA) operating in
laser Doppler anemometry (LDA) mode. These measurements are carried out di-
rectly on the spray of liquid droplets resulting in a “direct" FDF. However, for the
case of premixed propane, flow seeding is not possible, and a two-step procedure
1s adopted to determine an “indirect” FDF. This method involves obtaining the
injector describing function under cold flow conditions and separating this from
the combined injector and flame describing function obtained in the presence of
flame. The readers are referred to Chapter 4 for a discussion on direct and indirect
FDFs. A photomultiplier equipped with an OH* filter measures the flame chemi-
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Figure 9.2. (a) Schematic of the experimental setup SICCA-Spray used for direct
FDF measurements. (b) Schematic of the experimental setup used for measur-
ing injector describing function in SICCA-Spray. The measurements are obtained
under cold conditions. Only the chamber and the plenum section containing the
pressure and velocity measurement devices are shown. Reproduced from Chap-
ter. 1.

luminescence which is considered to approximately represent the heat release rate
of the flame. In order to vary the amplitude of fluctuations for FDF measurements,
the driver units mounted at the bottom of the plenum are modulated at six different
voltage levels V (0.5V to 3V in steps of 0.5V), and a linear frequency sweep is
performed from 250 Hz to 850 Hz, at each level, for a time duration of 133s. This
procedure defines different levels of acoustic velocity fluctuations at the base of
the flame.

Additionally, an intensified CCD camera (PI-MAX) with an OH* filter and
1024 x 1024 spatial resolution is used to capture the time-averaged images of the
flame shown in this chapter. The PDPA system is also used for measuring the
droplet size when operating in phase Doppler anemometry mode. Measurements
are performed at z = 5 mm above the chamber backplane in cold, unconfined con-
ditions at fuel and air mass flow rates corresponding to F1 (7; = 520gh™' and
e = 2.6gs™ ). Figure 9.3 shows the distribution of the mean diameter (d;o) and
Sauter mean diameter (d32) at different locations above the backplane of the injec-
tor. It can be observed that there is not much variability in the droplet diameters
ensuing from the spray between heptane and dodecane. This eliminates the possi-
bility of any variations between the two flames that could be due to a difference in
the atomization quality.
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Figure 9.3. Mean diameter (d1o) and Sauter mean diameter (dso) at different radial
locations and at a height of = = 5 mm above the backplane of SICCA-Spray. r = 0
represents the center of the injector and the error bars on the plot represent the
statistical standard errors in the measurements. These measurement are carried
out under cold, unconfined conditions at flow rates corresponding to F1.

9.3 Stability maps of MICCA-Spray

The stability maps of MICCA-Spray are determined from a total of thirty dif-
ferent operating points (in terms of global equivalence ratio, ¢, and thermal power,
P) for the three fuels. The fuel flow rate is fixed for each thermal power, and the
air flow rate is changed to sweep the range of global equivalence ratios or, equiva-
lently, the range of fuel-air ratios. The translation between global equivalence ratio
to fuel-air ratio can be obtained by multiplying ¢ by the fuel-air ratio at stoichio-
metric conditions, s¢. The value of s is 0.0641 for propane, 0.0662 for heptane,
and 0.0669 for dodecane. Different acoustic instabilities may appear in the com-
bustion chamber depending on the operating points. There may be 1L type lon-
gitudinal modes or 1A-1L type azimuthal-longitudinal modes as the combustion
chamber is open to the atmosphere. In the present study, the operating conditions
corresponding to 1L modes were not considered. The operating points examined
only resulted in stable operation or in oscillations coupled by 1A1L modes. It is
convenient to recall that the acoustic pressure signal near the combustor backplane
during an instability coupled by a 1A1L azimuthal mode is a combination of two
waves:

ph(6,t) = AT exp (i — iwt) + A~ exp (—i0 — iwt) (7.1 Rep.)

Here, p.. is the instantaneous pressure signal that can be obtained from the micro-
phone measurements, A" and A~ represent the amplitudes of counterclockwise
and clockwise spinning components of the 1 A1L azimuthal acoustic mode, respec-
tively, and 0 is the azimuthal angle as defined in Fig. 9.1. From the reconstructed
amplitude values of counterclockwise and clockwise waves, it is possible to de-
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duce an instability amplitude that is spatially averaged over eight microphone sig-
nals and temporally averaged over 16s recordings. This amplitude is proportional
to the root mean square (RMS) amplitude averaged over the annular cross-section
given by Vignat et al. (2020) and is calculated as

A= (JATP + A H)Y? (7.2 Rep.)

A is an indicator of the level of instability that is independent of the structure of
the acoustic mode and is used here as a metric to compare the instability behav-
ior of MICCA-Spray with the three fuels (similar to Chapter 7). The individual
wave amplitudes are determined from the pressure signals measured by the eight
chamber microphones (MC1-MCS8). The microphone signals are bandpass-filtered
between 500 Hz to 1100 Hz, and the time-resolved analytical signals are constructed
using the Hilbert transform. The wave amplitudes are determined with the method
developed by Vignat et al. (2020) up to the third order in azimuthal harmonics for
better fidelity in terms of pressure field reconstruction. The amplitude calculated
using Eq. 7.2 Rep. at various operating points is interpolated to derive stability
maps for MICCA-Spray, as shown in Fig. 9.4 (left). The case of 716 with heptane
was already shown in Chapter 7 and is reproduced here to facilitate comparison.
In the operating regime considered, premixed propane features broader unstable
regions with higher A values (red & yellow shades). The maximum amplitude
value A ~ 1460 Pa is reached at P = 110kW and ¢ = 0.85. Comparatively nar-
rower regions of instability are found for heptane, but its maximum amplitude is
the highest among the three fuels, A ~ 1670 Pa, and corresponds to P = 110 kW
and ¢ = 1.05. Dodecane exhibits the narrowest unstable region with a maximum
amplitude A ~ 1500 Pa occurring at P = 118kW and ¢ = 0.9. At the lowest
global equivalence ratio (¢ = 0.75), the oscillation amplitude is low, indicating
that the system is stable at this point irrespective of the fuel being used. For the
lowest power (P = 93kW), propane is mostly unstable, whereas the liquid fuels
are always stable (indicated by blue regions). For a given power (P = 110kW),
propane features a high level of oscillation at a leaner point (¢ = 0.9), while hep-
tane exhibits a maximum level at a richer condition (¢ = 1.05). Such a trend is not
observed for dodecane. In summary, the stability maps indicate that, in the operat-
ing conditions and for the injector considered (i.e., swirler 716), the system is most
unstable when operated with premixed propane and air, followed by heptane and
then dodecane, and the extent of the instability region narrows down as the time
delay associated with liquid fuel atomization, and vaporization is augmented.

The frequency of instability is deduced from the power spectral densities of
pressure signals, which are calculated by averaging M = 64 periodograms using
Hamming windows of N = 4096 data samples with 50% overlap, resulting in a
frequency resolution Af ~ 2Hz. The interpolated frequency map is shown in
Fig. 9.4 (right). Propane has a maximum frequency value of 840 Hz, followed by
heptane, which has a slightly lower peak frequency at 816 Hz. Dodecane has the
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Figure 9.4. Stability maps of MICCA-Spray showing the amplitude (left) and fre-
quency (right) of instability at different operating points for the three fuels. The
measurements are performed at five thermal powers (P ~ 93kW, 99kW, 103 kW,
110kW, 118 kW) and at each thermal power six equivalence ratios are considered
(¢ = 0.75,0.85,0.9,0.95,1.0,1.05). The black star, blue diamond and black circle
respectively correspond to operating points F1, F2, and F3 used for FDF mea-

surements in SICCA-Spray (Tab. 9.1).
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Figure 9.5. A typical time evolution of MICCA-Spray chamber pressure signals
and spin ratio at the same operating point (P = 110kW and ¢ = 0.9) for the three
fuels. The amplitude and frequency of instability are also indicated for each fuel
at this operating point.

lowest maximum frequency value of 808 Hz. It is next interesting to examine the
spin ratio corresponding to the three fuel injection conditions. This ratio defined
in Bourgouin et al. (2015b) is deduced from the wave amplitudes as

sr= (AT = [AT])/(JAT| +|A7]) (7.3 Rep.)

Its value is such that when s = 0, the mode is standing while s = 1 or s = —1 rep-
resents a spinning mode in counterclockwise or clockwise directions, respectively.
A point is chosen in the stability map (P = 110kW and ¢ = 0.9) where the three
fuels have nearly the same amplitude to present the typical pressure signals from
the four chamber microphones (MC1-MC4) and the temporal evolution of spin
ratio (Fig. 9.5). It should be noted that, for the same operating point, the adiabatic
temperatures and laminar burning velocities are very close for the three fuels if all
the fuels can be considered perfectly prevaporized and premixed with air during
chemical conversion (Prieur et al. 2017). From the pressure signals, it can be seen
that the oscillation is nearly at a limit cycle. One also finds that the spin ratio time
series corresponding to the three fuels differ from each other, showing that the
nature of the azimuthal modes coupling the oscillations is influenced by the fuel

type.

9.4 Flame describing function measurements

The instabilities observed in MICCA-Spray can be further interpreted by mea-
suring the response of a single flame to acoustic perturbations, as seen in Chap-
ter 7. As already indicated, the FDF measurements are performed in SICCA-Spray
at three operating points (shown in Tab. 9.1): two points at P ~ 6.4kW and at an
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Table 9.1. Three operating conditions for FDF measurement in SICCA-Spray. The
bulk velocity w;,, at the injector outlet, is calculated in cold flow conditions as
up = Magir/ (WpoRian)- Reproduced from Chapter 1.

Operating point  Psjcca ¢ Moair up
kW) () (g5 (msh)

F1 64 085 26 43

F2 64 095 23 38

F3 74 095 26 43

equivalence ratio of ¢ = 0.85 and ¢ = 0.95 (i.e., F1 and F2, respectively), cor-
responding to a thermal power of 103 kW in MICCA-Spray; and a third point at
P ~ 7.4kW and at an equivalence ratio of ¢ = 0.95 (i.e., F3), corresponding to a
thermal power of 118 kW in MICCA-Spray (see Fig. 9.4). Before discussing the
FDF measurements, it is interesting to examine the flame images corresponding
to the three fuels. The flame images displayed in Fig. 9.6 indicate that there are
differences in flame shape between premixed and spray flames. On comparing the
three fuels at F1, one sees that in the case of propane, the flame is full “M” shaped,
and for heptane and dodecane, it is a hollow “M” with a central trough. The spray
conveys the fuel outwards, and there is a relative absence of fuel close to the in-
jector axis. This favors a hollow “M” flame for liquid fuel injection. However, in
the case of propane and air, chemical reaction also occurs in the inner shear layer
because the fresh mixture in this region has a suitable equivalence ratio, result-
ing in a full “M”-flame. On comparing the different operating points, the overall
flame shape is preserved with some minor variations. The flames are generally
more luminous at F2 and F3 than at F1, owing to the higher equivalence ratio of
operation. The two central branches are visible for the two liquid fuels at F2 and
F3 but are more pronounced in the case of heptane than dodecane. Between F2
and F3, the increase in thermal power causes the flame to be somewhat wider.

Now recalling the FDF definition, which provides the nonlinear response of
the flame to the incoming acoustic velocity perturbation:

Q'/Q

u/cr/ Ue,r

F(w, |ug.,. = Gr(w, |u/c’r|)eiw(w7|u;,r|)

) = (6.1 Rep.)
Here, G = |F| and ¢p = arg(F) are the FDF gain and phase. @', the fluctu-
ation in heat release rate (HRR), and (), the mean HRR, are deduced from the
light intensity of OH*. As indicated in Chapter 4, the relative velocity fluctuation
measurements for the FDF are to be obtained at a radial location of »r = 4mm
and at a height of ~ = 2.5mm for swirler 716 so that the equality between rela-
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Figure 9.6. SICCA-Spray flame images showing the chemiluminescence of OH*
captured using an ICCD camera with the different fuels at all three operating
points. A single image is obtained by time accumulation of 30 frames and an Abel
transform is applied to these images.
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tive velocity fluctuations and relative volumetric flow rate fluctuations is satisfied.
Different levels of velocity fluctuation are obtained during the frequency sweep at
a rate of 4.5Hzs™! for different voltage levels (Vp) of a function generator. The
transfer function is obtained from the acquired signals using Welch’s periodogram
method to calculate the cross-power spectral density between uy,, and Q'. The
signals at each frequency are divided into 8 segments with Hamming windows
and 50% overlap to obtain the gain and phase of the transfer function at f. As
indicated earlier, the velocity measurements for the FDF determination are to be
carried out at the base of the flame, especially for weakly-transparent injectors.
This is straightforward to obtain for the two liquid fuels using LDA. As the spray
droplets in the measurement location are small enough, the droplet velocity can
be approximated to flow velocity (see Chapter 4) with both heptane and dodecane.
However, this is not possible with gaseous propane premixed with air. Hence, the
measurements are carried out in two steps to obtain the indirect FDF. In the first
step, measurements are carried out with flame, and the velocity fluctuations up-
stream of the injector are recorded using the microphones and hot wire mounted
in the plenum while also acquiring the photomultiplier signals. These data provide
a lumped injector and flame describing function F;z which is shown in Fig. 9.7
at different levels of plenum velocity fluctuation in the case of premixed propane
operating at F1. Here, u;, designates the acoustic velocity fluctuation determined
from the two microphone technique or deduced from the hot wire signals, and %,
is the bulk velocity that is calculated from the mass flow rate and cross-sectional
area in the hot wire section (Fig. 9.2) and takes a value of 2.9ms~! at F1. The
inclusion of injector dynamics in this measurement introduces an injector phase
o7 and gain G that needs to be corrected in the FDF measurements. To measure
this, two hot wires are used, one in the plenum (HW 1-measuring ;) and another
at a height of 2.5 mm above the backplane and at a distance of 4 mm from the axis
of the injector (HW?2-measuring u’c,r), as shown in Fig. 9.2 (b). The measurements
to obtain the injector describing functions are performed under cold flow condi-
tions with [, = 150mm. A frequency sweep (same as for F;r measurements)
with varying levels of amplitude was performed, and the velocities from the two
hot wires are measured. Figure 9.8 shows the variation of G; and ¢; at F1 with
respect to frequency for the various loudspeaker forcing voltages. From the figure,
it can be seen that the value of the gain changes beyond 400 Hz when the ampli-
fier voltage is different, but the value of the phase features only minor variations
with amplifier voltage. It is recalled that a specific amplifier voltage establishes
a particular level of relative velocity fluctuation in the plenum and at the injector
outlet, depending on the frequency of modulation. Using these measurements, the
describing function considering only the flame response to acoustic perturbations
is obtained as follows:

Gr=—— & ¢r=yr—¢rI 9.1)
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Figure 9.7. FDF (gain and phase) results for measurements performed in SICCA-
Spray for propane at FI1 (P = 6.4kW & ¢ = 0.85) with color axis representing
the level of velocity fluctuations u;, /7, in the plenum. Here, u;) is the RMS velocity
Sfluctuations calculated using the two microphone method and w,, is the bulk veloc-
ity in the plenum at MP2 location (Fig. 9.2 (b)). The FDFs shown here include
the response of the flame as well as the injection system dynamics (denoted by the
subscript IF).
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Figure 9.8. Evolution of gain G and phase o1 between the velocity measured in
the plenum ( u;, marked as HW1 in Fig. 9.2 (b)) and at the injector outlet ( ufm from
HW?2) with respect to frequency, for different loudspeaker excitation voltages. The

measurements are carried out at an air flow rate of 2.6 gs™ 1.
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Now the indirect FDF is obtained by separating the injector describing function
Fr (Fig. 9.8) from the injector + flame describing function F;r (Fig. 9.7) us-
ing Eq. 9.1. The above procedure is carried out only for the case of premixed
propane. For the liquid fuels, the FDF is obtained directly by measuring the rela-
tive fluctuations at the injector outlet. It is worth emphasizing here that an indirect
measurement would result in a phase that is nearly the same as that determined
from a direct FDF measurement, but there would be a non-negligible difference
in the gain values (refer to Chapter 4). The resulting flame describing functions
for the three fuels are shown in Fig. 9.9 at the operating point F1. These plots
corresponding to the three fuels indicate that the gain Gy changes substantially
with the amplitude of the incident fluctuations, especially with propane and hep-
tane. The variation in gain with the velocity perturbation level is almost negligible
in the lower frequency range until 500 Hz, beyond which a strong nonlinearity is
observed. This variation is less significant in the case of dodecane, and the curves
corresponding to various velocity fluctuations levels nearly collapse except in the
vicinity of 500 Hz, where this difference is more apparent. On the contrary, there
is almost no change in the phase ¢ at different excitation levels resembling the
classical evolution of “M”-flames (Durox et al. 2009). Such behavior can be seen
for all three fuels until 700 Hz, beyond which a minor variation with respect to
the relative velocity fluctuations can be observed. The phase also exhibits a linear
evolution with frequency for heptane and dodecane, but for propane, the slope of
the phase curve changes after 500 Hz.

