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Résumé

Ce travall s’inscrit dans le cadre de I'étude des instasildle combustion couramment ob-
servées dans une grande variété d'installations, des fiodustriels aux turbines & gaz ter-
restres ou aéronautiques. Les contraintes économiquéspramementales et sociétales de
ces vingt derniéres années, notamment dans les domaing&nergle et des transports, ont
débouché sur le développement de nouvelles technologsmfantervenir la combustion
pauvre et prémélangée. Ce mode de combustion a partir d’lemget homogéne conduit
a des températures de flamme plus faibles qui permettentd@edes émissions d'oxydes
d’azote tout en limitant la production d’oxydes de carboReur autant, la combustion pau-
vre prémélangée présente le désavantage d'étre sengibieddrme de couplage notamment
acoustique, menant a des instabilités de combustion. Gexbifités limitent les performances
et les plages de fonctionnement des systémes de combuElies.provoquent en effet des
oscillations de pression dans les systéemes, générent dedeflahaleurs élevés aux parois,
peuvent conduire a des extinctions ou a des retours de flafBies.causent ainsi une usure
prématurée des chambres de combustion, et dans des camesttéur destruction. Ces in-
stabilités de combustion sont largement étudiées, mammases difficiles a prévoir car elles
font intervenir de nombreux phénomenes physiques mufigiées (aérodynamique, chimie,
acoustique, ...). Elles résultent principalement d’'unptage résonant entre la dynamique de
la combustion et I'acoustique du systéme. Les mécanisnrefafoentaux sont maintenant
bien connus. La dynamique de la combustion dans des flammaddntes est de mieux
en mieux maitrisée, tandis que la structure du champ acowespeut désormais étre cal-
culée dans les géométries complexes des chambres de cambmustlernes. Les principaux
mécanismes de couplage ont eux aussi été identifiés : le eldgeg de chaleur instation-
naire est une importante source de bruit et donc d’'ondeseksipn, qui peuvent interagir
avec I'écoulement en amont de la flamme pour générer desripatitns dans la composi-
tion du mélange réactif. Les conditions aux limites acauss du systeme déterminent la
structure du champ de pression acoustique dans I'instadlaginsi que les flux acoustiques
entrants et sortants. Ces flux doivent étre pris en comptedy@luer le taux de production de
I'énergie acoustique dans le systéme, au méme titre quenheteource dd & la combustion.
Ce taux permet de déterminer le développement potentigledinstabilité de combustion
thermo-acoustique. Malgré leur importance, les condstianx limites sont peu prises en
compte et leur influence peu étudiée. Elles sont en effetili#$i a mesurer voire a contréler
sur une installation industrielle. L'objectif de ce travast donc de répondre a ce manque
d’'information, en étudiant sur un banc de combustion twid (CTRL-Z) I'influence de la
condition acoustique d’entrée sur les oscillations de agtibn auto-entrenues qui apparais-
sent dans la chambre de combustion. Un systéme de contrésd paété développé pour
piloter 'impédance du systeme de prémélange, sans mdibficdes conditions de fonction-
nement ou de la géométrie. Ce systeme de contrdle d'impéd#d8) est basé sur une utili-
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sation de plaques perforées faiblement poreuses, ausr@desquelles circule un écoulement.
Un piston mobile permet de piloter la profondeur de la caéigbnante formée en amont des
plaques, et ainsi de piloter leurs impédances. L'ICS a étécet testé de fagcon paramétrique
dans un tube a impédance permettant d’atteindre des niveamoces élevés comme ceux
rencontrés dans les régimes instables de combustion. i@st@dlation modulaire permet une
large plage de variations de la vitesse d’écoulement arsde®plaques, de la profondeur de la
cavité, ainsi que de I'amplitude et de la fréquence de la fatidn acoustique. Par ailleurs, ce
dispositif a permis la validation d’'une méthode de mesutiegp@dance, et des protocoles de
reconstruction des vitesses et flux acoustiques a partsigeaux de fluctuation de pression.
L'impédance de plaques perforées de différentes porasaéssi été mesurée a la fois pour de
faibles et de forts niveaux d’excitation acoustique, etutéie de transition entre les régimes
linéaire et non-linéaire a été déterminé. L'ICS a été oinpiour permettre un contrdle de son
coefficient de réflexion déa1 sur une plage de fréquendd( 41000 Hz) couvrant la gamme
des instabilités thermoacoustiques classiques et powivisux d’amplitude de perturbations
de 100 a150dB. L'ICS est utilisé pour contrler 'impédance au niveaul@ntrée du sys-
teme de prémélange du banc CTRL-Z, en amont de la zone de stiothuCette installation
pré-existante, présentant de fortes instabilités bassggdnces a été équipée d'un systeme de
mesures acoustiques détaillées non seulement dans la@hdentombustion mais aussi dans
le systéme de prémélange. La méthode de mesure d’'impéddoce pu étre utilisée in-situ
pour obtenir la valeur du coefficient de réflexion de I'lCS &émuence de I'instabilité princi-
pale. Les résultats sont comparés avec succes aux donriéesedbdans le tube a impédance,
validant ainsi la méthode de mesure pour des environnerbamgants. L'analyse spectrale
des fluctuations de pression et de dégagement de chaleunaiofode I'impédance d’entrée
démontre une réduction du niveau d’'oscillation pouvargiatire20 dB. Ces résultats sont
confirmés par une estimation au premier ordre d’'un bilan efgie acoustique prenant en
compte le terme source di a la combustion ainsi que les fluxstiqgoes en amont et aval de
la zone de flamme. Ce bilan démontre par ailleurs I'imporahcflux amont, du méme ordre
de grandeur que le terme source, et souligne la nécessité&nérp en compte ces flux pour
déterminer correctement le taux de croissance de I'éneReir conclure, une analyse de
la structure modale du banc CTRL-Z a été réalisée, théameung puis expérimentalement
dans des cas non-réactifs afin de déterminer 'origine delesd’instabilités mesurés et pour
examiner les conditions nécessaires au bon fonctionnesediCS.



Abstract

Combustion instabilities induced by a resonant flame-a@ousupling are commonly ob-
served in most applications of combustion from gas turbioe®mestic or industrial boilers.
These oscillations are detrimental by nature, and arevstill difficult to predict at the design
stage of a combustor. They imply numerous physical phenaraémultiple scales. They
mainly result from a resonant coupling between the unsteatpustion and the acoustics of
the system. The basic driving and coupling mechanisms hese largely studied: acoustics
in complex geometries and combustion dynamics of turbigeied flames are now reason-
ably well understood. However the effects of the acoustimigary conditions on the system
stability are much less studied, as they are uneasy to ascassontrol in facilities. They are
nonetheless of prime importance as they determine the eicfluges at the inlets and outlets
of the combustor, as well as the preferential eigenfregesraf the system. The main objec-
tive of this study is to investigate experimentally the ieflige of the inlet boundary condition
of a generic turbulent burner on the observed self-sugddimermoacoustic oscillations. To
carry out this investigation, a passive control solutios haen developed. An innovative use
of perforated panels with bias flow backed by tunable casyaiéows to control the acoustic
impedance at the inlet of a turbulent lean swirled-stabilistaged combustor (CTRL-Z fa-
cility).This impedance control system (ICS) has beenafiitidesigned and tested in a high
load impedance tube. This facility also allowed to developlaust impedance measurement
technique, along with experimental protocols to measuoeistic velocities and fluxes. The
acoustic response of perforates in both the linear and inea# regimes was investigated as
function of the plate porosity, bias flow velocity, back-itg@epth and incident pressure wave
amplitude and frequency. The transition between the linegime and the detrimental non-
linear regime has been linked to the perforates geometiiwéloperational parameters. As
a result the ICS enables control of its acoustic reflectioeffcment from1 to 0 in a large
frequency rangel 00 to 1000 Hz, for low and large incident pressure amplitudes (froof

to 150dB). The ICS, once implemented on the CTRL-Z facility, alexiwo passively control
the inlet boundary condition of the combustion rig. The iigece measurement technique
was successfully used in harsh combustion situations, higgh noise levels, to obtain in-situ
measurements of the ICS impedance. Spectral analysis giréissure and heat-release rate
fluctuations demonstrated damping of the main self-sustbascillation by up t20dB. A
quantitative estimation of the acoustic energy balanceth&s obtained, highlighting the im-
portance of the inlet acoustic flux. In this configuratioristterm is of the same order of
magnitude as the driving Rayleigh source term. Finally, @vuatic analysis of the combus-
tion rig was led to determine the nature of the observed cetidiuinstabilities modes and
examine conditions required for an effective use of the ICS.






Objectives and outline

This investigation concerns the influence of acoustic bamdonditions on self-sustained
longitudinal thermoacoustic oscillations encounteretean premixed combustion systems.
Using an experimental analysis, a passive control solusiateveloped that provides a tun-
able impedance to the premixer inlet of a swirled burnersHyistem is used to damp self-
sustained thermoacoustic oscillations. The main objestdf this work are now detailed and
the contents of the manuscript is outlined.