It is interesting to extract time delays from the FDFs phase plots. This may
be accomplished in general by taking the derivative of the phase with respect to
the angular frequency as 7, o =8¢ ¢ /Aw. It can be seen in Fig. 9.9 that the
slopes of the phase curves are in increasing order, first the premixed propane, then
the heptane with a greater phase shift, and then dodecane. These different phase
curve slopes can, in turn, be attributed to variations in time lags. For premixed
propane, the associated time lag will just be the time taken by the reactants to
reach the combustion zone, i.e., convection time delay 7.ony and the delay associ-
ated with the chemical conversion processes 7ieac. On the other hand, when liquid
fuels are used, additional time-lags due to atomization 7y, Vaporization 7y,p, and
mixing myix need to be considered. The case of heptane is likely to be close to
propane, wherein the vaporization could be happening simultaneously with con-
vection (Bernier et al. 2004; Vignat et al. 2021). However, in the case of dodecane,
due to its lower volatility, the situation is likely to be dominated by the time delay
associated with vaporization. Now assuming a rough linear evolution of the phase
curve and without considering the dependence on the modulation level, a time
delay can be calculated, and this is found to be 0.95 ms with premixed propane,
1.33 ms with liquid heptane, and 1.36 ms with liquid dodecane, thus confirming the
earlier expectations. The FDF data set reported in this section will now be used
together with the theoretical framework of Chapter 5 to interpret the instability be-
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Figure 9.9. FDF (gain G and phase ¢r) of the flame describing function in
SICCA-Spray for the three fuels (P = 6.4kW & ¢ = 0.85) with color axis rep-
resenting the level of velocity fluctuations w,, ./ue.,. For the liquid fuels direct FDF
is shown, while for the case of premixed propane indirect FDF is displayed. The
data are smoothed using a five-point moving average.
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havior observed in the annular combustor, MICCA-Spray, a procedure previously
adopted in Chapter 7.

9.5 Link between annular combustor instability &
FDF measurements

An attempt is now made to link observations in MICCA-Spray and FDF mea-
surements in SICCA-Spray. For propane, only the operating point F1 is considered
as it is not feasible in these experiments to obtain a direct measurement of FDF
and also because propane-air only constitutes a reference case. For the two liquid
fuels, the other two operating points (F2 and F3) are also investigated, and their
FDF evolution at different velocity fluctuation levels is shown in Appendix 1. A
similar analysis of using the FDFs to interpret instabilities of an annular combustor
equipped with acoustically transparent injectors (in an earlier version of MICCA
the swirlers were formed by a set of blades) has been performed by Schuller et al.
(2020). The method consists of unwrapping an annular combustor as an equiva-
lent rectangular system and applying periodic boundaries on the lateral walls. This
led to the standard unstable bands 7 < ¢ < 27, mod 27 in the FDF phase dia-
gram obtained from a single-injector setup. The current analysis is carried out in a
similar fashion, but it is aimed at accounting for the impedance imposed by the in-
jectors that are now weakly transparent to acoustic waves. As shown in Chapter 5,
the impedance imposed by the injector at its outlet plays a pivotal role in decid-
ing the unstable bands. Recollecting the impedance measured in SICCA-Spray
with swirler 716 (Chapter 6), it is known that the impedance magnitude varies
between 0.55-0.85, and the impedance phase ¢, has a lower limit slightly above
37/4 and an upper limit slightly above 7 in the frequency range of 395-540 Hz.
Figure 9.10 shows the impedance measured in SICCA-Spray at F1 and F2 when
it exhibits longitudinal self-sustained oscillations at different frequencies. The re-
sults corresponding to F1 are reproduced from Chapter 6. Although the impedance
measurements were only carried out with heptane, they can be expected to be the
same with the other two fuels as long as the injector remains the same. From the
figure, it can be seen that both the gain and phase of impedance do not change
with the operating point.

The impedance is, however, not known in the frequency range where MICCA-
Spray is unstable, i.e., between 740-850 Hz. This is because SICCA-Spray does
not exhibit any self-sustained instabilities in this frequency range. At this stage, it
is useful to consider two cases, the first of which corresponds to a nearest neighbor
extrapolation (case A), while the second consists of a linear extrapolation of the
gain and a subsequent determination of the phase (case B):

* In case A, the impedance corresponding to the maximum possible limit
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Figure 9.10. The modulus G and phase . of injector impedance measured when
SICCA-Spray exhibits self-sustained oscillations with heptane at the two operating
points F1 and F2. For details on the impedance measurement, the readers are

referred to Chapter 6.
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Figure 9.11. The modulus G linearly extrapolated from low frequency data cor-
responding to heptane at the two operating points F1 and F2. The readers are
referred to Section 9.5 for phase determination from the extrapolated gain value.

cycle frequency of SICCA-Spray (536 Hz) is considered to represent the
impedance in MICCA-Spray. At this frequency, the impedance magnitude
is G¢ ~ 0.85, and the impedance phase is ¢ ~ 3.3rad (nearly 7). From the
modal expansion method discussed in Chapter 5, the unstable bands are such
that —7/2 + ¢ < ¢p < /2 + @, and in this case this band is defined by

/2 < pp < 31/2.

* In case B, one first uses a linear extrapolation of the gain to a frequency of
800 Hz (see Fig. 9.11). This yields a value G- ~ 1.82. It is then possible to
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Figure 9.12. FTF for the three fuels at Vo = 3000mV and at the three oper-
ating points F1 (P = 6.4kW,¢ = 0.85), F2 (P = 6.4kW,¢ = 0.95) and F3
(P =T7.4kW,¢ = 0.95). Unstable bands are obtained by considering the nearest
neighboring impedance (case A) and shown in gray. The dashed vertical lines cor-
respond to the instability frequency of MICCA-Spray. In (a), the dashed lines cor-
responding to heptane and propane coincide. The instability analysis of propane
is only carried out at F1 as a reference case.

estimate the impedance imaginary part (; by assuming that the real part ¢,
remains constant and equal to that found when the phase angle is equal to ™
(where ¢, + i = Ggei“"C). This may not be quite right, but it lies on the idea
that the real part is essentially defined by Eq. 6.4 (p. 139) corresponding to
an injector operating in a quasi-steady regime with ¢, = —kuo/c. It is then
assumed that x does not evolve with frequency. One then obtains (; ~ —1.9,
and the phase angle is then ¢ ~ 47 /3. The unstable band is then shifted to
51/6 < pp < 117/6.

One may now consider case A and plot the first band of instability in the FDF
phase diagrams, as shown in Fig. 9.12. The dashed vertical lines represent the
instability frequency of MICCA-Spray corresponding to the 1A1L mode with dif-
ferent fuels. At F1, the phase corresponding to propane-air remains inside the
unstable band at the instability frequency f; = 800 Hz, indicating a potential in-
stability. The amplitude at this point is A = 1302 Pa, thus confirming the tenta-
tive prediction. With liquid heptane, the instability frequency of MICCA-Spray is
801 Hz at F1, 808 Hz at F2, and 813 Hz at F3. In the FDF phase curves of Fig. 9.12
(a) at F1, the phase curve at 800 Hz is outside but close to the upper limit of the un-
stable band. As the phase curves exhibit mild nonlinearity around this frequency
(see right side of Fig. 9.9 (b)), higher fluctuation levels would bring the phase
values inside the unstable band. Thus, one can still expect instability in MICCA-
Spray, as also observed in the experiments (A = 795 Pa). At F2 and F3, the phases
at the instability frequencies lie inside the band, matching the experimental in-
stability observations in MICCA-Spray (A = 1398 Pa at F1 and A = 1241 Pa at
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Figure 9.13. FTF for the three fuels at Vo = 3000mV and at the three oper-
ating points FI1 (P = 6.4kW,¢ = 0.85), F2 (P = 6.4kW,¢ = 0.95) and F3
(P =74kW, ¢ = 0.95). Unstable bands are obtained using a linear extrapolation
of impedance gain (case B) and shown in gray. The dashed vertical lines corre-
spond to the instability frequency of MICCA-Spray. In (a), the dashed lines corre-
sponding to heptane and propane coincide. The instability analysis of propane is
only carried out at Fl as a reference case.

F2). The phase evolution of dodecane at F1 and F2 indicates that all the points
beyond 700 Hz would escape the first unstable band, and hence, the frequencies of
MICCA-Spray f; = 784 Hz and 781 Hz would be certainly stable. However, this
prediction is not quite right, especially at F1, where the instability amplitude is
548 Pa, and the system can be deemed unstable At F3, the phase value correspond-
ing to the MICCA-Spray instability frequency of 799 Hz lies just close to the upper
limit of the unstable band. A higher fluctuation level would shift the phase values
inside the unstable band, which would then match the measurement (A = 608 Pa).
The above analysis only partially matches the experimental observations indicat-
ing that the impedance phase might not be exact. It is then interesting to consider
case B.

The first instability band obtained by considering the impedance from case B is
plotted in Fig. 9.13. It can be seen that these bands have now moved up, indicating
that they will generally encompass the FDF phase curves at higher frequencies. At
F1, the instability frequencies corresponding to both propane and heptane opera-
tion remain well inside the unstable band, thus indicating that MICCA-Spray will
be potentially unstable with these two fuels. This is coherent with the experimen-
tal observations with the two fuels (A = 1302 Pa with propane and A = 795 Pa)
in the annular combustor. The case of dodecane at F1 is close to the upper limit
but still inside the unstable band at 784 Hz. The experimentally determined am-
plitude in MICCA-Spray is .A = 548 Pa, indicating a consistent prediction. The
scenario with liquid fuels at F1 is notably different from that of case A where the
FDF phase values at the instability frequencies fell either completely outside the
unstable band or just at its upper limit, thus not fully explaining the experimental
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observation. At the other two operating points (F2 and F3), the FDF phase curve
corresponding to heptane remains well inside the unstable band at the respective
frequencies of 808 Hz and 813 Hz, indicating potential instability. With dodecane,
the phase value at f; = 781 Hz falls just at the upper limit of the unstable band at
F2. Thus, the annular combustor can be expected to be at a marginally unstable
regime, which is confirmed by the comparatively lower amplitude of A = 285 Hz,
indicating that MICCA-Spray is only mildly unstable. However, it is pointed out
that one cannot be sure of the potential instability prediction when the phase curve
falls close to the limits of the band as even a small change, for example, in the
velocity fluctuation level, can bring the FDF curves inside. At F3, the phase value
of dodecane at 799 Hz falls well inside the band, pointing to a certainly unstable
operation, which is in agreement with the observations in the annular combustor
that exhibits an instability at 4 = 608 Pa. As this analysis can only predict whether
a particular case will be potentially unstable in the annular combustor, the differ-
ence in the instability amplitude between the three fuels cannot be reasoned with
this approach. In addition, the impedance phases used in the two cases are only
tentative, and they need to be experimentally validated. Nevertheless, from this
analysis, one may infer that for a given injector, the change in time delay associ-
ated with the fuel type displaces the FDF phase curve location with respect to the
unstable bands, and this modifies the dynamical behavior of the system.

The above analysis only predicts a potential instability based on whether the
phase evolution lies inside the unstable band. To verify if the probed points are
definitely unstable, one needs to obtain a growth rate and compare it with the
damping rate in a way similar to the analysis in Chapter 6. However, this is not
entirely possible for MICCA-Spray due to several limitations. Firstly, the maxi-
mum velocity fluctuation level achieved in SICCA-Spray at the injector exit in the
instability range of MICCA-Spray (740 Hz—850 Hz) 1s only around 15% (shown in
Fig. 9.9). Although the modulation level is much higher in the plenum (refer to
Fig. 9.7), with the fluctuations being three times as high as the bulk velocity, this
level is diminished upon transmission through the injectors that are weakly trans-
parent to acoustic disturbances. Since the instability reaches high amplitude lev-
els in MICCA-Spray (maximum amplitude of 1673 Pa with heptane), the velocity
fluctuation level at the base of the flame can be expected to be relatively high. It is
known from Chapter 3 that FDF can represent the self-sustained oscillations only
when the fluctuation levels match. Thus, a quantitative comparison between the
instabilities of the annular combustor and FDF cannot be made in the present case.
To overcome this limitation, one has to modulate the single-injector system with
higher-efficiency driver units that can produce enhanced values of velocity fluc-
tuations at the injector exit even after passing through these weakly-transparent
injectors. Secondly, the injector impedance in the range of MICCA-Spray insta-
bility frequencies is not well known. It can be seen from the impedance curve in
Fig. 9.10 that there is a variation in both the gain and phase of the impedance with
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respect to frequency. It has also been observed in the impedance measurements
carried out using downstream transverse acoustic modulation in the TACC-Spray
test rig at the CORIA laboratory that there is a dependence on the amplitude of
fluctuations (personal communication with the team of Prof. Frangoise Baillot,
and the results are not shown here). Based on this, one might expect the impedance
to change beyond 740 Hz at higher amplitudes, which would then modify the posi-
tion of the unstable band. Thus, further studies are necessary in the single-injector
combustor at higher modulation levels and close to the instability frequency of
MICCA-Spray to obtain a definite value for the impedance. In addition, as will be
discussed in the following chapter, it might also be necessary to carry out the FDF
measurements in the newly developed three-injector combustor, TICCA-Spray,
where the central flame is surrounded by neighboring side flames, an environment
similar to that of MICCA-Spray. Despite the above limitations associated with
experimentation, this simplified modeling effort helps gain a qualitative under-
standing of the instabilities in the annular system.

9.6 Conclusions

This chapter is focused on the effects of fuel properties and physical state on
thermoacoustic instabilities coupled with azimuthal modes. Changes in fuel have
a direct impact on the time lag. The shortest time lag corresponds to premixed
propane and air. The time lag is augmented for heptane and takes its largest values
for the less volatile dodecane. A database is obtained from systematic experiments
on a laboratory-scale annular combustor (MICCA-Spray) for a wide range of oper-
ating points that vary in thermal power and global equivalence ratio. Results show
that the largest instability domain is obtained for premixed propane. In compari-
son, the instability boundary defines a more compact unstable domain in the case
of heptane and, correspondingly, a larger stable region. The stability of the system
is further augmented when it is operated with dodecane. Hence, in this case, hav-
ing a fuel that has a higher time lag makes the system more stable. A difference
between the three fuels can be observed in the frequency of oscillation as well. At
a point where the three fuels have nearly the same oscillation amplitude levels, it
is found that propane and heptane have the same instability frequency, while dode-
cane features a lower instability frequency. An attempt is made to understand this
dynamic behavior using flame describing functions (FDFs) measured in a single-
sector configuration at three operating points in the stability map. Unstable bands
obtained using the simple theoretical model proposed in Chapter 5 are combined
with the injector impedance obtained from the single-injector configuration. In
general, when the oscillation frequency corresponds to a phase that falls within
the unstable band of the phase plots, the annular combustor is unstable. If the
oscillation frequency is in the vicinity of one of its borders, then the amplitude ap-
pears comparatively lower. The variation in the instability behavior with the three
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fuels can be explained by the changes in the associated time delay, which modifies
the position of the FDF phase with respect to the fixed unstable band. In addition,
the gain at a particular frequency is also modified depending on the fuel used, in-
dicating a possible change in the instability amplitude. However, this observation
does not extend to a few operating conditions, and one cannot expect to have a
monotonic relation because the instability bands are defined in the linear regime
while the observations in the annular combustor are made at the limit cycle. Also,
the FDFs measured in the single-injector setup cannot reach a modulation level
that is high enough due to the drop in amplitude of disturbances passing through
the weakly-transparent injectors. Another limitation is associated with the lack of
impedance measurements in the frequency range of interest. ~Nevertheless, the
FDFs determined in the single sector configuration can be used to qualitatively
interpret instability experiments in multiple-injector annular combustor systems.
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Appendix 1: Flame describing function at different
operating points

It is interesting, for completeness, to examine the results of the flame de-
scribing function measurements corresponding to operating point F2 (shown in
Fig. 9.14) and F3 (shown in Fig. 9.15), when the fuel is delivered as a liquid spray
of droplets. Measurements are not available for premixed propane and air at these
two operating points. With heptane, the gain curves feature similar tendencies, es-
pecially between F1 (Fig. 9.9 (b)) and F3, with subtle differences. The gain level
is slightly reduced both at F2 and F3 compared to F1. The phase curves show a
slight dependence on the amplitude beyond 700 Hz at F2, somewhat like that of
F1, whereas the phase evolution remains nearly linear at F3. As the equivalence
ratio is changed while keeping the thermal power constant (i.e., between F1 and
F2), the slope of the phase curve decreases, indicating a smaller time delay at the
higher equivalence ratio point. The FDF gain slightly decreases as the equivalence
ratio is increased. When changing the thermal power while keeping the equiva-
lence ratio constant (i.e., between F2 and F3), a similar behavior is observed, and
the time delay decreases when the thermal power is increased. The FDF gain in-
creases to a higher value as the thermal power increases. With dodecane, the gain
curves have slightly higher values at F2 and F3 compared to F1 (Fig. 9.9 (c)). As
the equivalence ratio is increased at constant thermal power (between F1 and F2),
the phase evolution remains nearly the same, with the phase curve at the higher
equivalence ratio point exhibiting an increased dependence on the amplitude. The
FDF gain values also remain nearly the same except for the lower velocity fluc-
tuation levels, which result in higher gain values. At a constant equivalence ratio
but higher thermal power (between F2 and F3), the phase curve slope decreases,
indicating a smaller time delay, and the gain curves move towards higher values.
On comparing heptane and dodecane, the time delay is always augmented with
dodecane, as can be expected intuitively due to its lower volatility, thus increasing
the time delay associated with the vaporization process.

Appendix 2: Stability maps for other swirlers

In addition to the results of azimuthal instabilities of MICCA-Spray described
in this chapter for swirler 716 with different fuels, experiments were also carried
out with the other swirling injectors defined in Chapter 7.
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Figure 9.14. FDF (gain G and phase ¢r) of the direct flame describing function
in SICCA-Spray for the liquid fuels at F2 (P = 6.4kW & ¢ = 0.95) with color axis
representing the level of velocity fluctuations u,. ,/t., at the injector outlet.
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Figure 9.15. FDF (gain G and phase @) of the direct flame describing function
in SICCA-Spray for the liquid fuels at F3 (P = 7.4kW & ¢ = 0.95) with color axis
representing the level of velocity fluctuations w,, ,/u., at the injector outlet.
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Figure 9.16. Amplitude stability map of MICCA-Spray for the different swirlers
in the higher-swirl category with the three fuels. The swirlers in the lower-swirl
category (707 and 712) are always stable in the assessed operating zone and hence
are not shown here.

The case of heptane with different injectors discussed in Chapter 7 and the case
of 716 with different fuels discussed in the present chapter is reproduced here to
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facilitate comparison. The lower-swirl units (707 and 712) are always stable, even
with premixed propane and dodecane, at the thirty operating points tested here,
and the swirlers from the higher-swirl category (716, 726, 727) generally feature
regions of instability. Figures 9.16 and 9.17 respectively show the amplitude and
frequency stability maps for the higher-swirl units with the three fuels. It can be
readily observed that the regions of instability depend on the fuel considered.

On comparing the amplitude stability map between the full CR configuration of
716 and the alternate CCR configuration of 716-816 (Fig. 9.16 (a) & (b)), one ob-
serves that for dodecane, the CCR domain of instability appears to be translated to
lower thermal powers and lower equivalence ratios with respect to the CR domain,
like in the case of heptane. However, the CR and CCR maps are quite similar for
premixed propane. For both 716 (Ap.x = 1460 Pa) and 716-816 (Apax = 1596 Pa),
the maximum amplitude of instability with propane occurs at the same operating
conditions of P = 110kW and ¢ = 0.85. A comparison between the different
swirlers can now be carried out, considering 716 as the baseline configuration. In
what follows, the discussion is majorly focused on propane and dodecane, as the
case of heptane with different swirlers was already discussed in Chapter 7.

On comparing the case of 726 with the baseline 716, one notices that the insta-
bility regions and amplitudes starkly differ between the two cases. With propane,
726 exhibits higher instability amplitudes at the lower powers, contrary to 716,
which is more unstable at higher powers. At higher powers, 726 is mostly stable
at lower equivalence ratios but moderately unstable at higher equivalence ratios.
With dodecane, 726 exhibits the highest instability amplitude of Ap.x ~ 1800 Pa
at {P = 110kW, ¢ = 0.9} among the three fuels and exhibits wider unstable zones
than with propane. This behavior is distinct from that of 716, which has wider
unstable zones with propane than dodecane. This indicates that the instability be-
havior cannot be universally concluded with only the fuel, as it also depends on
the specific configuration considered. The amplitude map (Fig. 9.16 (d)) of 727
closely resembles that of 716, with only minor differences with all three fuels. In-
stabilities are generally manifested at leaner equivalence ratios with propane and
dodecane, while with heptane, the high-amplitude instabilities mostly occur at
richer equivalence ratios. One can expect the changes described in this section to
result from the variations in the corresponding FDFs, leading to the modification
of instability zones, amplitudes, and frequencies.

The frequency of instability (Fig. 9.17 (a) & (b)) shows similar characteristics
between the full CR and alternate CCR configurations for any particular fuel. The
frequency maps of 726 generally exhibit a higher frequency compared to 716 or
727 with all three fuels. Although the frequency map of 727 (Fig. 9.17 (d)) is quite
similar with the liquid fuels, there exists a slight deviation with propane only at
higher thermal power.
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Figure 9.17. Frequency stability map of MICCA-Spray for the different swirlers
in the higher-swirl category with the three fuels. The swirlers in the lower-swirl
category (707 and 712) are always stable in the assessed operating zone and hence
are not shown here.

Appendix 3: Flame images with the different injec-
tors

The flame shapes formed by the various swirler units with the three fuels are
shown in Fig. 9.18 at an equivalence ratio of ¢ = 0.85 and thermal power of
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Figure 9.18. Flame images showing OH* chemiluminescence captured in SICCA-
Spray under stable conditions with different fuels. An Abel inversion is applied
to the averaged images captured by the camera and are displayed in false colors.
Psicca = 6.4kW and ¢ = 0.85. The swirlers 707 and 712 belong to the lower-swirl
category, while the other three swirlers (716, 726, 727) belong to the higher-swirl
category.

Psicca = 6.4kW (operating point F1). These averaged images are obtained using
an ICCD camera fitted with an OH* filter and performing an Abel deconvolution.
The flame images of the different swirlers with heptane shown in Fig. 7.5 are
recalled here for comparison.

Similar to the observation made with heptane in Chapter 7, the flame shapes
formed by the lower-swirl units (707 and 712) notably differ from the high-swirl
units (716, 726, and 727) with both propane and dodecane. The flame shapes of
higher swirl units are overall similar with minor differences. As discussed in this
chapter, the higher-swirl units, when operated with liquid fuels, take an “M" shape
with a central hollow trough, which could be attributed to the hollow-cone spray
produced by the atomizer resulting in only very few to no droplets at the center.
The central trough is comparatively wider with dodecane, but with propane, these
flames take a full “M" shape. While the flames formed by lower-swirl units take an
overall “V" shape with the liquid fuels, the flames with propane take a lifted “M"
shape. The lifted “M" shape could be attributed to the weaker recirculation zone of
the lower-swirl units leading to a weaker stabilization of the propane flames. This
was also observed by Durox et al. (2013) on a swirl combustor operated with pre-
mixed methane where the blade angles can be continuously varied to modify the
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swirl number. It was observed that the flames were lifted when the swirl number
decreased. The flames, in general, appear wider with dodecane than with heptane.
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setup of the three test rigs described in Section 10.2 has already been discussed in
Chapter 1 and familiar readers can skip this part. A few appendices at the end of
this chapter show supplementary data.

Recent investigations of combustion instabilities in annular systems indi-
cate that considerable insight may be gained by using information gath-
ered in single-sector experiments. Such experiments are, for example, em-
ployed to measure flame describing functions (FDFs), which represent
the flame response to incident perturbations. These data may be used in
combination with low-order models to interpret instabilities in multiple
injector annular systems. It is known, however, that the structure and dy-
namical behavior of an isolated flame do not necessarily coincide with
those of a flame placed in an annular environment with neighboring side
flames. It is then worth analyzing effects that may be induced by the differ-
ence in lateral boundary conditions and specifically examining the extent
to which the FDF data from single-segment experiments portrays the dy-
namical response of the flame in the annular environment. These issues
are investigated with a new setup, named TICCA-Spray, comprising a lin-
ear arrangement of three injectors. The central flame is surrounded by
two identical side flames in a rectangular geometry with key dimensions,
side-wall separation, and spacing between injectors identical to those of
the annular system MICCA-Spray. The describing function of the central
flame is determined with techniques recently developed in single sector
experiments (SICCA-Spray). The FDFs obtained in the two configura-
tions are compared for two swirler types having different swirl numbers
and pressure drops. The effect of the swirl direction of the neighboring
injectors is also explored by operating with co- and counter-swirl combi-
nations. Differences between FDFs determined in the two test facilities,
sometimes modest and not negligible in other cases, are found to depend
on the flames’ spatial extension and interactions. The general inference is
that the FDFs measured in a single-injector combustor are better suited if
the flame-wall interaction is weak and provided that the area is equivalent
to that of a single sector of an annular combustor. Nonetheless, using a
multi-injector system would be more appropriate for a more precise FDF
determination.

10.1 Introduction

Controlling combustion instabilities in annular systems is still a challenge, es-
pecially in systems operating in the lean premixed mode in compact, weakly-
damped geometries. These instabilities are caused by a coupling between the
acoustics of the system and the dynamics of the flames. The acoustic modes can
be longitudinal or, more often, azimuthal, corresponding to the largest dimension
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of the annular chamber and consequently to the lowest frequencies where flames
are most sensitive to disturbances. These instabilities are sustained by oscilla-
tions in the heat release rate (HRR) of the flames formed by the injection units
(Krebs et al. 2002; Kunze et al. 2004; Staffelbach et al. 2009; Bourgouin et al.
2013; Worth and Dawson 2013a; Dawson and Worth 2014; O’Connor et al. 2015;
Poinsot 2017; Prieur et al. 2017). It is generally considered that the transverse
velocities that accompany azimuthal modes contribute to a lesser extent to the pro-
cess, but some recent experiments indicate that when the oscillation level reaches
large amplitudes, these velocities may extinguish flames located near the pressure
nodal line (Prieur et al. 2018). In an annular combustor, if the flame dynamics are
mainly driven by axial disturbances and well defined by the flow fluctuations in
each injector (Staffelbach et al. 2009; Wolf et al. 2012), and if the damping rate of
the system can be estimated, it is possible to determine the amplitude of the limit
cycle and infer the nature of the azimuthal oscillation (standing or spinning) that
prevails in the system as exemplified in Laera et al. (2017).

The analysis of these instabilities is usually based on low-order models ac-
counting for the flame response to acoustic modulations in combination with a
proper description of the injector dynamics and system acoustics (Schuller et al.
2020). The flame response is conveniently represented by the flame describ-
ing function (FDF) (Noiray et al. 2008) or at least by a flame transfer function
(FTF). In general, the FDF is measured separately on a single-injector configura-
tion equipped with an acoustic flow modulation system to obtain the stable flame
response. Transfer or describing function concepts suitably represent the complex
multidimensional dynamics of real flames if the combustion region is compact
with respect to the wavelength and interactions between flames are weak. One
must also make sure that the FDF measured in a single-injector setup reliably de-
scribes the flame response and that this knowledge can be transposed to the annular
configuration.

For dynamical similarity, it is generally believed that the confinement ratio,
i.e., the ratio of the injection surface area to the backplane surface area A;/App,
should take identical values in the single-sector and annular configurations. This
alone, however, may be inadequate because there is a notable difference in bound-
ary conditions: a rigid wall cannot properly reflect possible interactions between
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 influence the dynamics of the annular combustor (Worth
and Dawson 2013a; Worth and Dawson 2019). In addition, the flames are gen-
erally swirling, causing a strong rotation of the burnt gases between the flames.
These effects may be enhanced if the injectors are fitted with an outlet cup (Durox
et al. 2016; Dolan et al. 2017).
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(a) MICCA-Spray

Figure 10.1. (a) Photograph of the MICCA-Spray test rig. The mean diameter of
the chamber is 350 mm and the walls are 400 mm long. (b) View of the SICCA-
Spray test rig. The cylindrical flame tube has a 69 mm inner diameter and is
200 mm long. (c) The linear combustor, namely TICCA-Spray, equipped with three
injectors. Acoustic actuators mounted inside metal enclosures are visible at the
bottom of the photograph. A photomultiplier (in black) is installed in front of the
quartz window, behind a mask with a vertical rectangular slot serving as a spatial

filter.