Predicting unstable operation is a major objective in tregleof new generation combustors.
This requires experimental, theoretical, and numericaéldpments. The problem involves
multiple physical phenomena and a wide range of time andadzaiales. It is at stake since
the first observations of such detrimental regimes in theDE98Combustion dynamics and
acoustics are strongly coupled and represent key elemetite ianalysis of combustor sta-
bility and performance. In the present work, specific experital procedures have been de-
veloped to analyze the role of acoustic boundary conditionhese combustion oscillations.
These boundaries do not only modify acoustic reflectionspanticipate to noise production,
but they can also affect the flame dynamics. The main obgstif the work are as follows:
o Provide an adaptive control system for the inlet acoustimid@ary condition of a lean
premixed swirled burner,
« Conduct a parametric investigation of the influence of tluarimary on self-sustained
combustion oscillations, using detailed acoustic measargs,
« Evaluate an acoustic energy budget by taking into accoent@embustion source term
and acoustic losses at the terminations,
« Develop a robust passive solution to damp longitudinalsedtained combustion os-
cillations generating high sound level amplitudes.
The development of this passive control solution has ald¢déhe investigation of the acous-
tic properties of perforated plates in both linear and rinedr regimes. A criterion is derived
that allows to design efficient perforates, even at high dqressure levels.

The manuscript begins with a review of background matenighe fields of combustion in-
stabilities and passive control methods (chafjer

The swirl-stabilized staged lean combustion rig used isWuork is then presented in chapter
2, along with its associated optical diagnostics. Particlade Velocimetry was used to mea-
sure the velocity fields in the flame region. Chemilumineseaneasurements were set up to
estimate the heat-release rate and derive a quantitatifeation of the energy source term
in the facility. Acoustic measurements are described iptda@. A high load impedance
tube, used for acoustic characterization of bias flow patés, is detailed along with the
Two Microphone Method which provides the acoustic impe@aneasurements either in the
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impedance tube or in the combustion rig. This chapter alssiders the protocols and post-
processing methods implemented to measure the acoustsfiund velocities in both facili-
ties.

Chapterd deals with the acoustics of perforated plates backed byhesdg@avity, in presence
of bias flow. Two models selected in the literature are firgispnted, which describe the
acoustic properties of low porosity perforated plates uthale@ and high amplitude incident
pressure perturbations. The linear acoustic model, valighall sound levels, is used to de-
sign a set of perforated plates with specific acoustic ptaseithat are parametrically tested
in the impedance tube. The influence of the Sound Pressuid (®FL) is then investigated
and experimental data are compared to the second modelhbghiga transition criterion
between the two regimes. As a conclusion, an Impedance @d@ystem is designed that
provides a tunable acoustic impedance using low porosity tiow perforates backed by ca-
vity of adjustable depth.

Chaptel5 exposes the implementation of the Impedance Control Syd@®) at the premixer
inlet of the combustion rig. The influence of the inlet impedaon self-sustained combustion
oscillations of large amplitude is investigated in differeegimes, and an important reduction
of 10 to 20 dB of the thermoacoustic oscillation amplitude is dematstt. The chemical
source term and the acoustic fluxes at the premixer inlet hachber outlet are then evaluated
to derive a first order approximation of the acoustic ene@ggiice in the combustion rig as a
function of the premixer inlet impedance.

Finally chaptei6 describes the acoustic characterization that was led trdete the origin

of the different resonances observed in the combustion Aignodel is first proposed for
propagation of acoustic longitudinal plane waves in a sifiepl geometry of the rig composed
of two coupled acoustic cavities. The experimental protased to measure the response of
the rig to external acoustic forcing is described. Resulesthen compared to the model
predictions to link the acoustic resonances measured thgas and reactive configuration to
the test rig acoustic modes. The structure of the main iflgamode is also investigated.
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Chapter 1

Background

This chapter begins with a general discussion on combusgtistabilities. Current
interest is mainly focused on gas turbines but there are nudihgr systems which
develop such instabilities. Hence the concepts develapéuki present document
can also be useful in other applications such as ramjetsysirial boilers, processes
involving radiant burners, amongst others. This sectibri)(is terminated with a
discussion of the Rayleigh criterion. Sectib2 then focuses on an acoustic energy
balance which extends the Rayleigh criterion as it takesagtcount acoustic energy
fluxes at the system terminations. The third sectio8) {s devoted to active control
methods. Itis shown that much of the existing work has relieclosed loop schemes
with modulation of the air or fuel injections. Passive cahinethods are then briefly
reviewed in sectiod.4. These techniques essentially increase the level of dgmpin
in the system. A special type of device consists of peribialtaes traversed by a
mean flow. Damping in this case is related to energy dissipdty vortex shedding.
This concept is discussed in sectib® and explored in the rest of the document. It
is shown that these so-called bias flow perforates can beasad:ontrol scheme to
reduce or eliminate acoustically coupled combustion ib#itées.

1.1 Combustion instabilities in gas turbines

Evolution of gas turbines technology, either terrestriahioborne, has been driven in the last
two decades by more and more stringent regulations comgepullutant emissions, and a
need to improve fuel consumption efficiency. The enforcanoéthe Clean Air Act policy
on NOx emissions has led to very efficient stationary gadriesh The CAEP/6 regulations
of the International Civil Aviation Organization (ICAO) wth also strictly limit the particle
emissions from aircraft engines, has been enforced in 3a2088. Gas turbine combustion
has evolved from conventional Rich-burn Quick-quench kbam (RQL) combustors, where
high operating power parts of the cycle are responsible fustrof the NOx emission, to Lean
Premix Combustion (LPC) which drastically reduces the amo@iparticles generated in the
process, from 200 ppm down to less than 10 ppm in the most addaystems. This is syn-
thesized byCorrea (1998yvho considers modern combustion technologies and the indtue
on NOx formation, and also addresses the role of air stagidgpaemixing. These two tech-
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Figure 1.1: General Electric TAPS combustor as an exampkaofpremixed radially staged
combustor. From General Electrics. (Left) Sideview of thaw@ar combustor, with the flow
sketched from the intake (left) to the distributors (rigl{Bight) View of the full TAPS com-
bustion chamber.

nological developments are required to run lean burnetsdin largest operating range.
Premixing the reactants ensures fuel equivalence ratfoumity in the flame region. How-
ever it also promotes flame flashback into the injection systh is therefore important to
carefully design the injectors to eliminate possible flastkby flame propagation in wakes,
boundary layers or induced by vortex breakdown. Recentetusuch adlauert et al. (2007)
have demonstrated that the latter is the prevailing souriashback in modern swirled sta-
bilized without centerbodies. The occurrence of flashbactill difficult to predict as the
triggering mechanisms are not yet clearly identifi@ichibaut and Candel (199®yopose a
first numerical approach of the flashback with comparisoxpeements for a backward fac-
ing step and a sudden expansion geometries. Advances inricair@mulations may now
give access to detailed information on this phenomenon irermomplex configurations as
demonstrated for example [Bommerer et al. (2004who present a comparison between
CFD calculation and experimental observations of flashizaeldean premixed combustor.
The air and fuel staging allows to operate near the lean limé& wide range of loads by
gradually reducing the fuel injection, while preventingrilaextinction. This staging is often
obtained by concentric air injections, to reduce the sizh@burner. Furthermore the central
flame can be used as a richer pilot flame to stabilize the ma@miged flame near its lean
extinction limits or during temporary bursts. Recent ifigegion on this staging technology
can be found irBallester et al. (2008where the distributions of temperature and species
have been measured in different regim8arbosa et al. (2009)resent an extensive study
of the staging effect on the flame structure in a multipoinitled burner comprising a pilot
flame. As aresult, aircraft engines have evolved from righaimg single annular combustors,
developed in the seventies, to double annular combustdiallsastaged and, since the mid
nineties, to combustors with staging and premixing insideswirler, as reviewed bylongia
(2004)for example. This technology, referred as TAPS (Twin Ann&lgemixing Swirler) by
General Electric, allows to reduce the levels of NOx and untdaydrocarbon production and
has been tested on CFM56 and Genx class engines (figyréMongia 2004.

On stationary ground based gas turbines the staging is atteieved axially as burner in-
jectors can generally be much longer than in aircraft ergyinkhis also allows to enhance
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Figure 1.2: Evolution of the Alstom Gas Turbine technoldgym Dobbeling et al. (2007)

the fuel and air mixing in the burnebDobbeling et al. (2007present the design evolution
of stationary gas turbines in the last twenty five years withéxample of the Alstom group.
This historical review clearly illustrates the evolutiaoiin single burner technology to the
current sequential combustion systems used in annularustors designed for low levels of
pollutants emission. This is illustrated in figute2. The EV burner class is an example of
such axial staging and premixing in industrial combustdtgs system has been the focus of
many investigationsHubschmid et al. (200§)resent some of the most up-to-date results on
this configuration. This type of design allows short mixiagdths and promotes the existence
of a strong swirling motion.

Swirl stabilized combustion is widely used in gas turbineg a recent review on the role of
this swirl has been carried out I8yred (2006) With this concept, a strong radial circulation
of the fresh reactants is created which, combined with tied #gw propagation, promotes an
helical motion Gupta et al. 1984 This will first increase the mixing length for the reactant
before entering the combustion chamber. This motion alsmptes the formation of a central
negative axial pressure gradient. A zone of reverse axiatitees appears in the center of the
swirl, where active recirculation of heat and chemical ggebelp flame establishment and
stabilization. This process is sketched in figlir& In this Central toroidal Recirculation Zone
(CR2), the turbulent flame velocity can indeed match the low flelocities. Furthermore the
CRZ carries back hot combustion products toward the badeedflame and facilitates igni-
tion. Finally swirling motion creates compact flame regionbich is useful especially in
airborne engines to reduce the combustor length. As a caeseg, most of the modern gas
turbines exhibit a strong swirling vortex core in the certtethe flame region, as imaged by
Anacleto et al. (2002 figurel1.4. Associated to this CRZ, a precessing vortex core (PVC) is
often observed in non reactive configurations. The occergefithe PVC during combustion
is more difficult to document and is mainly a function of thelfinjection location, equiva-
lence ratio and confinemeryred 200%. The flame structure and associated velocity fields
in a swirl-stabilized burner have recently been investddyStohr et al. (2008)ising stereo-
PIV and Laser Induced Fluorescence, which highlighted tkegnce of a helical precessing
vortex core during combustion.