Several investigations carried out in linear geometries comprising a few swirling
injectors indicate that relative injector positions (represented by the spacing-to-
diameter ratio s;/dy) and flame shapes determine the level of interactions between
neighboring flames (Kao et al. 2014; Kao et al. 2015; Dolan et al. 2015). If
the flames are in close proximity and expanding sideways, strong interactions can
occur between the reactive layers with significant variations in the instantaneous
heat release rate (Worth and Dawson 2012; Worth and Dawson 2019; Lee et al.
2018; Lee et al. 2019). In Lee et al. (2019), it is shown in particular that two
close flames do not have the same FTF as an isolated flame. Differences have
been observed not just in the dynamical response of the flame but also in the lean
blow-off limits, as indicated in a recent study (Ciardiello et al. 2021) conducted
with a multi-burner linear combustor. One is led to think that the flame dynamics
in an annular system will differ from the dynamics of a flame in a single-sector,
even if the flame fronts are not in direct contact. This aspect was already consid-
ered in the past by Fanaca et al. (2008), Fanaca et al. (2010), and Smith et al.
(2018). Additionally, the problem of assigning a surface area to the single-injector
backplane was also discussed in Fanaca et al. (2010). It was found that to avoid
interactions between the flame and wall in the single-sector configuration and to
obtain a flame shape that matches with that found in the annular multiple injector
system, the cross-sectional area of the single-injector combustor App|gyc has to
be a few times that of a single segment in the annular chamber App|pc, depend-
ing on the swirl number. However, such a large distortion in the surface area ratio
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A7 /App might not guarantee similar flame dynamics in the single-injector geom-
etry and in the annular combustor. Smith et al. (2018) also consider the difference
in flow and flame behaviors between single- and multi-injector configurations, but
in contrast with what was initially expected, they find no significant changes in
flame dynamics. However, this study was carried out at a single frequency, and
the flames were only subjected to transverse acoustic modulations. Recent investi-
gations carried out at the EM2C laboratory (Rajendram Soundararajan et al. 2021)
indicate that FDFs measured in a single-injector cylindrical combustor (SICCA-
Spray) having the same area as one segment of an annular combustion chamber
(MICCA-Spray) can be used to analyze and approximately predict the instabilities
observed in the annular combustor. However, it is also noted that the flame dynam-
ics in the single-injector arrangement does not completely match that prevailing in
the annular chamber.

Previous studies do not consistently conclude whether a single-injector config-
uration would sufficiently represent an annular combustor with multiple injectors.
It is clearly important to investigate these issues in further detail and specifically
aim at comparing FDFs obtained in single-sector and multiple-sector systems. The
choice is made to conserve the same ratio between the injector outlet surface area
and the backplane surface area A;/App, relative spacing s;/d;, and injector diam-
eter in the single-sector and multiple-injector systems. A new test bench (desig-
nated as TICCA-Spray) was designed to complement the existing single-injector
(SICCA-Spray) and annular combustor MICCA-Spray. TICCA-Spray comprises
a set of three injectors in a rectangular geometry. The central flame is surrounded
by two side flames in a geometry that portrays in a linear fashion the situation that
prevails in the annular system.

This new experimental bench is described in Section 10.2, which also briefly
discusses the related facilities: SICCA-Spray and MICCA-Spray. Section 10.3 is
concerned with the FDF formulation and the treatment of the present spray flames
as a single-input, single-output (SISO) system. Data gathered in this new facility
are presented in Section 10.4 and compared in Section 10.5 with FDFs determined
with the single-injector configuration. Two appendices are provided at the end,
discussing further details on the FDF measurements. Appendix 1 shows the sensi-
tivity of FDFs to the measurement location in TICCA-Spay, followed by Appendix
2, which discusses the repeatability and uncertainty of the measurements.

10.2 Experimental setup

It is natural to begin by briefly describing the MICCA-Spray annular combus-
tor shown in Fig. 10.1 (a) since it forms the basis of the geometrical configurations
for SICCA-Spray and TICCA-Spray. It is equipped with sixteen swirl-spray in-
jectors and is now mainly fed with liquid heptane or dodecane. It may also be
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Injector outlet
Terminal plate

“ Swirler
ST 4

Air H
distributor

Figure 10.2. The injector unit comprises an air distributor, a hollow cone atomizer,
a swirler, and a terminal plate. The terminal plate features a converging conical
shape having a diameter of 8 mm at the outlet. The schematic of the swirler is
shown on the right. The channel diameter ds. and radial location Ry s. can be
varied to modify the swirl number and pressure drop.

operated with a premixed flow of air and propane. The chamber is made of trans-
parent quartz walls open to the atmosphere. The inner and outer diameters of the
annulus are 300 and 400 mm, respectively. Strong azimuthal instabilities were first
observed with a 200 mm long inner tube and an outer tube 600 mm long (Prieur
et al. 2018) or 700 mm long (Vignat et al. 2020), but in the recent studies (Rajen-
dram Soundararajan et al. 2021), strong and persistent azimuthal instabilities were
recorded with lateral tubes of equal length (400 mm). The instabilities of MICCA-
Spray have until now been interpreted using FDFs measured in the single-injector
facility, SICCA-Spray. This configuration is shown in Fig. 10.1 (b) and described
in detail in Rajendram Soundararajan et al. (2022). The inner diameter of the
flame tube is 69 mm, which corresponds to the area of a single sector of the annu-
lar chamber. For FDF measurements, the flame tube is sufficiently short, with a
typical length of 150 mm, to avoid any longitudinal instabilities. Two driver units
confined in cylindrical enclosures serve to oscillate the air flow at the injector out-
let.

The same injector unit is used in MICCA-spray and SICCA-spray rigs, and
its exploded view is shown in Fig. 10.2. Liquid heptane is delivered by an axial
manifold to the hollow cone atomizer, which then sprays the fuel into the com-
bustion chamber in the form of fine droplets. The atomizer is generally located at
a distance of 6.75 mm from the combustor backplane. The air distributor delivers
air around the atomizer to the six channels of the radial swirler. The geometri-
cal parameters d,. representing the swirler hole diameter and Ry . representing
the distance between the axis of the hole and the axis of the swirler can be suit-
ably modified to obtain different swirl numbers and pressure drops. The injector
assembly contains a terminal plate at its end, which has a conical hole of 8 mm



10.2 - EXPERIMENTAL SETUP 231

Table 10.1. Injector characteristics obtained under cold flow. Ap represents the
pressure drop of the injector and Sy designates the experimentally obtained swirl

number. The head loss coefficient o is calculated using the equation Ap = 3 poou,

where wy, is the bulk velocity given by mair/wpoR?nj and Rj,; = 4mm. dg. is the
diameter of the swirler channels and Ry s. is the distance between the axis of the

hole and the axis of the swirler as shown in Fig. 10.2.

Ap o dse  Rose
) (kPa) (-)  (mm) (mm)
F1 F2
707/807 0.60 3.65 2.81 3.30 4.0 4.6
716/816 0.70 5.74 441 520 3.5 4.7

Swirler

outlet diameter. Two distinct swirlers, designated as 707 and 716, having different
swirl numbers and pressure drops, are investigated in what follows. These swirlers
produce a clockwise rotation of the air flow, and their parameters are tabulated in
Tab. 10.1. In addition, the counterclockwise version of the two swirlers, desig-
nated as 807 and 816, having identical geometries as their clockwise counterpart,
are also investigated. It is pointed out that, in SICCA-Spray, the clockwise and
counterclockwise counterparts cannot be distinguished as they possess the same
characteristics.

The newly built TICCA-Spray linear combustor is shown in Fig. 10.1 (c). 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 choice of a
system featuring three injectors is made so that the configuration remains simple
enough but allows studying the effect of lateral boundary conditions on the flame
dynamics. This is suitable as shown in Dolan et al. (2017), where it is found
that the flow fields around the central injector in arrays with three or five injectors
are quite close, provided that the spacing between injectors is kept constant. The
combustion chamber is formed by four transparent windows that have a length of
205 mm, a width of 50 mm, and a height of 175 mm. The width is equal to the dis-
tance between the two sidewalls in MICCA-Spray and the length to the curvilinear
distance corresponding to three adjacent injectors in MICCA-Spray. The height of
TICCA-Spray is chosen such that the flames are stable and also sufficiently con-
fined 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 neighboring swirling
flames on each side. A slightly converging metallic hat placed on top of the trans-
parent chamber prevents entrainment of outside and its inflow into the chamber.
The backplane and the metallic corner structures supporting the lateral windows
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Table 10.2. Operating conditions considered in this study. ¢ is the global equiva-
lence ratio and uy, is the mean air flow velocity per injector at the outlet. Repro-
duced from Tab. 1.2.

Operating ¢ up By,
point (/injector) SICCA TICCA
) () (ms™H)  GW) (W)

F1 0.85 42.7
F2 0.95 37.7

19.3

are cooled by circulating cold water. A sectional view passing through the axis
of the central injector and perpendicular to the length of the chamber is shown in
Fig. 10.3. The driver units for modulating the air flow are mounted inside metal
enclosures and connected through elbow channels to the common air manifold
(see Fig. 10.1 (c)). These are Monacor SP-6/108PRO HiFi speakers with a root
mean square power rating of 100 W and an electrical impedance of 8 (), capable of
operating in the frequency range between 44 to 4500 Hz. The driver units modulate
the air flow longitudinally along the axis of the injectors. In this study, each injec-
tor is supplied with liquid heptane as fuel delivered by a central axial tube passing
through the plenum. Both the air and fuel are supplied under ambient temperature.
The FDF measurements in TICCA-Spray are carried out on the central flame and
compared with FDFs determined in SICCA-Spray at two operating conditions de-
fined in Tab. 10.2. These operating points, designated as F1 and F2, correspond to
the same thermal power but differ in the global equivalence ratio ¢. While F2 is
close to stoichiometry (¢ = 0.95), F1 is leaner (¢ = 0.85).

The test rig is equipped with a photomultiplier (PM) with an OH* filter cen-
tered at 308 nm. A mask is placed in front of the PM such that it only collects
the light emitted by the central flame (see Fig 10.1 (c)). The spray flames con-
sidered here did not show any significant spatial inhomogeneities of equivalence
ratio during flow modulation in the frequency range of interest. This is because a
large part of the spray impacts the conical wall of the terminal plate (see Fig. 10.2)
before exiting into the chamber. This could cause strong secondary atomization
under the action of the air flow, and this part of the fuel would then be approxi-
mately modulated in phase with the air pulsations. It might also be possible that
the droplets interacting with the wall will slide along or bounce back and be swept
away by the pulsating air flow. Whatever be the mechanism, it is seen in Chapter 2
that the fluctuation of the overall equivalence ratio (or mixture ratio) at the injec-
tor outlet is relatively weak compared to the fluctuation in velocity. One may thus
consider that the spray flames investigated in the present experiments behave like
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Actuator Fuel Actuator

Figure 10.3. Sectional view of the TICCA-Spray combustor in a plane perpendicu-
lar to the length and passing through the central axis of the burner.

premixed flames, that their chemiluminescence characteristics are similar to those
of premixed flames (Hurle et al. 1968; Ballester and Garcia-Armingol 2010), and
that the OH* light emission may serve as an acceptable indicator of the HRR.

The velocity is measured using laser Doppler anemometry (LDA), the details
of which are provided in Chapter 1. As seen in Chapter 4, the size of the spray
droplets at the location of velocity measurements does not exceed a mean diameter
of 5 um, resulting in low inertia for the droplets in the air flow. At an oscillation
frequency of 500 Hz, a standard calculation indicates that the amplitude of the
droplet velocity fluctuation is 0.95 that of the local velocity of the gas and that
there is a small phase delay between the droplet and local gas velocities of about
0.057. As afirst approximation, it is, therefore, possible to consider that the droplet
velocities correspond to the air velocities at the injector outlet in the frequency
range of interest.

10.3 Determination of flame describing function

Generally, in flames that are formed by a spray of fuel conveyed by a stream of
air, one expects to find equivalence ratio fluctuations together with velocity fluc-
tuations. One would have to determine two describing functions, one pertaining
to equivalence ratio disturbances and the other to velocity or volume flow rate
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disturbances. One would write in general,
Q'/Q = Fol@'[9) + Fuld,/dv) (10.1)

In the above equation, ¢, is the volumetric flow rate, Q represents the HRR, (-)’
refers to fluctuations, and (-) refers to the mean of a quantity. The flame would then
have to be treated as a multiple-input single-output (MISO) system. However, as
mentioned in Section 10.2, the relative equivalence ratio disturbances are an order
of magnitude smaller than the volume flow rate (or velocity) disturbances in the
present experiments (i.e., ¢’ /¢ < q.,/,). One may then only consider the effects of
volume flow rate disturbances (as a SISO system) and focus on the determination
of F,. This is admittedly an approximation, but it is applicable in a situation
where the relative HRR fluctuations are essentially induced by relative flow rate

or equivalently velocity disturbances.

The FDF F, gives the nonlinear response of the flame to the incoming acoustic
perturbation, as shown in Eq. 10.2. In what follows, the subscript v is dropped and
F 1s simply used to designate the FDF.

/
Flod)) = 212 (102)
4/ q

where w is the angular frequency. It is experimentally difficult to obtain a measure
of flow rate fluctuations at the injector outlet, especially when there is a swirling
flow with large shear zones. It is rather easier to measure the local velocity fluc-
tuations instead by optical velocimetry techniques such as LDA or by hot wire
anemometry. The FDF expression can then be rewritten as:

N 1) . ’
- Q/Q G (w, Jul, )T @liea) (10.3)

/ — c
uc,r/uCﬂ“

F(w, uc,

where, Gr = |F| and pr = arg(F) represent the FDF gain and phase, and u,,
is a reference acoustic velocity fluctuation determined at the base of the flame
(subscript ‘¢’ referring to the measurement in the chamber) at a certain distance
r from the center of the injector and at a particular height 4 from the chamber
backplane. Equations (10.2) and (10.3) are equivalent only if:

QZ/@ = u/c,r/ﬂc,r (10.4)

It is crucial that the velocity measurement at the injector outlet be obtained at a lo-
cation where Eq. 10.4 is valid, and this has been carefully considered in Chapter 4.
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As the velocity measurements by LDA require optical access, they are obtained at
h = 2.5mm above the injector exit plane. It is also seen in Chapter 4 that the
radial position r of the velocity measurement point that fulfills Eq. 10.4 nearly
corresponds to the maximum of the mean axial velocity for the swirling injectors
considered here. For swirlers 707 and 807, this radial location is at » = 3.5 mm,
and for swirlers 716 and 816, this is at 7 = 4mm. As shown in Appendix 1,
the quality of the FDF determination is sensitive to the location where velocity
fluctuations are being measured. Since the velocity at the injector outlet changes
rapidly, even a small displacement with respect to the optimal point can signifi-
cantly alter the equality in Eq. 10.4, thereby changing the determined FDF gain.
One also finds that a shift of the measurement point is accompanied by a reduction
in signal-to-noise ratio, producing phase values that are less reliable. This can be
controlled by examining the coherence function and requiring that it be greater
than a certain threshold, as indicated at the end of this section.