This swirl also influences flame stabilization as investddiyBernier et al. (2000)Lean
Premixed Combustion is indeed quite sensitive to operatorglitions. Operating close to
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Figure 1.3: Schematic diagram of processes leading to CR#dftion, fromSyred (2006)
(1) a tangential velocity profile creates a centrifugal pues gradient and sub-atmospheric
pressure near the central axis; (2) the axial decay of tdiajerlocity causes decay of ra-
dial distribution of centrifugal pressure gradient in éxi&ection; (3) thus, an axial pressure
gradient is set up in the central region towards the swirhbyrcausing reverse flow.

Figure 1.4: Sample images of a PVC generation for a swirl remabS = 1.26. Visualization
by aluminum particles at Re = 19000 in a plane across thewartes, fromAnacleto et al.
(2002)
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Figure 1.5: Basic interactions leading to combustion inifitees, from Candel (2002)

the lean limit implies that slight changes in the injecti@mditions can quickly result in lean
blow-out (Nair and Lieuwen 2005 It is known that LPC is prone to the development of com-
bustion instabilities (see for examfmwling and Stow (2003) These instabilities produce
large synchronized pressure oscillations which may redetvaercent of the operating pres-
sure Keller 1999. These oscillations increase heat fluxes to the chambés thials reducing
the lifetime of the combustor, increase the production dfupants, and lead to structural
damages and, in some extreme cases, destruction of pahts wirbine.

Combustion instabilities were observed in liquid rockettons in the early 60's Grocco
1951). They have been one of the major issues in combustion &@sesaice then, under-
going numerous investigations. Combustion instabilivese observed in industrial furnaces
(Putnam 197}, in ramjets Hedge et al. 1987Samaniego et al. 1993r in afterburners
(Bloxsidge et al. 1988 Many reviews have been published, see for example theativié
work recently gathered blieuwen and Yang (2006) These unstable regimes result from
interactions between system acoustics and unsteady ctiobasd involve many dynami-
cal phenomena, such as the burner acoustics, the fuel etappoand mixing processes, the
flame dynamics and its interaction with vortices and walloagst others, as reviewed by
Candel (992 2002, Culick (2006)and Dowling and Morgans (2005)Figure 1.5 presents
some of the physical processes involved in the developnfectrabustion instabilities. In
many practical configurations, thermoacoustic osciltaiare generated by driving process
that cause perturbations in the reactants, yielding fltictns of the heat-release rate. This
unsteady heat-release is an efficient acoustic soldow/ling et al. 198% which generates
pressure waves propagating in the system. A feedback mischdnen couples the pertur-
bations to the driving process and leads, for some conditimnthe growth of an instability.
As only acoustic waves can propagate in the up and downstl@astions, they are the main
feedback path. Acoustics is thus the main source of the egg@oupling with the unsteady
heat-release.

Fluctuations of heat-release rate produces sound presswes radiated in the combustion
chamber and constitute the retroaction mechanism. Thd&dnechanisms involve other
potential sources, as pressure fluctuations may not diractlon the combustion process.
Acoustic wavelengths are indeed in most situations muchtgrehan the flame thickness
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(Mclintosh 199). Pressure fluctuations induce velocity and fuel equivagenatio variations
which, in turn, act on the heat-release rate, by stretctiiedlame surface, shedding vortices
in the fresh gases or creating local mixture inhomogersits reviewed bypucruix et al.
(2003) Self-sustained combustion oscillations usually devétom perturbations of small
amplitudes ieuwen and Yang 20Q&ut may also result from the nonlinear triggering by fi-
nite level perturbationdNoiray et al. 2008) It is thus relevant to investigate the dependence
of the flame response to the level of incident perturbati®agachandran et al. 200Burox

et al. 2009. Combustion dynamics may not solely respond nonlinearfioiv perturbations.
The flow and the boundaries may also feature non-linear resgsownhen the oscillation level
increases.

Non-linear response of the combustor boundaries will hase#und impact on the feedback
loop. In practical applications, combustor walls ofterntéea collections of perforations with
multiple orifice sizes conveying a bias flow. These perforatiare used for wall cooling and
for dilution of hot combustion products within the chambRecent simulations indicate that
these perforations influence the burner stabilycbud et al. 200Y. The response of these
perforations yet largely deviate from linear theoretiaa&dictions Howe 1979 when the am-
plitude of the incident pressure perturbations increabeis. was demonstrated bggard and
Ising (1967)for a single orifice submitted to external forcing by a pistdinis phenomenon
was also highlighted with perforates in a lab scale combustdran et al. (2008)Nonlin-
earity of the flame response has been modelleDdyling (1999)for velocity perturbations,
later extended biMorgans and Stow (20079 account for other types of flow perturbations.
The nonlinear dynamics of an unstable burner has been expetally determined byNoiray

et al. 2008b, in a configuration gathering many nonlinear phenomenh asdysteresis, fre-
guency shifting or mode switching.

Unsteady perturbations in the fuel or air feeding lines mlap aroduce nonlinear flow re-
sponse in the fresh stream. This can take the form of larde scherent structures shed at
the injector lips and conveyed by the mean flow to the flametf{@ainsot et al. (1987)Wu
and Kung (200Q)Spencer et al. (2008)The differential response of the fuel and air feeding
lines to pressure oscillations also induces a periodi@sel®f reactants inhomogeneities as
explained byLieuwen and Zinn (19983and Sattelmayer (2003)The influence of the flame
shape has recently been highlighteduyrox et al. (2009) The role of lateral flame confine-
ment has been stressed outRiybaud et al. (2007)It is shown that the nonlinear response
of the flame depends on its interaction with the walls. Flayreadhics is also sensitive to the
input level of perturbationBalachandran et al. (200pjesented experimental results linking
the nonlinear response of the heat-release rate of a leamixa@ flame to the inlet velocity
amplitude, equivalence ratio and forcing frequency.

The complexity and the nonlinearity of this flame-acoustioging has hindered the devel-
opment of a general tool to predict the occurrence and groithermoacoustic instabilities,
and to estimate oscillation levels at limit cycles. As a fgqredictive methods have been
derived for only a small number of simple and well controlbedfigurations such as obtained
by Noiray et al. (2008b)n the case of multiple flames anchored on a grid. These aathor
propose a method based on the flame describing function,ea@emation of the flame trans-
fer function, and demonstrate that it can be used to retmeost of the nonlinear features
of their experiment. In most situations, a criterion, analy derived byRayleigh (1878)s
used to determine the nature of the observed oscillatiohsnvheat-release rate fluctuations
occur in phase with pressure oscillations in the systememrtbacoustic resonant coupling is
likely to develop. This criterion was used by many authordetect thermoacoustic coupling
in their lab-scale combustors. Itis a necessary, yet ireseffi condition to observe the devel-
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opment of combustion instabilities. Unfortunately it carlyobe evaluated a posteriori, when
the instability is set. Mathematically, it is often expredsas follow:

1
—//plq'ldvdt>0 (11)
T TJV

wherep; represents pressure fluctuations, gndheat-release rate (per unit volume) oscilla-
tions, integrated over the combustion voluin&nd over a period of oscillatidh.

Indeed this criterion, despite its common use, does notwuaddor many physical pro-
cesses, such as the energy losses inside the volume andratith® boundaries, which may
prevent the instability growth. This Rayleigh integral megents only one of the terms of a
global acoustic energy budget. It is better to use more cet@fbrmulations as discussed in
many classical studies such as the work€ahtrell et al. (1963jocused on rocket engines,
of Chu (1965)or more general applications, and Mbrfey (1971)which includes non uni-
form flows effect. These works were completed by furtherissidyMyers (1991) Dowling
(1992, Nicoud and Poinsot (2008ndGiauque et al. (2007)he acoustic energy balance is
also investigated bipurox et al. (2008)who established a budget for an experiment where
multiple flames oscillate at limit cycle.

1.2 Acoustic energy balance

The concept of acoustic energy is first introduced for low Magn-reacting flows. Equations
of linear acoustics are derived from the main conservatipragons (mass, momentum and
energy), in the absence of volume forces, heat sources, flogaand with negligible viscous
forces. Flow perturbations are considered isentropic.dtiteon, quantities are decomposed
into a mean component, denoted by subsdrj@nd an acoustic component, marked by sub-
script1, such that the acoustic part is much smaller than the meae vBressure is decom-
posed ap = po+p1, velocity asu = up +u; and density ap = pg+ p1. Classical equations
of mass, momentum and energy can be combined to derive tvaiieqs describing acoustic
waves propagatioRjenstra and Hirschberg 2006

1 Op:
—-— V. =0 1.2
& ot troVom (1.2)

8111
— = 0 1.3
Po—gy T VP1 1.3)
These two equations are combined to obtain the wave equation
1 82]?1
2

- = =0 1.4
Vin c ot? (.4)

They can also be combined by multiplying elq2 by p1 /o, taking the scalar product of eq.
1.3with u; and summing the results:

a (1 o, 1 p?
ZoouZ 4+ ) 4 v u) = 1.
ot (2p0 ) pocd (prua) =0 (.5)
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Figure 1.6: lllustration of the source term and acousticgtix

For a quiescent non reacting flow, the acoustic energy densit pou? /2 + p? /2poc3 only
varies because of acoustic fluxasi; at the system boundaries.