The FDF measurements are performed by subjecting the flame to different lev-
els of acoustic velocity fluctuations induced by the four driver units located at
the bottom of the plenum. A wave generator produces sinusoidal signals with an
amplitude Vj (peak to peak) ranging from 0.5V to 2.9V in steps of 0.3V, and a
linear frequency sweep is performed from 250 Hz to 850 Hz for a time duration
of 133s at each amplitude level. Modulating the air flow with different ampli-
fier voltages produces different velocity fluctuation levels at the injector exit. The
processor of the LDA system simultaneously acquires the PM voltage while mea-
suring the velocity. The signals are then interpolated and resampled to obtain the
cross power spectral density between the relative HRR and velocity modulations.
It is ensured that the number of droplets passing through the LDA measurement
volume is high enough (=~ 30kHz) to have a sufficient sampling rate. The co-
herence between the input relative velocity disturbances and output relative HRR
disturbances is calculated, and the corresponding data are retained only if this
coherence 7% = |S Yl T\2 /(S¢ygySut ) 18 greater than a certain threshold. The

choice is made to use 42 > 0.9, ensuring a signal-to-noise ratio of at least 9.5 dB.

10.4 Results and discussion

It is interesting to first examine flame images recorded in TICCA-Spray and
compare them with the images obtained in SICCA-Spray to uncover differences
in terms of flame shapes. This will help interpret the FDF measurements corre-
sponding to the different swirlers that are first shown for TICCA-Spray and then
compared with the FDFs determined in SICCA-Spray.
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Figure 10.4. Flame images in TICCA-Spray (first and second column) and SICCA-
Spray (third column). In the first column, the neighboring injectors are co-
rotating, while in the second column, the neighboring injectors are counter-
rotating. Images are adjusted to have the same aspect ratio and scale. The fourth
column shows the evolution of intensity integrated over an ensemble of vertical
pixels at each horizontal coordinate in the flame zone normalized by its maximum
value. The blue lines correspond to TICCA-Spray with co-rotating neighbors, and
the red lines pertain to SICCA-Spray. Dotted black lines represent the chamber
wall in SICCA-Spray. Here, the first and third rows correspond to the operating
point F1, and the second and fourth rows correspond to F2.
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10.4.1 Flame images in TICCA-Spray and SICCA-Spray

The first three columns in Fig. 10.4 display the flame images of TICCA-Spray
and SICCA-Spray formed by the different swirling injectors at the two operating
points reported in Table 10.2. These images are recorded by a Panasonic Lumix
FZ38 digital camera under steady conditions, and the driver units at the bottom of
the test rigs are inoperative while recording these images. The fourth column is
based on images captured by an intensified CCD camera equipped with a Nikon
105 mm UV lens and OH™ filter centered at 308 nm. It shows the evolution of inten-
sity integrated over all vertical pixels corresponding to each horizontal coordinate
in the flame zone normalized by its maximum value. The flames formed by 707
(with adjacent co- or counter-rotating neighbors) in TICCA-Spray are, in general,
longer and narrower with negligible interaction between the adjacent flames. This
is apparent from the intensity plots in Fig. 10.4 (m) and (n), where the integrated
intensity between the flames is quite low. Likewise, the flames of 707 in SICCA-
Spray feature lesser interactions with the chamber walls but are comparatively
shorter than in TICCA-Spray.

The flames established by 716 (with adjacent co- or counter-rotating neigh-
bors) in TICCA-Spray are shorter and broader compared to 707, which results
in augmented interaction with the neighboring flames. This can be seen at F1 in
Fig. 10.4 (g) & (h), where the flame fronts touch their neighbors at the top. This
is also apparent in the intensity plots in Fig. 10.4 (o) & (p), where the intensity
level between flames is higher than for 707 (Fig. 10.4 (m) & (n)). The integrated
intensity plots also indicate that the flames of 716 are broader than those of 707
in SICCA-Spray, indicating a higher flame-wall interaction with 716. The central
flame of 716 is also less symmetric in TICCA-Spray (see Fig. 10.4 (0) & (p)),
which could be due to the augmented interaction between flames and to the fact
that all swirlers are co-rotating. At F2, the flames in TICCA-Spray are weakly in-
teracting with the neighboring flames, and similarly, their interaction with the wall
is reduced in SICCA-Spray. This is noticeable from Fig. 10.4 (p), where the inten-
sity level between flames is lower in TICCA-Spray, and the flame is comparatively
narrower in SICCA-Spray. With 716, the side flames of TICCA-Spray possess a
shape similar to the wall-bounded flames of SICCA-Spray, which differs from the
shape of the central flame in TICCA-Spray. The flames that interact with the wall
feature wings on their sides that reach up to the lateral boundaries. The absence
of this feature in the flames of 707 could be attributed to the reduced expansion of
the flame and correspondingly reduced wall interaction. No obvious difference is
visually observed in the flame images between co- and counter-rotating neighbors.
For the two swirler arrangements, the flames at F2 are evidently brighter as they
operate at a higher equivalence ratio. The general differences in the lateral extent
of the flames between 707 and 716 may be linked to the higher swirl number of
the latter, leading to a wider inner recirculation zone and an expanding flow field.
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Figure 10.5. Gain G and phase ¢ of FDFs measured in TICCA-Spray at the
two operating conditions. The color scale represent the velocity fluctuation levels
measured at the injector outlet.
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Figure 10.6. Comparison between operating points: gain G and phase pr of
the FDFs measured in TICCA-Spray showing the comparison between the two
operating points for the different swirler combinations (F1: blue, F2: red). Results
are only plotted at two amplifier voltages V) = 1.4V (solid line with marker) and
2.9V (solid line without marker), to illustrate the differences.

10.4.2 FDF's measured in the linear array facility TICCA-Spray

The FDFs measured in TICCA-Spray for the various swirlers and operating
points are displayed in terms of gain G and phase ¢ in Fig. 10.5 for a range of
frequencies and velocity fluctuation levels. Data are smoothed using a five-point
moving average and shown only if the coherence v* between HRR and velocity
signals is at least 0.90. Experiments have also been repeated to ensure that the
data reported can be reproduced reasonably well (see Appendix 2). Substantial
variations in the velocity fluctuation amplitudes are obtained up to 600 Hz, beyond
which the system is only weakly responsive to acoustic perturbations. The mod-
ulation level remains relatively low (=~ 5%) beyond 600 Hz, and the signal levels
are quite weak to consider any variation in the FDF. It might still be possible to
analyze the flame dynamics linearly (as FTF) in this range, but caution is to be
taken as the measurement uncertainties are expected to be comparatively higher in
this region due to the lower signal-to-noise ratio (discussed in Appendix 2).

Nonlinearity, especially in the gain, is observed between 400 Hz and 600 Hz for
all the operating conditions except for 707 with adjacent counter-rotating swirlers
at F1 (Fig. 10.5 (c)). The phase, however, is mostly independent of the modula-
tion amplitude except for 707 at F2 (Fig. 10.5 (b) and (d)) and 716 at F1 (Fig. 10.5
(e) and (g)) in the vicinity of 500 Hz (with both co- and counter-rotating neigh-
bors). The change in equivalence ratio affects the FDF gain and phase, as seen
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Figure 10.7. Influence of neighboring swirlers: gain G and phase ¢r of the FDF
measured in TICCA-Spray with co- (solid lines with marker) and counter-swirl
(solid lines without marker) swirler combinations at the two operating points F1
and F2. Results are presented for two amplifier voltage Vy = 1.4V and 2.9V of
the driver units.

in Fig. 10.6. The results are presented only at two amplifier voltages for better
clarity. The difference is comparatively modest in the gain of 707 with both ad-
jacent co- and counter-rotating swirlers. This could be attributed to the absence
of strong flame-flame interaction with this swirler. The phase evolution for 707 is
nearly the same at F1 and F2 until 550 Hz, beyond which the phase at F1 shows a
plateau before increasing again. For 716, increasing the equivalence ratio from F1
to F2 leads to an increased gain, and at 700 Hz, the gain at F2 is about three times
that found at F1 (see, for example, Fig. 10.6 (c)). This variation in gain could be
caused by the higher flame-flame interaction at F1 compared to F2 (see Fig. 10.4
(0) & (p)). The phase evolution nevertheless remains the same.

10.4.3 Comparison of FDF between co- and counter-rotating
swirl

The TICCA-Spray test rig allows examining the effect of having counter-
swirling flames next to the central flame rotating in the clockwise direction. Obvi-
ously, this effect cannot be examined in a single injector configuration. Figure 10.7
shows, on the same graphs, the comparison of FDFs plotted in terms of amplifier
voltages for the two swirler units and operating points when having adjacent co- or
counter-swirling flames. Although a representation in terms of amplifier voltage
1s not physically intuitive, it is reminded that they, in turn, are linked to velocity
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modulation level. To read these values, one could refer to Fig. 10.5.

Overall, the FDF of 707 does not depend on the type of the adjacent swirlers.
Both gain and phase generally remain the same with both co- and counter-rotating
swirlers, except for a minor difference in gain at 15 = 1.4V. On the contrary,
the FDF of 716 has a higher dependence on the neighboring flames, especially
at F1. Both the FDF gain and phase moderately differ depending on whether the
adjacent swirlers are 716 or 816 type. The gain with counter-rotating neighbors
is slightly higher than that determined in the co-rotating case, whereas the phase
takes slightly higher values with co-rotating swirlers. On the other hand, the differ-
ence in the FDF of 716 between co- and counter-rotating swirlers is only modest at
F2, with minor variations in gain beyond 600 Hz. However, in this region, the ve-
locity fluctuation level is relatively low (refer to Fig. 10.5 (f) & (h)) to reasonably
identify a difference.

The reason for this variation in the dynamic response of the flame depending
on the adjacent swirlers can be well understood from the flame images shown in
Section 10.4.1. Flames with 707 are narrower and have visibly weaker interactions
with adjacent flames. Thus, the FDF of 707 is influenced to a lesser extent by
the presence of a co- or counter-rotating neighbor. In contrast, 716 flames are
wider, and the span of the neighboring flames evidently extends to the central
flame, resulting in stronger interactions with the neighbors. This interaction is
more pronounced at F1, as seen in Fig. 10.4 (g) & (h), where the wings of the
neighbors touch the central flame (also seen in (0)). This is manifested in the
FDF as a strong variation in gain and phase between co- and counter-swirling
flames. However, at F2, the flame is comparatively narrower, and its interaction
with the side flames is weaker, resulting in similar FDF evolution in configurations
where the central flame that rotates in the clockwise direction is surrounded by
counterclockwise neighbors.

10.5 Comparison of FDF measured in TICCA-spray
and SICCA -spray

This section compares the FDF measured in the three-injector test rig TICCA-
Spray against the measurements from the single-injector test rig SICCA-Spray.
This comparison will identify the adequacy of the widely used procedure of ob-
taining the FDFs from a single-injector test rig, a procedure that is used, for ex-
ample, in Rajendram Soundararajan et al. (2022) to explain observed instabili-
ties. The comparison of the FDFs pertains to the central swirler in TICCA-Spray
when the adjacent flames are of co-rotating type. Figure 10.8 shows the FDFs
in terms of gain and phase between the two configurations. The FDFs obtained
in SICCA-Spray are represented as solid lines with markers, and the FDFs de-



242 CHAPTER 10 - COMPARISON OF FDFS IN SINGLE AND
MUTIPLE-INJECTOR CONFIGURATIONS

termined in TICCA-Spray are represented by solid lines without markers. These
lines are colored according to the velocity fluctuation levels. The span of the FDF
data obtained is represented by the colored bands, and the statistical uncertainties
calculated by a bootstrapping method remain within this span (also discussed in
Appendix 2). The levels of velocity fluctuations between the two systems match
in the range from 300 Hz to 600 Hz. Beyond 600 Hz, the signal level in TICCA-
Spray is too weak, and the coherence between the input velocity and the output
heat release rate modulations is low, unlike in SICCA-Spray. At F1, a difference
in gain exists for both swirlers; while this difference is modest for 707, the gain of
716 is significantly higher in SICCA-Spray than in TICCA-Spray. The reason for
the higher gain in SICCA-Spray could be attributed to the flame-wall interaction
illustrated in Fig. 10.4 (1) & (0). Such interactions induce strong variations in the
flame surface area, which, in turn, contribute to sound production, as shown by
Candel et al. (2004). At a higher equivalence ratio, the flame of swirler 716 is nar-
rower and features reduced interaction with the chamber walls in SICCA-Spray
and adjacent flames in TICCA-Spray, possibly explaining similar gain values be-
tween the two systems at F2. The gain of 707 at F2 is nearly the same between the
two systems except for some minor differences at low frequencies.

On comparing the phase curves, one observes that the phase of 707 takes lower
values in TICCA-Spray than in SICCA-Spray but evolves in a nearly similar fash-
ion for both operating points. The dependence of the phase on the input velocity
fluctuation level is prominent for swirler 707 at F2. One also notices a deviation
in phase beyond 550 Hz at F1, but the velocity fluctuation levels are much lower
in this zone for TICCA-Spray than SICCA-Spray. With 716, the phase takes the
same values between TICCA-Spray and SICCA-Spray at F1, thereby indicating
similar values for the time delay between velocity and HRR fluctuations. On the
other hand, the phase for the swirler 716 at F2 has a different behavior than at F1;
although it has a similar evolution, the phase value measured with TICCA-Spray
is lower than that measured with SICCA-Spray below 600 Hz. This means that the
time taken for the velocity fluctuations produced at the injector exit to reach the
entire flame area will be the same between the two systems as at F1, except that
the phase is shifted by a constant value, unlike at F1. The behavior at F2 is similar
to the observations with swirler 707 but different from the behavior of swirler 716
at F1. Further diagnostics of the flow and flame behavior would be necessary to
explain the observed differences.

The differences in FDFs between the two systems can be much appreciated
by considering their impact on instability prediction using low-order modeling
such as the one proposed in Chapter 5 for injectors that are weakly transparent
to acoustic waves or in Schuller et al. (2020) for acoustically transparent injec-
tors. As shown in these articles, the phase of the FDF often determines whether
or not the system falls within an “unstable band” which can serve to predict a
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Figure 10.8. Comparison of gain G and phase ¢ of the FDFs measured in the
multiple-injector setup TICCA-Spray (solid lines without marker) with co-rotating
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potential instability in a particular frequency range. Furthermore, the gain of the
FDF determines the growth rate, which relates to the amplitude of instability, pro-
vided the growth rate is originally higher than the damping rate imposed by the
system. This indicates that, for swirler 707, one could reasonably obtain similar
growth rates irrespective of whether the FDF is measured with an isolated flame
or in an environment where the flame is surrounded by adjacent neighbors. Re-
garding the phase, it was shown that, despite having similar slopes, it takes lower
values in TICCA-Spray than in SICCA-Spray. This introduces some uncertainty
in assessing the instability potential. The phase curves in Fig. 10.8 (a) and (b)
indicate a horizontal shift between the curves. This induces a 50 Hz displacement
of the crossing point of the phase with one of the boundaries of the unstable re-
gion, causing a 50 Hz uncertainty on the range of frequencies where the instability
might occur. Regarding swirler 716, the phase curves nearly coincide at F1, and
the frequency range of potential instability can be assessed with smaller uncer-
tainty. However, the differences in the FDF gains measured in SICCA-Spray and
TICCA-Spray will give rise to notable changes in the growth rates. At F2, the
differences observed in the FDF phase will result in some uncertainty in the fre-
quency range of potential instability. Since the FDF gains are quite similar at F2,
this will give rise to similar growth rates.

The above results indicate a moderate but non-negligible difference in the FDF
between the two combustors. Also, whether the FDF measurement should be
done in an isolated flame or a flame surrounded by the neighboring flames can-
not be universally decided but rather depends on the flame geometry. In general,
one would obtain an approximate prediction of the instability of an annular com-
bustor using the FDF measured in a single-injector combustor if the flame-wall
interaction is not too strong and provided that the backplane area is equivalent
to that of a single sector of the annular combustor, i.e., the area ratio A;/App is
maintained. If A;/App is not conserved, the single-injector combustor will fea-
ture a different flow pattern, as can be seen in Fanaca et al. (2010). Nonetheless,
a multi-injector system reflecting the flame-flame interaction found in the annular
combustor would be worthwhile to get an accurate FDF and more precisely predict
the instabilities. Since interactions between injector flows are mainly governed by
the flame geometry, the results presented here, although demonstrated on a spray
combustor, can be expected to be applicable to premixed injectors as well.

10.6 Conclusions

This article primarily reports flame describing functions (FDFs) measurements
on a newly-developed three-injector linear test rig. In a first-of-its-kind study,
FDFs measured in an isolated flame formed by a confined single-injector com-
bustor are compared to those corresponding to a flame surrounded by neighboring
side flames to identify the effect of lateral boundary conditions. Measurements of
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FDFs are carried out with two swirlers varying in swirl intensity at two operating
points differing in global equivalence ratio. The three-injector configuration al-
lows to additionally study the effect of neighboring swirl direction on the FDF by
placing either co- or counter-rotating swirlers in the lateral injectors.

Comparisons of FDFs measured in the single-injector SICCA-Spray and in
the linear array TICCA-Spray reveal differences in gain and phase at a level that
depends on the operating conditions. In general, larger differences arise in the gain
in cases where flame-wall interactions are strong. In other cases where flame front
interactions with lateral boundaries are less pronounced, the FDF gain remains
almost the same between the two configurations. The phase curve corresponding
to the multiple-injector situation features the same slope but exhibits an offset with
respect to that determined in the single-injector system. This will have a moderate
but non-negligible impact on predictions of instabilities based on FDFs measured
in a single-injector combustor. The direction of rotation of the adjacent swirlers
becomes particularly important when the flame fronts have pronounced interaction
with their neighbors. If such interactions are negligible, the FDF is nearly the same
with co- or counter-rotating neighbors.

The experiments reported in this chapter at eight operating conditions indicate
that the decision on the suitability of measuring the FDF in an isolated flame or
in an environment where a flame is surrounded by adjacent side flames has no
single answer but rather depends on the flame geometry produced by the injector.
In general, the FDFs measured with a single-injector combustor would approxi-
mately represent a multi-flame system if the flame-wall/flame-flame interaction is
minor. In this case, an order-of-magnitude prediction of instability in an annular
combustor can be obtained using the FDFs measured in a single-injector com-
bustor, provided that the single-injector combustor possesses the same area as the
single sector of the annular combustor. A multi-injector system will still be needed
if one requires a more precise FDF measurement.
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Figure 10.9. Mean axial velocity profile of TICCA-Spray with 716 (co-rotating 716
neighbors) measured at F2 under steady conditions.

Appendix 1: Sensitivity of FDF on the measurement
location

As indicated in Chapter 4, for SICCA-Spray, the optimal point for measuring
the relative velocity fluctuations was found to be close to the location of maximum
mean axial velocity. In TICCA-Spray, this optimal position could be different due
to the interaction of flow fields of the central swirler with the neighboring units.
This may be examined by measuring the axial velocity in TICCA-Spray under
steady conditions for the central injector at different radial locations to obtain
the velocity profile with one of the swirlers, in this case, 716 (with co-rotating
716 neighbors). Measurements are performed using LDA directly on the hep-
tane droplets in the presence of flame. Figure 10.9 shows the evolution of mean
axial velocity at the operating point F2. The central recirculation zone is less pro-
nounced like in the case of SICCA-Spray (Fig. 4.6 left) as only a small amount of
large droplets are present in this region leading to reduced measurement accuracy.
The velocity profile for the central injector evolves identically to that of an isolated
injector in SICCA-Spray, indicating that the interaction between swirlers has not
resulted in a significant modification of the flow field. The maximum mean axial
velocity occurs at 7 = 4mm for 716, the same location as that of SICCA-Spray,
and thus the FDF measurements are carried out at this location.

To further identify the sensitivity of the FDF on the radial location, measure-
ments are carried out around the optimal position when the flame is modulated at
an amplifier voltage of V) = 2.9V. Figure 10.10 shows the evolution of the FDF
gain and phase at different radial locations for swirler 707 (counter-rotating 807
neighbors) for which the optimal location is at » = 3.5 mm. These measurements
are carried out at the operating point F2 in steps of 0.2 mm for the radial location.
It can be seen that the gain changes rapidly with the radial location, while the
phase evolves similarly if the radial location is such that » < R;,; until 550 Hz but
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Figure 10.10. Gain G and phase o of FDF at different radial locations for
swirler 707 (counter-rotating 807 neighbors). Measurements are carried out at
F2, and an amplifier voltage of Vo = 2.9V.
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Figure 10.11. Comparison of FDF with 707 (counter-rotating 807 neighbors) at F2
measured at two radial locations, one along the centerline of the LDA laser and
another perpendicular to it. These measurements are carried out at an amplifier
voltage of Vo = 2.9 V.

varies substantially from the optimum phase if the radial position crosses R;;. This
shows the importance of correctly positioning the velocity measurement location
for FDF determination. In addition, it is also ensured that the FDF does not depend
on the angular position as long as the measurements are carried out at the optimum
radius. This is shown in Fig. 10.11, where measurements are carried out with 707
(counter-rotating 807 neighbors) at two positions, one at » = 3.5 mm in the axial
plane containing the centerline of the LDA laser and the other at » = 3.5 mm, in an
axial plane perpendicular to that centerline.
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Figure 10.12. (a) Gain G and phase ¢ of FDF in TICCA-Spray with 707 (co-
rotating neighbors) at F2 measured three months apart. (b) FDF measurements
carried out in SICCA-Spray with 726 at F1 at an amplifier voltage of Vi = 2.9V.
The measurements are performed at an amplifier voltage of Vi = 2.9V in TICCA-
Spray and 3V in SICCA-Spray to ensure the best possible signal quality.
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Appendix 2: Repeatability and uncertainty of FDF
measurements

As pointed out by the reviewers of the full-length article forming this chapter,
since the comparison of FDF is carried out between two different experimental se-
tups, it is important to consider the repeatability and uncertainty of measurements
in these two setups. Figure 10.12 (a) shows the evolution of gain and phase in three
different data sets pertaining to 707 (co-rotating neighbors) at F2. The amplifier
voltage is set at Vy = 2.9V resulting in the highest attainable velocity modulation
levels at the various frequencies and ensuring the best possible signal-to-noise ra-
tio. Overall, the FDF gain curves evolve similarly, with a variation of less than
20% until 600 Hz. One observes a non-negligible difference mainly between the
repeat measurements in the frequency range from 600 to 700 Hz. This could be
attributed to the lower relative velocity modulation levels in TICCA-Spray be-
yond 600 Hz, resulting in a reduced signal quality leading to a higher variability
between the different measurements. This is noticeable from Fig. 10.5 (b) beyond
600 Hz, where similar velocity fluctuation levels result in larger deviations in the
gain values. In addition, as shown in the top row of Fig. 10.13, the uncertainties
are slightly higher beyond 600 Hz, indicating that the data is less reliable in this
region. On the other hand, there is almost no variability in the FDF phase between
the various measurements. In SICCA-Spray, the repeat measurements carried out
with the same injector resulted in identical FDFs and are not shown here. Hence,
repeatability analysis is considered with different manufactured specimens of the
atomizer, one with a fixed atomizer and the other with a variable atomizer (dis-
cussed in Chapter 8) at the nominal recess distance of h, = 6.75mm from the
backplane. Figure 10.12 (b) shows the FDFs obtained with the two types of atom-
izers. It can be seen that the variations in gain are typically less than 20%, with
the phase evolution remaining the same between the two measurements. From this
discussion, it can be concluded that the measurements in both the experimental se-
tups are reasonably repeatable.

For computing the statistical uncertainties associated with the FDF measure-
ments, a bootstrapping method is used, and the associated error bars are shown
in Fig. 10.13 with swirler 716 at the operating point F1. The uncertainties of
SICCA-Spray are quite low in gain and phase and in the whole frequency range.
The FDF gain of TICCA-Spray has lower uncertainties until 600 Hz, beyond which
the deviation is slightly higher for the few points that satisfy the coherence crite-
rion 42 > 0.9. This can be attributed to the low velocity fluctuation levels (see
Fig. 10.5) at these higher frequencies resulting in comparatively higher noise lev-
els. The FDF phase of TICCA-Spray has only negligible uncertainties in the ex-
amined frequency range.
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Conclusions and perspectives

Conclusions

The present investigation is meant to contribute to the domain of combustion
dynamics by providing new data and developing models to understand, interpret,
and predict combustion instabilities. The central theme of this investigation is to
examine instabilities coupled with azimuthal modes, which most often arise in
the annular combustors used in aircraft engines or gas turbines. It is known that
azimuthal modes are the most dangerous because they are less well-damped and
feature the lowest eigenfrequencies. These frequencies can fall in the range where
flames are most sensitive to disturbances and respond with the highest gain to these
disturbances. Understanding these instabilities has become even more critical in
the present context of transitioning towards newer low-carbon fuels.

This work is mainly focused on flames formed by sprays of liquid fuel droplets
and on injectors generating a swirling flow. These injection units feature essential
characteristics found in aircraft combustors but in a simplified geometry. A choice
was made to operate with liquid fuels that are simpler but similar to kerosene. The
present investigation considers heptane, which is highly volatile, and dodecane,
which is comparatively less volatile, to replace the more complex combination of
molecules that compose the jet fuel. To deal with issues in a systematic fashion,
it is logical to use pure liquid fuels instead of complex mixtures that are found in
practical fuels.

For fundamental investigations, it is preferable to idealize the swirler and in-
jector geometries to define a family of swirlers that allow simple geometrical vari-
ations. It has been possible to vary the head loss and swirl number and, in this
way, sort out the main effects without dealing with the complexities found in real
injection units. As a continuation of the previous investigations, the present work
is aimed at examining the dynamical behavior of the injection units.

An original aspect of this research has been to establish a dialog between exper-
iments carried out in three different environments, the first being that of an annular
geometry allowing coupling between combustion and azimuthal modes (MICCA-
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Spray), the second being a single sector comprising one injector placed in a cylin-
drical chamber (SICCA-Spray), and the third being a new facility equipped with
a linear array of three injectors placed in a rectangular chamber (TICCA-Spray).
This platform of three test rigs allows data exchanges and guides the choices of
experiments to be carried out in the annular combustor. This also multiplies the
configurations that can be used for validation and allows measurements that cannot
be made in the more complex annular system. This research effort also requires
that systematic experimentation be combined with modeling, which has been the
central theme of this undertaking. The modeling relies on simplified representa-
tions of the flame response in terms of its describing function.

Here are a few conclusions gathered in a synthetic form. More details of these
findings are available at the end of each chapter.

e One of the fundamental questions considered in this research is the possibil-
ity of representing the dynamics of a multi-dimensional combustion process
with a flame describing function (FDF) relating an input, typically the inci-
dent volume flow rate fluctuations, and an output, namely the heat release
rate fluctuations. The analysis indicates that the FDF, determined at the res-
onance frequency and input disturbance level of self-sustained oscillations
(SSOs), does indeed coincide with the flame response during an SSO. This is
valuable since much of the low-order modeling used in combustion dynam-
ics assumes that the flame can be represented by a black-box input/output
describing function. Although previous research efforts have successfully
exploited these representations for instability predictions, direct experimen-
tal evidence is provided in the present thesis.

e The initial part of this work also deals with the response of the injection
unit. In contrast with the more traditional injectors that allow transmission
of acoustic disturbances with no impediment, it was found that the present
injectors were only weakly transparent to acoustic waves. This characteristic
is attributed to the high pressure drop and sharp area changes. One may
then question whether the dynamics of such units may be represented with
standard acoustic methods. This has consequences in terms of modeling and
direct experimental determination of the FDFs.

e Concerning the determination of the FDF itself, it is found that reasonable
estimates can be obtained by carefully choosing the point where velocity
fluctuations need to be measured. When the velocity profile on the upstream
side of the flame is nonuniform, this point should be such that the relative
velocity disturbances coincide with the relative volumetric fluctuation rate.
This choice is found to provide suitable values for the FDF.

e Using a family of injectors, it is found that the head loss and swirl number
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define, to a large extent, the combustion dynamics of the system. It is ob-
served that the swirler characteristics notably influence the FDF values, and
this has a direct impact on the SSOs observed in the single-injector combus-
tor SICCA-Spray.

The experimental results gathered in SICCA-Spray with different injectors
are then used to guide the low-order modeling aimed at identifying 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 mea-
sured or modeled or may be inferred from a combination of measurements
and modeling. The model that combines experimentally determined FDFs,
injector impedance and estimated damping rates is then used to predict the
occurrence of unstable oscillations. One conclusion of this research effort is
that the injector impedance determines the location of the unstable bands by
shifting the boundaries of these bands in the FDF phase diagram. The head
loss coefficient enters in the expression of the impedance’s real part and thus
directly impacts the instability boundaries.

The knowledge gained from the single-injector experiments with different
swirlers is used in a second stage to guide experimentation in the annular
combustor and interpret instabilities coupled by azimuthal modes. It is found
that a critical swirl number exists for this particular annular configuration
below which the system is unconditionally stable. For the swirlers that were
unstable, one observes that the pressure drop contributes to further variations
in the amplitude and frequency of oscillations. By combining these results
with the FDF information from the single-injector combustor, it is concluded
that the pressure drop value influences the unstable band position, whereas
the location of the FDF phase with respect to the unstable band depends on
the swirl number value.

Experiments carried out with a variable recess atomizer (an atomizer placed
at various distances from the injector outlet) indicate that this parameter no-
tably influences the behavior of the system. The change in fuel atomizer
location modifies the spray shape and its spatial dispersion and possibly the
droplet convective time, resulting in a change in the instability behavior.

Experiments with different fuels carried out in this research indicate that the
fuel composition and mode of combustion play a major role. The domains
of instability boundaries are shifted, and the resonance frequencies are mod-
ified when the fuel is changed. These are indications that the main effect
is linked to changes in the time lag between the input disturbances to the
flame and its output in the form of heat release rate fluctuations. These ex-
periments give access to the vaporization delay effects on the development
of instabilities.
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e Finally, in a first-of-its-kind study, comparisons are made between FDFs de-
termined in the single-injector combustor (SICCA-Spray) and in the multiple-
injector linear array system (TICCA-Spray). Results show that the choice of
carrying out FDF measurements in a single- or multi-injector combustor de-
pends upon the extent of flame-wall interaction or flame-flame interaction.
In any case, one would at least obtain an order-of-magnitude FDFs using the
single-injector combustor, but a multi-injector combustor is still needed for
obtaining more precise FDF values. Of course, the linear array configura-
tion is closer to the flame environment found in the annular combustor and
is more suitable for future determinations of FDFs, provided that a higher
modulation level, similar to the instability levels of the annular combustor,
can be achieved in TICCA-Spray.
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Perspectives

Advances made in this thesis open new areas of investigation. Several of these
are listed below.