In the presence of a reacting flow, the situation becomes cmrglicated because the un-
steady combustion is also a source of noise. One obtainsl{iZp(L992):

Oe y—1
\va — ; 1.
ot + (p1u1) poc(g) pPiqa (1.6)

wherer is the heat capacity ratio. Extensive work has been donerieedexpressions of the
acoustic energy density and fluxes including mean flow effeCantrell et al. (1963have
provided one of the first discussions upon the form of the ¢iiaate for energy perturbations
for a mean isentropic and irrotational flow. The definitionaabustic energy and flux in
various types of flows has also been investigate@agdel (1975)

In the absence of mean flow, they derived a simple expresgitredotal energyw growth
rate as the ratio of the acoustic fluxes integrated over thxacsurface® divided by the first
order approximate of the acoustic energy densityer the volumé/:

(dE/dt); _2<fz: pius - ndo), (1.7)

(E—Eo)p (fv edU>T

where the acoustic energy densitythe pressurg; and acoustic velocity fluctuations are
integrated over a volumg delimited by a control surfacg, with a normal vecton pointing
outward of the surface, as illustrated in figur®. Brackets denote time averaging over a
period of oscillation.

In the presence of a mean flow, acoustic perturbations aneected, and therefore the acous-
tic energy cannot be constructed from first order pertuobati_andau and Lifshitz 1987
Cantrell et al. (1963)lerived another expression for the growth rate of energideations,
relating it to first order acoustic variables and mean flowdfieMorfey (1971)proposed a
comprehensive analysis of the transport of energy dishudsin more general flows, in the
absence of combustion nonetheless. Dowlibt@9Q2) extended his formulation to take com-
bustion into account, whildyers (1991)developed an exact solution for arbitrary distur-
bances in a steady flow, without any assumption on the lityeafithe disturbancesGiauque

et al. (2007)also propose a recent extension of the work of Myers, inolgidipecies and
heat-release terms to take combustion into account. Hawewaany combustion systems,
the flow Mach number remains very small, and approximate $oofracoustic energy with
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no mean flow can be used. These developments led to an exteadsdoh of the Rayleigh
criterion which accounts for acoustic losses in the syst€hu (1965)roposed such an ex-
tension of the classical Rayleigh criterion, recently céatgd byNicoud and Poinsot (2005)
This formulation accounts for entropy fluctuations andéfi@re makes use of the temperature
instead of the pressure term:

Ti0</v quldv>T > </Ep1u1 . nda>T (1.8)

This result is appealing in presence of entropy waves yétdif to verify experimentally, as
access to time resolved temperature fluctuations is notcyeteable.

In the case of a combustion instability with no mean flow ndrapy waves, where thermal
and viscous diffusion processes are neglected, the exddada of the Rayleigh criterion can
be obtained from the expression of the acoustic energy Hroate:

oF ' -1
<_> + </ piuag - l'ld0'> = </ 7 plqldv> (19)
ot /[ D T v YPo T

Once the limit cycle of oscillation is reached, the acoustiergyE' remains constant and
therefore the two sides are in balance. An instability istlikely to grow when these terms
are out of balance:

Sy o1
/V vao prgrd > /Z piuy - ndo (1.10)

The left hand side term is the classical expression of thédrgycriterion, which must over-
come the energy losses by acoustic fluxes (right hand sid®g fer an instability to develop.
Only acoustic losses at boundaries have been taken intaaicdor simplicity. Additional
dissipation terms, accounting for all other sources ofdeds the volume, have been dis-
carded. There are no contributions of acoustic fluxes atlibenber and premixer walls since
the acoustic velocity vanishes at these locations. Theyhoarever be significant at the inlet
and outlet boundaries of the system and must be taken intuatto determine the onset of
instabilities.

The different terms defining the acoustic energy balanceatreften evaluated. Recent de-
velopments of Large Eddy Simulation allow&iauque et al. (2007%p propose a numerical
evaluation of this extended criterion in a turbulent leaenpixed combustor. In practice, it is
still a challenging task. The Rayleigh criterion is oftemdlved in experimental studies, but
most discussions remain qualitative. Pressure and hiestseerate fluctuations are measured
over the whole flame region by microphones and photomutipliand the phase of the cor-
relation between these signals is easily evaluated. Sueprated measurements, based on
spontaneous emission from radicals suckHS, are yet difficult to calibrate to obtain quan-
titative heat-release rate estimat®si¢e et al. 196p The increasing sensitivity of modern
cameras now allows to map this Rayleigh term on the flame zoddadetect preferential
instability region within the combustion zone as demonsttdy Samaniego et al. (1993)
More recentlyBalachandran et al. (2005¥ed this method combined with laser induced flu-
orescence to estimate the local heat-release rate of aeuntlfilame submitted to velocity
fluctuations. This was also employed bleier et al. (2007jo investigate the time evolution
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Figure 1.7: Schematic of a full scale gas turbine, illugidatvith Alstom GT13E2 model
equipped with EV burners (center), for an acoustic energigbtiand determination of real
acoustic boundary conditions. From Alstom commercial &afl
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Air l__<
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"
%

N/

Cylindrical enclosure Combustion chamber

Figure 1.8: Laboratory installation for EV burner charaiz&tion at lab. EM2CDioc 20085.

of a thermoacoustic pulsation and highlight the feedbackharism.

A complete experimental evaluation of the different termppearing in the acoustic energy
balance has recently been achievedthyox et al. (2008) Many studies have focused on
the effect of flow perturbations on flame response, but mush &tention has been paid to
the influence of the acoustic boundary conditions, mainbabse they are difficult to measure
and to controlin practical configurations. The schemagewof an Alstom GT13E2 complete
gas turbine (figurel.7) clearly illustrates the complexity of the situation. Tigas turbine
is equipped with the previously mentioned EV burners, Wsih the center of the turbine.
The environment of the burner is therefore quite differeoint the installation for laboratory
testings, such as used Bjoc (2005)and sketched in figur&.8 Terminations differs from
those found in practice inducing a distinct acoustic envinent.

These acoustic boundaries are however of prime importasitieey determine the acoustic
field in the system and therefore the resonances at whicmtsaoustic oscillations may
occur. They also constitute potentially important enegslterms that may be sufficient to
prevent the onset of instabilities. Boundary conditionzesent one of the main differences
between test rigs and complete industrial facilities. A®rample, the turbine distributor of
a gas turbine is usually considered to operate as a chokewlhoucondition for the down-
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Figure 1.9: General principle of active control of instéigjlfrom (Candel 2002

stream termination of the combustion chamber, while labrigs rarely feature this kind of
exhaust. This mismatch between test rig and industrialgdsnte acoustic boundary condi-
tions limits the value of the combustion instabilities iatigations led in laboratories. A stable
burner may well be more unstable once included in an indlstystem. Active control has
recently been applied Bothien et al. (2008)sing loudspeakers to modulate the downstream
acoustic field of a burner in order to reproduce a large rafiggltaust boundary conditions.
The importance of these boundary conditions also impliasdbmbustion instabilities cannot
be eliminated solely by design of the burner itself.

Because of the lack of models accounting for these acoustiadary conditions, no gen-
eral tool has been developed to predict the occurrence obustion instabilities. There are
however a variety of methods which can be used to limit thesequnences of instabilities
either by active or passive control. While active contrduons usually aim at modifying
the feedback loop to hinder the resonant coupling betwesteady combustion and system
acoustics, passive control methods are in general usedip ttee resonant acoustic modes.
A brief overview of these methods is proposed in what follows

1.3 Active control systems

Active combustion control designates methods that usedbtesk loop between a sensor and
an actuator to ensure a stable combustion regime, as sKatcfigure1.9. The concept was
originally proposed in the 1950’s bsien (1952) At that time, technology was not available
to demonstrate practical feasibility of active controlidlvas later carried out by, for example,
Poinsot et al. (1992)ho successfully implemented a closed loop actuation witld$peakers
of the fuel injection lines, effectively reducing the antiptie of unstable pressure fluctuations
by an important factor, as illustrated in figurel 0. At the same periodBloxsidge et al. (1988)
achieved active suppression of low frequency reheat budmdts, using a choked plate and
an oscillating centerbody to modify the upstream conditdoManus et al. (1993)rovided

a review of active control methods applied to combustiotuainitities. This has been updated
by Dowling and Morgans (2005amongst others.

One of the main difficulty in active control is to create su#ittly large input levels to over-
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Figure 1.10: Active control of combustion instability froRoinsot et al. (1992)(Left) The
control system is switched on at= 0. The pressure trace clearly show a strong damping
of the instability. (Right) The active control system isrted off att = 0. Pressure signal
indicates clearly that the system reaches a limit cycle oflation when active control is off.

come the large pressure oscillations generated by the cstinbunstabilities. The actuation
device must create significant modulations of the controhpeeters. An efficient method is
to use actuation of the fuel and air injectio&e¢nier et al. 2008 by periodic modulation
or by use of secondary jets as proposedHaghout et al. (2000)Cohen et al. (2008)ave
recently implemented fuel modulation in a sector combusiotaining6 dB noise reduction.
Conrad et al. (2007)se intermittent modulation of the liquid fuel injectorsrtmdify the
spray properties and thus the combustion regifechibana et al. (200%ave thoroughly
investigated active control by secondary fuel injectioxaraining the influence of the fuel
bypass percentage, the injector geometry and injectioleang

Another promising method is to act on the boundary conditidn laboratory test rigs, the
active modulation of the acoustic boundary conditions ldkpeakers has also been investi-
gated, see amongst others the worlPakchereit et al. (2000and recently oBothien et al.
(2008) Such acoustic modulation is convenient for preliminandgs as it is easily imple-
mented. In addition, it gives access to the jump conditiceiasben acoustic perturbations on
each side of the combustion region, which can be used toaestlne flame responsedlifke
and Lawn 200y and build models that are in turn used in feedback algosth8uch flame
response models may prove useful when active control sgsteeto be implemented in com-
plete systems. Most of the studies are indeed carried ouhgledurners, where longitudinal
modes are dominant, while modern combustors are annulartidrg where transverse acous-
tic instabilities may occur, as shown for exampleNdgrgans and Stow (2007)

Initially, active control was mostly based on closed-logptems which require accurate ac-
tuators and control loop&Richards et al. (2007amongst others, have shown that open-loop
algorithms, which are easier to implement, can also be tféecontrol solutions.

In any case, active control requires accurate sensors ioaimdustion zonesDocquier and
Candel (2002provide a complete review on sensors applied to modern gbmés to opti-
mize the system performances. Monitoring the unsteadpress easily achieved, but is not
sufficient to detect instabilities. In-situ measuremerfiithe heat-release rate are now made
possible thanks to the optic fiber technolo@anz et al. (2008)Jescribe some modern sen-
sors for gas turbine monitoring and address the issue af ¢h#bration through a extensive
experimental investigation.
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Figure 1.11: Helmholtz resonators (H1 and H2) on a Y-shapga Rube, fromzZhao and
Morgans (2008)

Despite all these recent developments, active controlirenaecomplex solution to implement
on industrial facilities. It requires adequate sensorsystied to harsh environments in the
combustion chamber along with robust actuators on thetiojetines, such as fast-response
valves. Loudspeakers remain a laboratory scale implerientan addition, one of the main
drawbacks of active control is that in case of system fajlarburner becomes quickly un-
stable. This is illustrated in figure. 10where the pressure amplitude quickly reaches a limit
cycle once the active control system is deactivaRamlr{sot et al. 1992 Passive methods may
be more robust and some have already proved their efficien®al configurations.

1.4 Passive control systems

Passive methods mainly consists in the optimal placemedawiping devices like quarter-
wave resonatordRichards and Robey 20p8Helmholtz resonatorBellucci et al. 200% or
perforated paneldMelling 1973. Such dampers are designed to absorb acoustic energy at a
single given frequency. In systems featuring several testaodes, or prone to frequency
shifting, multiple devices must be incorporated, as show#hro and Morgans (2008)sing
two Helmholtz resonators.

Passive control may also be achieved through careful desigre injectors and their posi-
tioning in the burner, as reported Bgeele et al. (2000)In the case of annular combustors,
where transverse acoustic modes may couple the resporisedifferent injectorsRichards
and Robey (2008)ropose to prevent such coupling by tuning each injectoettapce with
quarterwave resonators placed on the fuel lines (figukd. A different approach, using stag-
gered constrictions, was taken bpiray et al. (2008ajo create phase mismatches between
adjacent flames in order to break the coherent coupled respuira set of flames.

The main drawback of acoustic resonators is their spacéresgent in the combustion cham-
ber. It is difficult to add the large volumes required by Hetith resonators in existing sys-
tems. The test setup @hao and Morgans (2008ported in figure..11illustrates the size of
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Figure 1.12: A quarter-wave resonator, with variable lan@t- 0.8 m and a diameter of
10.6 mm, connected to a fuel premixer, frdRichards and Robey (2008)

Figure 1.13: GE gas turbine combustion chamber with laeealorations for film cooling
and air dilution.

a Helmholtz resonator. Tuning the volume of the fuel injectine, as proposed Wyichards
and Robey (2008)may also have detrimental side-effects as the positioofrige injectors
also affects the flame dynamics. In contrast, perforateelpare widely used in aircraft en-
gines casingHlughes and Dowling 199@&nd in mufflers iMunjal 1987. Furthermore, many
perforations are also present inside combustion chambefgrh cooling and secondary air
injection for dilution of the hot combustion products asisfrated in figurel.13 Perforated
panels have thus potential for passive control of inst#dslin combustion chambers and are
examined in the following section.

1.5 Perforated plates for acoustic damping

Acoustic damping by perforated plates has been the focusmérous studies, because of the
large number of parameters and configurations involved yWaodels are therefore available
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in the literature, yet no universal modelling has emergetil&\the model oMelling (1973)
considers the effect of the dissipative acoustic layer ichgaerforation, the semi-empiric
model obtained byjNarayana Rao and Munjal (1986)limited to the case of a grazing flow.
A more general framework has been setHiywe (1979) who demonstrated that the vortex-
shedding, that takes place at the edges of an aperture pisn@ble for significant acoustic
damping, in the case of a single aperture in an infinite pl&szhert (1980has shown that
the efficiency of this vortex shedding is dramatically iraged in the presence of a bias flow
through the apertures and by the use of a resonant cavitpdbéine perforate. These results
were later confirmed b¥rorster and Michel (2003)Based on these developmeritkighes
and Dowling (1990)esigned efficient screech noise absorbers. In its intiahf the model
of Howe discards the influence of the plate thickness andrigdd to infinitely thin plates.
Luong et al. (2005proposes a theoretical extension to account for this paeanvehile Jing
and Sun (2000have investigated this issue numerically, &elik et al. (2005)present ex-
perimental data. In many applications, perforated parrelsised to reduce, and even cancel
noise in a narrow frequency range. Attempts were made tomtidis frequency range by
multiplying the number of paneld.ée and Kwon 2004or by actively controlling the back-
cavity depth Congyun et al. 2005

Most studies have focused on linear acoustic interactigh thie perforates, when the pres-
sure perturbation amplitude reaches only small levels. é¥aw large amplitude of pressure
oscillations are typical of combustion instabilities angynimply non-linear acoustic€lick
1994). The effect of high amplitude pressure waves in perforstésss documentedCum-
mings and Eversman (198B)opose a theory for this non-linear behavior in the absefice
mean flow. Amongst the first experimental studies of suchrdatéons, the work ofngard and
Ising (1967)is one of the most extensive. They obtained a semi-empimcalel to account
for the influence of the sound pressure level on the acousfpiedance of an orificdDragan
and Lebedeva (1998gave also highlighted these nonlinear interactions erpartally, while
Jing and Sun (2002ajse numerical methods to determine the influence on votterding.
There is yet no complete model accounting for both lineamandlinear acoustic interaction,
and no transition criterion between these regimes has beréred to the author knowledge.
For an application to the damping of combustion instak#itithis is an important lack which
has to be addressed to allow efficient perforate design.

The current study tackles this issue and a design solutienaif perforates is proposed, based
on experimental data gathered in both acoustic regimes.






Chapter 2

Turbulent combustion rig and
associated optical diagnostics

This chapter describes the turbulent combustion rig usekigwork, along with the
two optical diagnostics set up to investigate the flow aenadyics and the combus-
tion process SectioB.1 presents the lean premixed burner which has been adapted
for detailed acoustic measurements inside its premixer.ofterating principle is
briefly presented along with the regimes used for the stutgnThe technical as-
pects of the apparatus (ICS) designed to control the premilet acoustic condition

are described in sectio®.2 The flowfield aerodynamics has been investigated using
high-speed Particle Image Velocimetry, with a focus ontifleénce of the ICS. The
technique is described in secti@3. Finally, chemiluminescence measurements of
spontaneous radical emissions used to study the heatsel@@cess are described

in section2.4. This technique is well documented in the literature, tfeeeem-
phasis is made on the method that allows to link the radicassion to the flame
heat-release rate and eventually to obtain a quantitatied@ation of this chemical
source term.

2.1 Swirl-stabilized staged lean premixed combustor

2.1.1 Description

The EC2 combustor photographeddri was designed by Francois Lacas and Nathalie Dioc
(2009. It has been thoroughly studied and its behavior is weludoented. It features a lean
partially premixed staged injection system, stabilizedstrl, illustrated in figure2.2 The
premixer is composed of two identical stages describedwbelo

Air is fed into each stage through a circular manifold in whec swirler is inserted. This
swirler comprises a hollow cylinder with large lateral opeys, through which air is in-
jected in the inner premixer channel. Inside these rectangpenings, four injectord (nm-
diameter) deliver gaseous propane perpendicularly toithioev. This cross-flow configu-
ration enhances fuel-air mixing. The tangential air inj@ts create a strong swirl motion
(swirl number estimated abowet (Dioc 2009) in the D = 30 mm diameter inner channel.