Examining the injection unit dynamics

e One area requiring further examination pertains to the injection unit. It is
seen that this component determines to a large extent, the system dynamics.
Experiments have shown that the swirl number has a notable effect on the
FDF phase and subsequently on the combustion dynamics. It will be essen-
tial to pursue the characterization of injectors and develop a suitable model-
ing framework to represent the change in pressure and velocity fluctuations
after the injector. This could be achieved by obtaining a transfer matrix for
the injector that could include a frequency-dependent variable to represent
the variation in fluctuation amplitude and phase across the injector. However,
it will be important to see whether the transfer matrix method is applicable
in cases where the injector induces a relatively large head loss and is there-
fore weakly transparent to acoustic waves. Thus, the corresponding model
must be subsequently validated, for example, using simple impedance tube
measurements. If such a model can be validated, then the velocity measured
in the plenum using simple instrumentation can be transformed to obtain the
velocity fluctuations at the base of the flame.

o Another aspect concerning the injection unit is the determination of impedance
at the injector outlet. It was seen in this work that this value depended on
the injector, particularly on its pressure drop value, which directly influences
the position of the unstable bands. Thus a precise estimate of this impedance
is needed to advance the proposed low-order modeling framework. In the
present study, the injector outlet impedance is determined by making use of
self-sustained oscillations as a source of acoustic waves, but this is not ideal.
Thus, a downstream modulation system that can produce high amplitude dis-
turbances might have to be implemented in the single-sector setup to obtain
this value at different amplitudes and frequencies. It is also necessary to ac-
curately determine this value in the frequency range where MICCA-Spray
exhibits instabilities. The other alternative for such experimental determina-
tion is to use the injector transfer matrix model once such a representation is
successfully developed.

» Another possibility to understand the injector behavior and obtain its impedance
is using large eddy simulations (LES). Although this was begun in the present
work with a validation study performed for a steady flame, this needs to be
further pursued eventually for a modulated flame.



256

CONCLUSIONS AND PERSEPCTIVES

o Another aspect of injector impedance is determining whether this value is

dependent on the experimental setup. Normally, the injector impedance also
includes the acoustic state of the plenum, which is not identical between
the simplified setups and the annular combustor. However, on comparing
the measurements obtained in SICCA-Spray with the linear, transversely-
modulated test rig at CORIA (TACC-Spray), it was found that this impedance
takes similar values, even though the plenum configurations are entirely dif-
ferent in the two test rigs. It is thus essential to verify this point further so
that the injector impedance measured in a simpler setup can be employed in
the annular combustor configuration.

Flame describing function measurements

e FDFs in the current work are determined by approximating heat release rate

fluctuations to light intensity fluctuations from OH* chemiluminescence. Al-
though this is proven suitable for the spray flames considered in this work
due to their quasi-premixed operation (attributed to the atomizer recessed
location and the subsequent spray-wall interactions), this is not generally
valid for technically premixed flames. Thus, other possibilities of obtaining
the heat release rate fluctuations from the flames need to be explored. One
such way is measuring the velocities at the base of the flame and close to the
chamber outlet and obtaining the FDF without the need for measuring the
heat release rate. This method, which has been partially validated, could be
adopted as an alternative technique for FDF determination. However, this
approach would still require optical access to the base of the flame. Thus, it
would be interesting to consider the flame transfer matrix (FTM) approach
by combining the acoustic measurements made in the plenum and cham-
ber. This has been widely used in many previous works with transparent
injectors, but the validity of FTM for a weakly transparent injector needs to
be established. This method also considers the measurement of an injector
transfer matrix under cold conditions. One thus needs to verify whether such
a matrix does reproduce the injector behavior in the presence of a flame.

Obtaining a direct FDF measurement in this work was only possible for
flames formed by a spray of fuel droplets, as particle seeding was not fea-
sible. For further studies, the test rigs could be equipped with a particle
seeding system for a direct FDF measurement of non-spray flames.

Limit cycle predictions

e The level of modulation to obtain the FDF in SICCA-Spray is sufficient for

most of the longitudinal instabilities of this system. However, for certain
operating conditions and possibly for the instabilities of MICCA-Spray, the
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modulation system cannot reach a sufficient fluctuation level, similar to those
found at the limit cycle. Thus, the FDF did not cover the full range of rela-
tive velocity fluctuations that may arise, especially in the annular combustor.
This is also the case in TICCA-Spray, where the modulation levels are low
in the frequency range where MICCA-Spray is unstable, with the maximum
attainable level being only 7% beyond 600 Hz. Hence, the modulation level
needs to be augmented, possibly by making use of higher-efficiency driver
units that can produce higher velocity fluctuation levels even after crossing
the weakly-transparent injection units. These elements would then help in
suitably predicting the limit cycle amplitudes of MICCA-Spray.

Further investigations of annular combustor instabilities

e One aspect that needs to be considered in the instability prediction of MICCA-
Spray is that, so far, only the FDFs measured in the single-injector com-
bustor were used for interpreting the instabilities of the annular combustor.
However, this work shows that one needs to use the FDFs from a multiple-
injector combustor, especially when the flame-flame interactions are more
pronounced, to better predict the annular combustor instability. Thus for fu-
ture studies, the FDFs need to be measured in the multi-injector combustor
after augmenting the modulation levels achieved by the driver units.

e Aninvestigation that might perhaps be pursued concerns the azimuthal struc-
ture of the self-sustained modes of oscillation. It is observed that the spin
ratio constantly fluctuates and exhibits different behavior when changing the
fuel and injector. A variation in the azimuthal structure of the instabilities
is also observed for a full co-swirl configuration as well as for a configura-
tion where co- and counter-rotating swirlers are alternatively placed. These
experiments have provided a large amount of data obtained by systemati-
cally varying several operating parameters, thus opening the possibilities of
exploiting new processing techniques to understand the nature of these in-
stabilities.

Impact of spray dynamics

e The study conducted using a variable recess atomizer reveals that a minor
change in the atomizer position can modify the interaction of the spray with
the injector exit nozzle, thus altering the instability regimes of the system.
However, it was not entirely possible to probe the spray-wall interaction
mechanism experimentally, and this phenomenon could be investigated in
detail using LES simulations. Previous LES studies at CERFACS (Lo Schi-
avo et al. 2020; Lo Schiavo et al. 2021) and EM2C (Vignat et al. 2021; Vi-
gnat et al. 2021) have pursued this topic, and secondary atomization caused
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by air blast of the liquid film formed on the injector wall was observed. Such
secondary atomization would indicate a change in the droplet diameter in the
chamber compared to a case with no spray-wall interaction. However, this
1s not experimentally observed in the studies reported in Chapter 8 with a
variable-position atomizer. Thus, it might be necessary to improve the mod-
eling of spray-wall interaction to have a more accurate description of the
physical phenomena.

e The alteration of instability regimes achieved using a few millimeter varia-
tions of the atomizer location with respect to the injector outlet also indicates
that some minor geometrical changes modify the system dynamics. One may
then imagine new ways of designing injectors that would be less sensitive to
disturbances, thus diminishing the propensity of the system to become un-
stable.

Future low-carbon fuels

e Another item that was seen to influence the stability characteristics of the
system is the fuel composition. It is found that different fuels having markedly
different volatility have a notable impact on the domains of instability and
on the characteristics of the unstable modes. This question is of consider-
able interest at this point in time since near-future aviation fuels, designated
as SAFs (or sustainable aviation fuels), may include molecules of widely
different physical characteristics and, in particular, species that are highly
volatile and other species that are not. It is then interesting to examine the
instabilities of flames fed by mixtures resembling SAFs. The idea is to con-
sider surrogates that have the same burning and physical characteristics as
SAFs but are less complex, such as mixtures of iso-octane and dodecane.

e The second item of interest related to this subject is to examine the com-
bustion dynamics of systems fed with hydrogen and air. This is considered
for future gas turbines, and there are also plans to use hydrogen in aircraft
engines. The injection device will have to be modified to allow for gaseous
injection of a low molecular weight gas (hydrogen). The injection must also
allow rapid mixing to prevent the formation of high-temperature regions, and
at the same time, it will be important to consider the dynamics of this new
system.

A concise version highlighting the most important conclusions of this study that
also raises the scope for future work is tabulated in Tab. 10.3.

The general theme of model development for the prediction of instabilities
remains of central interest, and this needs to be continued by capitalizing on the
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Table 10.3. Conclusions and perspectives: highlights.

Issue

Finding

Future work

How does the fuel
affect nature and
level of instabili-
ties?

What is the link
between injection
unit and thermoa-
coustic coupling?

How do boundary
conditions affect
the FDF?

Fuel composition and mode of com-
bustion alter instability boundary and
resonance frequencies. The time de-
lay associated with fuels displaces the
FDF phase with respect to the unstable
bands and affects the FDF gain.

The swirler characteristics notably in-
fluence the FDF and impedance val-
ues.  Correspondingly, the stabil-
ity regimes of annular combustor are
also modified; transition to instability
mainly depends on the swirl number
through its effect on the flame struc-
ture, and pressure drop adds to further
variations in amplitude and frequency.
The developed theoretical framework
indicates the notable influence of in-
jector impedance on unstable bands.
In general, the pressure drop decides
the position of unstable bands, and the
swirl number determines the FDFs.

Depends on the extent of flame-flame
and flame-wall interaction. An order-
of-magnitude FDF can be obtained
with a single-injector combustor, but
for a more precise determination, it is
necessary to use a multi-injector com-
bustor idealizing flame-flame interac-
tions that take place in the annular
combustor.

Further studies with
newer low-carbon fu-
els: SAFs and hydro-
gen.

Further development
of modeling frame-
work to represent
weakly  transparent
injectors & more
accurate determi-
nation of injector
impedance.

Using FDFs mea-
sured in TICCA-
Spray to interpret
annular  combustor
instabilities while
also augmenting the
velocity modulation
level.

Developing FDF
measurement  tech-
nique using purely
acoustic  or  non-
optical methods.
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knowledge that has been generated with further validation efforts. It will also be
important to pursue the development of high-performance simulations as a tool for
gaining a deeper understanding and guiding modeling efforts by combining them
with experiments.



Appendix

261






Appendix A

An alternative determination
of the flame describing
function

Since FDFs play a crucial role, it is interesting to explore alternative ways
for their determination. One possibility consists in using the relation representing
the jump condition across the flame, which links velocity perturbations on the
upstream and downstream sides of the flame to the heat release rate in the flame
(repeated from Chapter 5):

—1.
Souly — Sauh = - (A1)
POCH

where S, is the cross-sectional area at the flame section, u4 and u) are the velocity
fluctuations before and after the flame, and Q" designates the heat release rate
fluctuations in the flame. The schematic representation of an idealized injector
and combustion chamber is shown in Fig. A.1, depicting the various section jumps.
The FDF is obtained at a point ‘m’ close to the injector exit, where relative velocity
fluctuation matches the relative volume flow rate fluctuations. One may then write

=0 Flm (A.2)

Ulm

where 1, and u},, are respectively the measured mean and fluctuation velocity
at the nominal FDF measurement location, and this notation is equivalent to the
convention u., adopted in the main text of this document.

Now, Q = p151u1cy (T3 — T»), where w; is the bulk velocity at the injector exit,
Sy 1s the area of the injector exit section. 75 and 73 are the temperatures before
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Figure A.1. A schematic representation of the injector and combustion chamber.
Also shown are the locations of the three chamber microphones.

and after the flame, and ¢, is such that ¢,(73 — T») = Ah, where Ah is the lower
calorific value of the fuel. After substituting the above expressions in Eq. A.1 and
adopting a treatment similar to the one in Chapter 5, the jump conditions becomes

Sotty — Spuly = ELOS Fudl,, (A.3)

Here = = u /41, © = T3/T5 — 1 is the volumetric expansion parameter across the
flame and I' = ¢,/c,. Note that this expression is also obtained in Chapter 5, with
the exception of = parameter, as the velocities u; and w;,, cannot be differentiated
in a 1D model. The volume flow rate fluctuation at the injector exit is ¢, = Saub,
assuming the volumetric flow rate fluctuation on the upstream side of the flame is
conserved. As the measured relative velocity fluctuations at injector exit equals the
volume flow rate fluctuation, i.e., ¢, /G, = u},,/T1m, one can write Sy}, /U1m =
Soub or S1Zuf,, = Soub. Using this expression, Eq. A.3 can be simplified as

Souly — S1Zuy,, = S1ETOFu),, (A.4)

The flame describing function F is then

. 1 52 ué —
F_ﬂﬁlﬁﬁm_J (A.5)

This expression can be used to obtain the flame describing function by measuring
the velocities upstream and downstream of the flame without the need for measur-
ing the heat release rate fluctuations, which are generally determined by making
use of chemiluminescence emission intensity. The upstream velocity is measured
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through LDA as described earlier in this document. The downstream velocity fluc-
tuation uj is deduced from pressure measurements by three microphones, M, M
and M3 (shown in Fig. A.1) mounted on waveguides which are plugged on the
downstream side of the flame at a distance of 110, 125 and 140 mm from the cham-
ber backplane. The velocity determined from the microphone signals corresponds
to section 4, where the central microphone M is located. This section is at a dis-
tance h; from the flame, and it is necessary to link sections 3 and 4 by considering
acoustic propagation in a constant section channel. This is conveniently achieved
by considering the transfer matrix between these two sections

Pl
= pete (A.6)
U —isink.hy  cos kehy uly

Ji
PcCc

cosk.hy — —isinkchy

where k. is the wavenumber in the hot gases and h; represents the distance be-
tween the flame barycenter and section 4 where the downstream velocity is being
measured. One may then obtain an expression for F as

1 [185y u)

18 ’

— == — 1 A7
re =514, =5 peCetly,, (A7)

In the present case, it was verified that the fluctuations in equivalence ratio
for these specific spray flames are negligible, and hence the chemiluminescence
measurements reasonably represent the heat release rate. However, this is not
always applicable for technically premixed flames, and the above equation might
then be used to obtain the FDFs as it does not require an optical determination
of the heat release rate but relies on an acoustic determination of the velocity
downstream of the flame. It is then natural to compare the FDF estimates, one
obtained using the chemiluminescence method and the other deduced from using
the acoustic downstream velocity, to see if the direct acoustic method yields results
that are compatible with those obtained from the more standard method.