18 CHAPTER 2. COMBUSTIONRIG AND DIAGNOSTICS

Figure 2.1: Photography of the EC2 premixer
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Figure 2.2: Schematic view of the original version of thempbeer.
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A precessing vortex core (PVC) is therefore promoted whésults in a short flame, typical
of swirl-stabilized configurationsSfyred (2006). For the regimes studied in the current work,
the flame is compact, aboud — 15cm long, and its base is located inside the premixer. An
axial air injection avoids flame flashback, which may daméagéerjectors. This axial flowrate
corresponds to a small fraction of the total tangential fl@sy~ 2.5%). The premixer is
connected to a rectangular combustion chamber, with a hiparesion ratio £ 14). This
chamber is made of two quartz windows for flame visualizatjemd two refractory concrete
plates (top and bottom) which can be equipped either withllsspartz windows for laser
measurements, or with transducer ports for acoustic meamnts. The exhaust, which rep-
resents the downstream boundary condition of the chantarsguare open end. Hot gases
flow out of the facility and are collected by a large funnel gected to a chimney. In the low
frequency range considered in this stutiyq— 1000 Hz) only longitudinal pressure perturba-
tions are to be envisaged because of the chamber dimen§ibers otal length with a square
test section 00 x 10 cm?) and acoustic pressure can be assumed roughly uniform irea gi
section. The premixer was slightly modified to add accesssgor acoustic and flow mea-
surements. Three new sectiod8mm thick, were added: one at each end plus one between
the two stages. They are thus spaced bgm. Each section has four radial ports, which can
be used to insert microphones, hot-wire probes or thernqesinside the premixer channel.
The combustion chamber and the premixer are equipped witfoptiones. All these sensors
are flush-mounted on calibrated water-cooled waveguidesgactior8.1.2. The premixer is
equipped with four microphones, and the chamber with thrieeaphones. Microphone M1,
located farthest upstream of the flame and closest to thesgpsthoundary condition, always
measures the highest Sound Pressure Level. As a conseqimes&PL is used as a reference
SPL in the combustion facility. It must be noted that the tagaof microphone M1 is not a
constant pressure antinode with frequency, and hence firenee SPL is only a qualitative
indicator.

The updated schematic of the combustor, indicating postaf the pressure transducers is
givenin figure2.3, at scale with a flame OH-PLIF snapshot. This snapshot shwnextent of
the flame relatively to microphone M5, and also confirms thatftame base is not anchored
at the section change but inside the premixer channel. Tigmal premixer inlet condition is
also depicted. It consists inl2” air inlet plugged in the center of a rigid plate.

The different operating regimes investigated in this wakkrzow described.

2.1.2 Combustor operating regimes

This configuration features strong combustion instabgitiepending on the fuel staging ratio
«, defined as the ratio of the fuel massflow in the stage furfh@st the chamber (stage 1) to
the total fuel massflow injected (see fig@@ andDioc (2005):

. @1
myg1+mpgo

These instabilities are characterized by intense acdestits within the chamber and the pre-
mixer, and important noise radiation. Large fluctuationthefheat-release rate, characterized
by strong oscillations of the light intensity emitted by fteame, are also observed. An exam-
ple of such fluctuations is given by imaging the flame with adéad CCD camera, in figure
2.4. Four successive images were acquired in the nominal apgrainditions described be-
low. The flame shape is typical of swirl-stabilized systeihis also clear that the flame shape
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S2

Figure 2.3: Schematic of the combustion bench. The flamestwallustrates the scale of
the flame, and its position relatively to the microphonesRN collection zone. Distances
are given in mm.

Figure 2.4: Instantaneous flame images in the nominal dpgnaggime, obtained with a CCD
camera.
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Parameter Unit ‘ Min. ‘ Max. ‘ Operating‘ Leaner‘ Richer
Total air mass flow Nm?h=t | 30 60 41.15 41.15 | 41.15
Ma,t gs?!t | 10.75 | 21.5 14.74 14.74 | 14.74
Staginga - 0 1 0.145 0.32 0.50
Total equivalence ratig - 0 1 0.81 0.72 0.87
D,

Thermal powet? kw 17 59 32.29 28.2 35.3
Reynolds number Re - 22000 | 44000 32000 32000 | 32000

Table 2.1: Combustion bench operating range

and light emissions vary strongly during a cycle.

The regime studied corresponds to an air injection in eadesdfin,;. = 7.1+0.1g.s ' and

a propane total massflow ratexf; = 0.76 4- 0.02g9.s™* with a staging ofx = 14.5%. The
global equivalence ratio is fixed t = 0.82, when perfectly mixed gases are assumed. The
facility operating range is detailed in tal#el. This particularly unstable regime is described
by Dioc (2005) A flame image obtained by Planar Laser Induced Fluoresc@dé&) on
the OH" radical is provided at scale with the burner geometry in FB@U3. One can clearly
identify the flame position with respect to the microphoreations and its spatial extension.
Two other regimes have also been explored in this study, artbelean side and the other
characterized by a richer fuel equivalence ratio. Theiratizristics are also gathered in table
2.1

Examples of evolutions of the PSD measured in the faciligy r&ported in figure.5 for
the ® = 0.82 operating regime. A strong peak can be observefl at 288 Hz on every
sound power spectrum, as well as on the heat-release raigefion spectrum obtained from
chemiluminescence fluctuations measurements. This cdimbusstability corresponds to
pressure fluctuations in the whole facility of upptp~ 200 Pa.

The premixer inlet boundary condition has been replacedhbeyrmpedance Control System
(ICS) used to provide an adaptive impedance condition. Aieahaspects of this system are
now described. Detailed description of its principle aresented in chaptel, while results

of its implementation are presented in chafier

2.2 Impedance Control System (ICS)

The premixer inlet adaptive impedance system (ICS) is campof a perforated plate of
low porosity (below10%) and a piston sliding in an airtight cylindrical casing, &stshed

in figure2.6a The perforated plate is placed at the inlet of the premikanoel. The ICS
is designed such that changing the back-cavity depth daegswt in adding a length to the
inner premixer channel, that would simply shift the combusigenfrequencies. Tuning the
cavity depth rather implies a modification of the perforgiate impedance as is described
in chapterd. The influence of the premixer inlet impedance on the resom&nrequencies of
the combustion rig point is investigated in chap@erThe sliding piston has an hollow shaft
and partially hollow head, to enable air injection throulgé perforate. The hollow part of the
head is covered by a sinter bronze plate inserted in a thi¢&lpkate covering the rest of the
head surface, as illustrated in figitéh This provides a flat rigid surface. The sinter bronze
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Figure 2.5: Power Spectral Densities in the combustiorifia@t the operating regime. A
low frequency instability peak emerges At= 288Hz in the premixer channel (top), in-
side the combustion chamber (middle) and on the chemilusnamece emission signal from
the flame (bottom) indicating heat-release rate osciltatisynchronized with large pressure
fluctuations.
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(a) Schematic of the ICS, with details of the perforatedeplze- (b) Piston head and casing as installed on
ometry and of the piston head. the combustion facility. Head diameter is
D = 30 mm.

plate

Figure 2.6: Adaptive impedance control system (ICS) schien(&) and photo (b).

is a slightly absorbing material from the acoustic point igiv However its surface is small
enough to assimilate the piston head to a perfectly reflggiate. On the fly measurements
of the reflection coefficient will confirm this assumption.€l¢ylindrical casing and the piston
shaft provides a displacement upstdcm.

Once set up on the combustor, the perforated plate is lodafezrin upstream of the first
microphone port. This device can be envisaged as a passiimkeystem. The piston is
shifted manually, which cannot be done during firing testsolovious safety reasons. The
cavity backing the perforated plate may be considered asugded from the premixer inner
channel thanks to the low plate porosity. When the pistomhiitesl, there is no modification
of the inner geometry of the facility. The influence of the I@$the flow aerodynamics is
now investigated using Particle Image Velocimetry.

2.3 Flow aerodynamics by Particle Image Velocimetry

Particle Image Velocimetry (PIV) is a non intrusive optitadhnique which allows measure-
ments of two-dimensional velocity fields, s&drian (2004)or a review. It consists in illumi-
nating a slice of a flow field seeded with tracer particles awrding two successive image
of the light scattered by the particles. The most common RNz make use of a laser
to illuminate the flow and of cameras to record images paiesets provide a high energy
density beam which is easily reshaped in a planar slice wsseg} of cylindrical lenses. The
displacement of the tracers can then be computed throughalpsés of the images. With
reliable flow tracers, the flow velocity at a particle locatis equal to the particle velocity.
This velocity is thus retrieved from the measured displaaetidw: and the imposed time delay
between the laser exposurgs

ox

v(x,t) = 5t

(2.2)
where the particle displacement must be small enough teeoetiie potential contribution
of particle acceleration. Furthermore, a tracer particlestmeet several requirements to
accurately reproduce the local flow velocity :

« it should not perturb the flow,

e its inertia should be very low such that it induces a mininelbeity lag,
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Figure 2.7: Schematic of the PIV acquisition system and efabst-processing principles.

« it should ensure homogeneous flow seeding in time and space,

« it should scatter light efficiently.
To limit flow perturbations, particle density should be lomdaheir diameter should be much
smaller than the size of the typical turbulent structuresalbdiameters are also needed for
an accurate estimation of the local flow velocity. Howevke thoice of the particle size
results of a trade-off between this ability to follow the fland their efficiency in scattering
light. From Mie theory, particle diameter should be choskthe order of magnitude of the
wavelength of the incident light. Particles most commordgdihave a diameter of about a
micrometer to allow the use of lasers in visible wavelengHisally the tracers mass density
controls the ability to homogeneously seed a flow contaimorgjcal structures.
Within the frame of PIV in combustion, the nature of the paet also plays a key role on the
results. Liquid seeding tracers (like oil droplets) willlpallow measurements in the unburnt
fresh gases. Refractory solid particles with melting pohiigher than the flame temperature
will obviously allow measurements in both fresh and burrsaga

2.3.1 PIVsetup

A High Speed Particle Image Velocimetry (HSPIV) techniqueswsed to measure velocity
fields both in reactive and non-reactive cases Ba®osa et al. (2009pr more details on
this system). Figur@.7 sketches the acquisition setup and the post-processingipgs.
The combustion chamber is equipped with rectangular quanzows @5 x 120 mn?) in the
bottom and top concrete plates, through which a verticarlabeet crosses the combustion
chamber, downstream the injection plane. T@oantronixNd:YAG laser beams are colli-
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Figure 2.8: Schematic of the feeding lines of the combusdtiench, with the two seeding
setups for oil and particle seeding. Air, fuel and partidesded flow massflow rates are con-
trolled by massflow meters. Oil seeded massflow rate is cikedrby a valve and measured
with a flowmeter. Air flowmeteréirl andAir2 and propane flowmetef33H8 1 andC3H8

2 feed stages 1 and 2 respectively, whibgal flowmeter provides the axial air injection.

mated along the same trajectory such that the shooting easteeach up t@0kHz. The
laser sheet(:3 mm thick and90 mm wide) is generated by a set Mlles Griotcylindrical
lenses. Images are recorded on a CMOS sensorRiyatronhigh speed camera equipped
with a 105 mm Nikonlens. The camera, operating2tkHz controls a pulse delay generator,
which triggers alternatively each laser, operating2dtHz with a time delay obt = 6 us. At
such acquisition rates, images are limited 28 x 512 pixels’. Flow was seeded either with
paraffin oil in non reactive cases, or with solid white paeticof zirconium dioxide Zr@in
reactive configurations. Zirconium dioxide has a meltingnpbigher than typical adiabatic
flame temperatures of common hydrocarbon fuels. The scleofdhe tracer seeding setup
is presented in figur2.8 The main characteristics of the different tools are gatién table
2.2 Paraffin oil was chosen for its mean particle diameter arseé @& use. It was used to
seed the propane injection line of the second stage, as aiyall amount of particles was
needed to achieve homogeneous seeding. The propane massfiawplaced by the equiv-
alent air massflow rate to conduct these non reactive expatsnPart of this massflow was
bypassed via a valve and injected ilbantecfog generator. The seeded flow is then mixed
with unseeded air flow and fed to the premixer. In the reactase, the amount of particles
required to achieve sufficient seeding was much higher. efbes, the air injection of the
first stage was used in this case. Part of the airflow was bgdasa a massflow controller
into a homemade powder seeding generator. Its operatingiple is based on the creation
of a cyclone inside an enclosure containing the particléaghé center of the box, and of the
cyclone, a small exhaust collect a flow seeded with the sstadkaticles, as the large ones are
ejected from the cyclone. This massflow is then mixed withuthgeeded airflow and injected
into the premixer.
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Equipment ‘ Manufacturer Type Characteristics
Lasers Quantronix Nd:Yag A =1532nm
Pulse duration160 ns
Energy per pulset0 mJ
Frequency: mag0kHz
Camera Photron Fastcam APX| 10bit monochrome CMOS
1024 x 1024 pixels’ at2kHz
Lens Nikon Nikkor 105mm, F/1.8
Parrafin oil Dantec Mean diameter1.6 um
Density:0.8 gcm 3
Zirconium oxide | Fischer Chemical 2Z/1850/50 | Melting point:2715°C
Density:5.89 gcm—3

Table 2.2: PIV diagnostic tools characteristics.

2.3.2 PIV post-processing

The PIV technique is based on a statistical approach torotitaimost probable displacement
of a group of particles. The groups are determined by suthdigithe images in small interro-
gation windows. Cross-correlation of corresponding winslis then performed on the image
pairs using Fast-Fourier Transform. The distance of thessomrrelation peak to the origin
gives the most probable displacement of the particles withé interrogation window. The
correlation noise is due to the mean background intensithi@fmages and to marginal and
random matching of particles. The amplitude of the cori@tapeak relatively to the noise
level allows evaluation of the reliability of the correlati. It can be improved on the one hand
by enhancing the raw image quality (by optimizing the ligbatsering, enhancing the con-
trast and laser light uniformity for example) and, on theeothand, by interrogation window
displacementsWesterweel et al. (199yand distortions, to increase the number of matching
particles between image paifSdarano and Riethmuller (2000§ogueira et al. (200)) For
each case presented in this woiR000 image pairs were acquired, for a total duration of
1s. Thesel2bits Tiff image pairs were processed with thantecFlow-Manager adaptive
cross-correlation softwar®@ntec 1998 A Fast-Fourier algorithm, combined with interro-
gation window displacements and distortions and subgtefrfpolation is used to determine
the velocity field. Squar® x 8 interrogation windows were used witi2ad% overlap.

2.3.3 Aerodynamic characterization of the ICS

In the nominal operating regime, it has been checked tha@iBedapted at the premixer inlet
has no influence on the velocity field in the flame region, thatabilized at the exhaust of
the premixer channel, using the HSPIV protocol. Severatitawity depths were set with the
sliding piston, and;200 image pairs were recorded, corresponding to an acquisitioation

of 1s. The time delay was set tous. The image field is a rectangular vertical window cen-
tered on the premixer symmetry axis, representing a fieldes¥ of 512 x 256 pixels’, which
corresponds to @ x 31 mn? region. Classical post-processing was carried out onrimger
tion windows of8 x 8 pixels® interrogation windows. The mean velocity fields were otedin
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(a) L = 000 mm. (b) L =280 mm

Figure 2.9: Mean velocity fields, colored by the axial vetp@mplitude, in the symmetry
plane at the premixer exhaust for two different back caviggttis,.. = 0 (a) andL = 280 mm
(b) in the nominal combustion regime. The black contourdatis a zone of negative radial
velocity. White lines are velocity streamlines. Dimensiomere divided by the premixer
channel diameteb = 30 mm and the zero is set at the premixer axis of symmetry.
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(a) Mean axial velocity profiles. (b) Mean radial velocity profiles

Figure 2.10: Mean velocity profiles extractedzatD = 0.2 (black) andz/D = 1 (grey).
Solid line and square symbols represent the configuratitimma back-cavity L = 0 mm),
while triangles plot the results fdr = 280 mm.

by averaging all the acquired sequences. The mean axiatiteld; for two back-cavity
depthsL = 0mm andL,,; = 280 mm are compared in figur&s9. As will be shown in the
following, L, represents the optimal cavity depth to minimize the ICS cétie coefficient
aroundf = 288 Hz.Dimensions were divided by the premixer channel diamete- 30 mm.
The amplitudes and structures of the mean axial velocitgidiate quite similar in both cases.
The black contour determines a region of the flow which coesls to a negative radial ve-
locity. This zone is located at the same position in both sa$eénally the streamlines are
almost identical.

Two velocity profiles were extracted for further comparispate/D = 0.2 andz/D = 1.
The influence of the two cavity depths on these profiles iggdiotor the mean axidlj and
radial V' j velocities in figure®2.10aand2.10brespectively. Symbols differentiate the cavity
depths (squares mark the cdse= 0, triangle the casé = 280 mm). Colors indicate profile
location (black corresponds to/D = 0.2, grey toa/D = 1). The profiles obtained for
L = 0mm andL = 280 mm are perfectly superimposed at both locations. Furtrerlte
concerning the velocity fluctuations are provided in figidslaand2.11hb Profiles of axial
fluctuating velocities at/D = 0.2 andz/D = 1 are compared in the two situations,=
0mm andZ = 280 mm. The relative difference between the velocities fludturest levels at
L = 0mm andL = 280 mm is also evaluated at the same locations and given in appand
Changing the back-cavity depth frolm= 0 mm to L. = 280 mm results in & % decrease of
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Figure 2.11: Axial fluctuating velocity profiles extractechd D = 0.2 (a) andx/D = 1 (b).
Solid line and square symbols represent the configuratitmma back-cavity L = 0 mm),

while grey squares plot the results fbr= 280 mm.
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the fluctuating velocities, either axial or radial. The nmaal amplitude of the axial fluctuating
velocity is about/j’ = 9ms™!, andVj’ = 5ms™! for the radial velocity. As a consequence,
the slight difference in the fluctuating amplitudes betwntwo situations is not significant
and it may be assumed that the premixer inlet impedance haskinfluence on the velocity
fluctuations.

Since the ICS is designed to have a strong influence on thesticdield in the combustion
rig, it was expected to observe this effect directly on thettlating velocity fields, which
contain the acoustic contribution. This is obviously na gase. It may be due to high levels
of velocity fluctuations associated with aerodynamic psses such as the inner precessing
vortex core rotation which may dominate the acoustic cbatidn. This assumption should
be further investigated with dedicated experiments.

2.3.4 Evaluation of the Strouhal number at the premixer outet

Using the mean velocity fields from PIV, it is possible to exsk a Strouhal numb&k char-
acterizing the flow oscillating mechanisms, based on thenjxer channel diameteb, the
instability frequencyf and the measured velocity;:

St = fD/U; (2.3)

A classical investigation reported IGrow and Champagne (197ihgicates that the response
of a circular turbulent jet to a pure tone excitation reacagsaximum for a jet Strouhal
number equal t&t = 0.3. However, for a free jetGrow and Champagne 19)/the Strouhal
number corresponding to the vortex passage frequency & &mtt = 0.45. This preferred
mode Strouhal number depends to some extent on the initigitons and background noise
level and takes values from2 to 0.64 according tadGutmark and Ho (1983)

The Strouhal number in the present configuration is caledlataking different hypothesis on
the flow structure, at the frequency of the main instabiligakbf = 272 Hz. One considers
first a circular jet of diameter equal to the premixer innearael D = 30 mm. The mean
flow velocity is computed from the massflow conservation m¢hannell/j ~ 16.5 ms™!.
This yields a Strouhal number 8t = 0.49, quite close to the value of the preferential mode
for a free jet Crow and Champagne 19)/ However, from the mean velocity fields obtained
by HSPIV, it can be noted that the flow pattern is closer to arukanr jet of hydraulic diameter
D = 3mm than to a free circular jet. The mean flow velocity at theida$ this annular
jet is measured a/j = 30 ms™! (figure 2.9), resulting in a much lower Strouhal number
St = 0.0272. Such low value would discard the influence of the unsteadggsses in the
observed instability. The presence of a large centralceldtion zone on the velocity field
could be assimilated to a virtual bluff-body and therefdre instability may be due to the
shear layer existing in its wake. In such situation, the®ted number would equék = 0.22,
based on the diameter of the CRZ = 24 mm and the velocity obtained by PIV; =

30 ms~!. With such an assumption, the observed combustion initabibuld be linked
to a Strouhal number within the commonly accepted ra@étrhark and Ho 1983 The
instability frequency would then be the preferential moited to the wake of the CRZ.
These results are gathered in tala.