For the FDF determination using Eq. A.7, one has to provide the temperature
T in the chamber to calculate p., c. and k.. The temperature is estimated using
an R-type thermocouple placed in the section corresponding to microphone Ms.
Figures A.2 and A.3 show the FDFs obtained with the two methods for swirlers
707 and 716 at the operating point F1. The results are also shown at the recess
distances h, = 2.75 mm and 6.75 mm and at an amplifier voltage of V, = 3V to en-
sure the best signal-to-noise acquisition. Only the results with a coherence value
of minimum 0.9 (i.e., 72 > 0.9) are plotted in these figures. One observes that the
phase evolution corresponding to the two methods matches quite well in the four
cases. This further supports the FDF determination carried out in this work using
the OH* chemiluminescence and the subsequent instability analysis based on the
corresponding phase curves. Although the gain values are close, having the same



266

-o0-Using acoustic velocity =o-Using OH* chemiluminescence
2 : : T 2

3m/2t
1.5}

T

J g w/2}

Gr

0.5}

0 200 400 600 800 0 200 400 600 800
f (Hz) f (Hz)

(a) h, = 2.75mm

2 : : : 27

3m/2t
1.5¢
rt

J § /2t

0OF

Gr

0.5+
/2t

\ \ \ r | | |
0 200 400 600 800 0 200 400 600 800

f (Hz) f (Hz)
(b) A, = 6.75mm

Figure A.2. Comparison of flame describing function determined using an acoustic
method and using OH* chemiluminescence for swirler 707. The results are shown
in the top row for a recess distance of h, = 2.5mm and in the bottom row for
a recess distance of h, = 6.75mm. All the measurements are carried out at the
operating point FI and at an amplifier voltage of Viy = 3V to ensure the best
signal-to-noise acquisition.

order of magnitude, non-negligible differences exist between the two methods.
One possible reason for this mismatch could be in the determination of chamber
temperature 7,. Although this is measured using an R-type thermocouple close
to the measurement section of the chamber microphones, a temperature gradient
exists in the chamber, and considering a single value might not be suitable. The
other cause for this mismatch can be in the value of h;, which represents the dis-
tance between the flame barycenter deduced from OH* light emission images and
section 4, where the velocity is extracted from the microphone signals. One does
not know if this location for the flame is exact. A sensitivity analysis is thus car-
ried out to establish the dependence of the FDF on these two parameters, and the
results are shown in Figs. A.4 and A.5. It appears that the phase determined using
the acoustic method remains nearly the same, but the FDF gain is sensitive to both
hy, and T, especially in the higher frequency range (beyond 600 Hz). Further mea-
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Figure A.3. Comparison of flame describing function determined using an acoustic
method and using OH* chemiluminescence for swirler 716. The results are shown
in the top row for a recess distance of h, = 2.5mm and in the bottom row for
a recess distance of h, = 6.75mm. All the measurements are carried out at the
operating point FI and at an amplifier voltage of Vi = 3V to ensure the best
signal-to-noise acquisition.

surements and analysis are required to assess the suitability of using the FDF gain
determined by the acoustic method and are left as future work.

The alternate technique for FDF determination also poses certain practical dif-
ficulties. One such problem is that the chamber must be much longer than the
flame to mount the different microphones and ensure sufficient spacing between
them. The longer chamber imposes a risk of encountering self-sustained oscilla-
tions, which would then hinder obtaining the flame describing function, as these
must be obtained by modulating a stable flame. This problem can be avoided
when performing chemiluminescence measurement, as this only requires a cham-
ber length sufficient enough to enclose the flame. In addition, the FDFs deter-
mined from the acoustic method have a sudden jump at higher frequencies. This
might not be physical and could be caused by considering an incorrect value for
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Figure A.4. Sensitivity of flame describing function determined using an acoustic
method to the distance hy between flame section and microphone measurement
section. Swirler: 716, h, = 6.75 mm, operating point: FI, V = 3 V.
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Figure A.5. Sensitivity of flame describing function determined using an acoustic
method to the temperature in the chamber T,.. Swirler: 716, h, = 6.75mm, oper-
ating point: FI, V =3V.

the temperature or distance between the downstream velocity section and flame,
as shown in the sensitivity analysis. Accurate determination of these parameters is
somewhat difficult, and the optical method considering chemiluminescence mea-
surement might be more suitable in those scenarios.



Appendix B

A database of flame describing
functions with different
swirlers

This appendix gathers the flame describing functions measured in SICCA-
Spray corresponding to the different swirling injectors operating with heptane at
F1. The results corresponding to swirlers 707, 712, 716, 726 and 727 were shown
in the main text of this manuscript but are reproduced here to facilitate compari-
son. It is recalled that the measurements of the relative velocity fluctuations are
carried out at a point where it equals the relative volume flow rate fluctuations (see
Chapter 4). This location is either at » = 3.5mm or r = 4mm, depending on the
swirler, and at a height of h = 2.5 mm.
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Figure B.1. Flame describing function gain G (left) and phase ¢p (right) for
swirler 707. Relative velocity fluctuations are measured at a radius r = 3.5 mm
from the injector center and a height of h = 2.5 mm from the backplane.
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Figure B.2. Flame describing function gain Gp (left) and phase pp (right) for
swirler 712. Relative velocity fluctuations are measured at a radius r = 3.5 mm
from the injector center and a height of h = 2.5 mm from the backplane.
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Figure B.3. Flame describing function gain Gp (left) and phase pp (right) for
swirler 713. Relative velocity fluctuations are measured at a radius r = 3.5 mm
from the injector center and a height of h = 2.5 mm from the backplane.
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Figure B.4. Flame describing function gain G (left) and phase o (right) for
swirler 714. Relative velocity fluctuations are measured at a radius r = 3.5 mm
from the injector center and a height of h = 2.5 mm from the backplane.
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Figure B.5. Flame describing function gain Gp (left) and phase pp (right) for
swirler 715. Relative velocity fluctuations are measured at a radius r = 4mm
from the injector center and a height of h = 2.5 mm from the backplane.
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Figure B.6. Flame describing function gain Gp (left) and phase pp (right) for
swirler 716. Relative velocity fluctuations are measured at a radius r = 4mm
from the injector center and a height of h = 2.5 mm from the backplane.
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Figure B.7. Flame describing function gain Gp (left) and phase o (right) for
swirler 726. Relative velocity fluctuations are measured at a radius r = 4mm
from the injector center and a height of h = 2.5 mm from the backplane.
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Figure B.8. Flame describing function gain Gp (left) and phase pp (right) for
swirler 727. Relative velocity fluctuations are measured at a radius r = 4mm
from the injector center and a height of h = 2.5 mm from the backplane.
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Figure B.9. Flame describing function gain G (left) and phase o (right) for
swirler K. Relative velocity fluctuations are measured at a radius r = 4 mm from

the injector center and a height of h = 2.5 mm from the backplane.
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Figure B.10. Flame describing function gain G (left) and phase pp (right) for
swirler T. Relative velocity fluctuations are measured at a radius r = 4 mm from
the injector center and a height of h = 2.5 mm from the backplane.



Appendix C

A database of flame images
with different swirlers

Mean flame images provide interesting indications about the structure and ex-
tent of the combustion region. This appendix gathers the corresponding data ob-
tained in SICCA-Spray with different swirlers operated with different fuels. The
images are obtained with an ICCD camera and correspond to the OH* chemilu-
minescence emission from the flame. An Abel inversion is performed to remove
the line-of-sight integration effect. The image frames roughly correspond to the
dimensions 73 mm x 71 mm. The flame images are shown for the three operating
conditions considered in this work.
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Propane Heptane Dodecane

Figure C.1. Swirler 707

Propane Heptane Dodecane

Figure C.2. Swirler 712



Propane Heptane Dodecane

Figure C.3. Swirler 713

Propane Heptane Dodecane

Figure C.4. Swirler 714
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Figure C.5. Swirler 715

Propane Heptane Dodecane

Figure C.6. Swirler 716
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Figure C.7. Swirler 726

Propane Heptane Dodecane

Figure C.8. Swirler 727
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Figure C.9. Swirler K

Propane Heptane Dodecane

Figure C.10. Swirler T



Appendix D

Cold flow damping rate and
stability map with different
swirlers

Damping rate estimates are needed when one wishes to assess the dynamic
stability of a system. It is generally not easy to obtain these estimates under
hot-fire conditions. However, it is possible to extract cold flow damping rates
from resonance curves. This appendix collects the damping rate values deduced
from systematic experiments using SICCA-spray. Figure D.1 shows the cold flow
damping rate measurements carried out under cold conditions with the different
swirling injectors and complements the results discussed in Chapter 6.

Figure D.2 provides a comparison of the stability map of SICCA-Spray with
two additional swirlers (726 and 727) to complement the results shown in Chap-
ter 6. The stability maps of 707, 712, and 716 are reproduced here to facilitate
comparison.
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Figure D.1. Top row shows the cold flow damping rate o = wAf, for the different
swirlers at a frequency of 460 Hz with a chamber length of 165 mm. The bottom row
shows damping at 760 Hz measured with a chamber length of 315 mm. The error
bars indicate the uncertainty in damping rate determination from the frequency
resolution in Welch’s periodogram calculation, which is equal to +£1Hz. These
measurements are carried out in SICCA-Spray under cold flow conditions using
the resonance curve method discussed in Chapter 6.
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Figure D.2. Stability map of SICCA-Spray with five different swirlers at F1.



Appendix E

Low frequency FDFs at
different atomizer positions

To complement the low frequency tendencies of the FDF described in Chap-
ter 4, additional measurements are carried out with swirler 716 at three different
atomizer positions and are shown in Fig. E.1. These measurements are performed
at F1 when operating with liquid heptane. The FDFs between 50 Hz and 300 Hz are
shown here for the first time, and the results beyond 300 Hz are reproduced from
Chapter 4. It can be observed that the FDF phase tends towards —7 as the fre-
quency vanishes at all the atomizer positions. The low frequency behavior of the
FDF gain, on the other hand, depends on the atomizer positions. It takes a value
of Gp =1lath, =6.75mm and Gr = 0 at h, = 2.75mm, as the frequency tends to
zero. The gain at h, = 4.75 mm tends to Gg = 0.5 as if it exhibits a behavior that
is in between the other two atomizer positions.

The FDF measurements discussed above are carried out at a lean equivalence
ratio of ¢ = 0.85. It is then interesting to see if the same behavior is retained at a
rich equivalence ratio. To understand this, the measurements were carried out at
an equivalence ratio of ¢ = 1.15 while maintaining the same thermal power as F1,
which is equal to 6.4 kW. These experiments were carried out only at two recess
distances 2.75 and 6.75 mm, in the frequency range between 50 Hz and 350 Hz, and
the corresponding FDFs are shown in Fig. E.2.

Contrary to the behavior exhibited at ¢ = 0.85, the phase in this case tends to
¢r = 0 and the gain tends to Gp = 1 as the frequency tends to 0 Hz at both the
atomizer locations. Such behaviors are not completely understood and are left to
be pursued as future work.
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Figure E.1. Gain G and phase o for swirler 716 with measurements carried out
in the low frequency range between 50 Hz and 300 Hz. The results beyond 300 Hz
are reproduced from Chapter 8. Operating point: F1 (¢ = 0.85).
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Appendix F

Large eddy simulations of
steady flame in SICCA-Spray

A part of this work also involved performing large eddy simulations in collab-
oration with CERFACS using the AVBP? Navier Stokes flow solver. The even-
tual aim is to numerically obtain the flame response in SICCA-Spray, compare
that response with experiments, and in this way, gain a better understanding of
the injector dynamics. Because of the time constraints and broad experimental
program, this could not be completed during the present thesis. However, the pre-
liminary work aimed at steady state simulations is carried out with heptane, and
detailed validation of the numerical results is performed by comparing with exper-
imental measurements. Swirler 707 is used for this purpose, and the simulations
are performed at an air mass flow rate of m, = 2.3gs~ ! and fuel flow rate of
1y = 500 gh™!, resulting in an equivalence ratio of ¢ = 0.93. The numerical setup
used for this work is the same as that of Vignat (2020). The solver uses a two-
step Taylor-Galerkin centered scheme (TTGC) (Colin and Rudgyard 2000) with
a third-order precision in space and time along with Navier-Stokes characteristic
boundary condition (NSCBC) imposing an atmospheric boundary condition in the
far-field outlet (Poinsot and Lelef 1992). The chemical reactions are governed by
a global two-step six-species 2S-C7H16-DP scheme with pre-exponential adjust-
ment (PEA), and a thickened flame combustion model is adopted (Paulhiac et al.
2020). The liquid spray is modeled with a Lagrangian framework by adopting a
FIMUR injection model (Lo Schiavo et al. 2020) with the droplet profile specified
by a Rosin-Rammler distribution function. The droplet-wall interaction inside the
injector is modeled using the FILM approach as suggested by Lo Schiavo et al.
(2020).

2http://www.cerfacs.fr/avbp7x
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Figure F.1. Spray profile comparison between experiment and simulation. Mie
scattering intensity obtained with a laser tomography is shown on the left im-
age and square of mean droplet diameter which is proportional to Mie intensity
(Boutier 2012) is shown in the right image.

Experiment Simulation

Figure F.2. Qualitative flame shape comparison between experiments (Abel-
inverted OH* chemiluminescence emission) and simulations (heat release rate).

Some of the results obtained from this effort, along with a comparison of ex-
perimental measurements, are shown in Figs. F.1, .3 and F.2. The flame pattern
and diameter profiles are reasonably well retrieved, and this steady flame may be
used to develop further investigations of modulated flames based on LES with

the two liquid fuels, heptane and dodecane, and comparison with experimentally
determined FDFs.



APPENDIX F - LARGE EDDY SIMULATIONS OF STEADY FLAME IN
SICCA-SPRAY
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Résumé: Cette thése aborde des questions centrales de la dy-
namique de la combustion des systémes annulaires, en se con-
centrant 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 ren-
contrés dans les turbines a gaz et les moteurs d’avion car ils cor-
respondent aux fréquences propres les plus basses ou la com-
bustion 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 rotation idéal-
isant ceux des applications pratiques. Des expériences systéma-
tiques sont réalisées 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 pression.
Ces expériences sont complétées par des mesures des fonctions
descriptives de flamme (FDF) a 1’aide d’une chambre de com-
bustion a secteur unique (SICCA-Spray) et d’une autre installa-
tion comportant un réseau linéaire de trois injecteurs (TICCA-
Spray) pour mieux représenter 1’environnement de la flamme et
les conditions aux limites correspondant a la configuration an-
nulaire. Cette combinaison d’expériences permet d’explorer les
effets de la géométrie d’injection et des parametres de fonction-

nement sur 1’apparition d’instabilités de combustion. Les do-
maines d’instabilité sont documentés pour trois types de com-
bustible (propane et air prémélangés, heptane et dodécane) et dif-
férentes 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 possi-
bilité 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-
élisation d’ordre réduit indique que beaucoup des caractéristiques
observées expérimentalement peuvent étre prédites en utilisant les
FDF mesurées. Ceci nécessite cependant que les injecteurs swirlés
soient convenablement représentés par une impédance d’injecteur
et que le taux d’amortissement du systéme soit estimé. L’analyse
souligne I'importance des parametres de 1’injecteur swirlé et des
conditions d’injection sur I’apparition de I’instabilité de combus-
tion et fournit des lignes directrices pour cerner leur influence.

Title: Investigation of combustion instabilities in annular combustors combining injector dynamics and flame describing functions

determined in simplified configurations

Keywords: Combustion instability, annular combustors, flame describing function, swirling injector, spray flames, injector dynamics

Abstract: This thesis addresses some of the central issues in the
combustion dynamics of annular systems, essentially focusing on
understanding, interpreting, and predicting combustion instabili-
ties 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 in-
jection systems generating a swirling flow, idealizing those found
in practical applications. Systematic experiments are carried out
on a multiple-injector annular combustor (MICCA-Spray), allow-
ing 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 an-
other 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 experi-
ments is used to explore the effects of injection geometry and op-
erating parameters on the occurrence of combustion instabilities.

The domains of instability are documented for three fuel types
(premixed propane and air, heptane and dodecane) and different
values of injector head loss and swirl number. In addition, the in-
stabilities are also found to be sensitive to the location of the atom-
izer with respect to the injector outlet. Several questions are con-
sidered in this work, including 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 com-
parison between measured FDFs in the single sector and the linear
array of three injectors is used to reveal the limitations of data cor-
responding 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
observed experimentally can be predicted by making use of mea-
sured FDFs. This, however, requires that the swirling injectors be
suitably represented by an injector impedance and that the damp-
ing rate be estimated. The analysis underlines the importance of
the swirling injector parameters and injection conditions on the
occurrence of combustion instability and provides guidelines in
sorting out their influence.
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