The estimated Strouhal numbers span over a wide range oés/alnd may not provide a
direct link between the observed instability frequency #mal flow features. In his review
upon the influence of the precessing vortex c&yed (2006pathered Strouhal numbers for
various situations, as a function of the Swirl number, theé\ejence ratio or the confinement
amongst other. Results spans fromM05 to more thar2 and appears mainly linked to the
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Configuration Velocity Uj [ ms™!] ‘ DistanceD[mm] ‘ St
Massflow conservation 16.5 30 0.49
Annular jet from PIV 30 3 0.0272
Wake with jet velocity from PIV 30 24 0.22

Table 2.3: Evaluation of flow Strouhal numbersfat 272Hz.

Swirl number. This investigation on the flow Strouhal numipethe current facility would
thus require further investigation to yield conclusiveules

This study of the aerodynamics of the flame region confirmstti@lCS placed at the pre-
mixer inlet has a weak influence on the velocity field. Its etfeare therefore expected to be
only of acoustic nature. In addition to the HSPIV technigbe,heat-release rate fluctuations
were measured to study the combustion process, deterngneathre of the observed insta-
bilities and eventually measure the Rayleigh source terthenfacility. This measurement
technique is now presented.

2.4 Heat-release rate measurements

‘ Radical‘ Transition ‘ A [nm] ‘
On* A2YT — X211 (1-0) 2829
A2YT — X2II (0-0) 308,9
B2y~ — X211 387,1
CH* 5 3
AZAT — X2TI 431,4

| | A’llg - XPIy (Swan)| 5165 |

Table 2.4: Main transitions and associated wavelengthefhiree main species observed in
industrial hydrocarbons flames. Adapted fr@mcquier et al. (2000)

In lean premixed flames, the natural chemiluminescencétsefsom the radiation of inter-
mediate excited specié¥*, in the reaction region. These excited species are desteitfeer
by collisions or by spontaneous emission. In the latter cagghoton of energyiv is emit-
ted : D* — D + hv, whereh is the Planck constant andis the photon frequency. This
frequency corresponds to the energy difference betweeexttited statel)*) and the ground
state (D). Each molecule emits a radiation which is charestie of its electronic structure.
It is known that the emission intensity fro@H", CH*, andC2* in hydrocarbon flames can
be used to observe the location of the primary combustioiomegThis property has been
used extensively in combustion studi®ainsot et al. (1987Ayere probably the first to report
instantaneous phase conditioned maps of free radicalsiemés This was used to examine
a vortex-driven acoustically-coupled instability of a itiple injector combustor. The main
transitions and the corresponding emitted wavelengthbeothree radicals are summarized
in table2.4. The chemiluminescence from these three excited radisasmmonly used to
measure aspects of combustion. For a recent analysBcteder (1997yvho has shown that
their emissions coincide with the reaction zone. The ems8itensities have indeed been
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® T M6

f=430mm f=300mm

Figure 2.12: Technical arrangement used to monitor thetapeous emissions of thHeH"
andCH™ excited radicals. Microphone ports and numbering is ald@ated.

Equipment Manufacturer ‘ Type ‘ Characteristics
Photomultiplier tubeq Electron Tubes| 9124QB | Spectral ranget60 — 680 nm
CH* filter 9605 | Bandwith:\ =430 + 10nm
OH* filter 9352 | Bandwith:\ =310 & 30nm
Lens Melles & Griot | Quartz | Focal length:f = 430 mm
Diameter:15cm
Lens Melles & Griot | Quartz | Focal length:f = 300 mm
Diameter:15cm

Table 2.5: Heat release diagnostic tools characteristics.

correlated to the equivalence ratio in various conditiorggins et al. (2001and Doc-
quier et al. (2002have used th®H* and CH* emissions to infer the equivalence ratio of
premixed fuel-lean methane/air flames at atmospheric anételd pressures. They used in-
tegrated measurements to collect the whole flame light émniss In other studieKojima

et al. (2000have used spatially resolved measurements in the reactienaf a laminar pre-
mixed rich methane/air flame. It is commonly accepted thatet controlled configurations,
radical light emissions of a laminar premixed flame are progioal to, and in phase with, its
heat-release rat&\@lsh et al. 1998Schuller et al. 2002 In turbulent, partially premixed
lean system, such a proportionality is more difficult to bbs.

2.4.1 Chemiluminescence measurements

The spontaneous emission of radicdid* andOH™ has been measured usiipctron Tubes
fused silica PhotoMultiplier Tubes (PMT) equipped with sifie filters in the arrangement
depicted in figur€.12 One PMT was equipped with a very narrow band pass filter tectet
CH" radical, and the second was focused on@i&" radical. Figure®.13aand2.13bshow
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Figure 2.13: Characteristics of the filters used for chemihescence measurements. Top
graphs present the normalized intensity (dashed line)redddy filtering a given signal (solid
line). Bottom graphs indicate the filter bandwith and traission percentage.

the characteristics of theH* and OH* filters. The bandwith and transmission percentage
of each filter was measured using a spectrometer and a gif@emee signal. This reference
signal and the filtered signal are presented, normalizetldpéak amplitude of the reference.
TheOH™ filter has a large bandwith abot nm and a low transmission abott% while the
CH™ filter is very narrow {0 nm) and has a better transmission (aroGoigh). A better signal

to noise ratio and a greater signal dynamic are thus expéctedthe PMT equipped with the
CH™ filter.

The photomultiplier tube is an extremely sensitive lighted#or providing a current output
proportional to the collected light intensity Large area light detection, high gain and the
sensitivity to detect a few photons are the key advantagekisftube. The experimental
arrangement is sketched in figu2el2 and the characteristics of the setup are gathered in
table2.5. Two PMT were positioned on each side of the combustion cleandnd large
quartz lenses were used to collect the global light emisis@n the combustion volume and
focus it on the PMT sensitive element. Measurements wefzeesan a dark room resulting

in a minimal background noise measured by both PMT. They fawe providing a signal
proportional to the global emission in the flame regibny- andloy- respectively. PMT
signals are composed of a mean continuous voltage, and adtingy component. Therefore,
the spontaneous emission of radical D can be decompoded as Iy p- +I;, p-. Examples

of raw chemiluminescence signals are presented in figufekaand2.14bfor a stable (left)
and for an unstable regime (right). The associated Powett@h®ensities (PSD) are also
plotted in figures2.14cand2.14d In both cases, there is a mean component due to the
average light emission of the flame. During the unstablenmegivery large fluctuations of
the radicals spontaneous emission are measured by the RItating large variations of the
heat-release rate. In figu14h the PMT response exhibits bursts and almost sinusoidal
fluctuations. The associated power spectral analysis &§@d#d highlights the presence of

a fundamental mode and its first harmonic associated witketbscillations, af = 272Hz
andf = 544 Hz respectively.



34 CHAPTER 2. COMBUSTIONRIG AND DIAGNOSTICS

1.29 1.3 131 132 133 1.34 0 129 13 131 132 133 1.34
t [ms] t[ms]
(a) Response during a stable operation (b) Response during unstable operation
0 - 0
=10 - -10
o o
=AY e
I I
O )
o 30 -
5 -30 8 30
[a¥ o
40t -40p
-5 - - - - -5 - - - -
0 200 400 600 800 1000 0 200 400 600 800 1000
f[Hz] f[Hz]
(c) PSD in stable regime (d) PSD in unstable regime

Figure 2.14: Raw PMT time traces and PSD signals oftH& chemiluminescence measured
during stable and unstable combustion regimes.
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Figure 2.15: Influence of the fuel stagingon the PMT response, for a fixed total fuel equiv-
alence raticd = 0.81.

2.4.2 Heat-release rate estimation

The combustion bench is a turbulent, partially premixechleambustor. It is commonly
considered that the light emission collected from the flasrgroportional to the heat-release
rate in perfectly premixed systems. This relationship isnyestly used to examine the phase
of the heat-release rate with respect to the pressure flimtgan the flame region. The
Rayleigh criterion indicates that combustion instatabtare promoted if pressure fluctuations,
p1, and heat-release rate fluctuations, locally oscillate in phase. This is mathematically
expressed by:

/pldldt > 0, (2.4)
T

To obtain quantitative results, a relationship must beldisteed between the heat-release rate
within the combustion chamber and the chemiluminesceigeeki Therefore a calibration of
the PMT response (I) was carried out as a function of the fusedgfow raten ¢, the global
equivalence rati@ and the fuel staging: I = g («, @, 10¢).

The influence of the fuel staging is first investigated to deige the quality of the fuel-air
premixing. The ratio of the fluctuating to the mean compormérihe PMT responsg, /I
varies very few for moderate values of the stagings presented in figui2z15for the two
radicals emissions investigated. The variation reath#&sin extreme cases, when there is no
staging or in strongly unstable conditions, whern> 50%. These staging are largely out of
the scope of this study where the reference regime corresgora staging ofr = 14.3%. It

is thus assessed that the fuel staging has no influence ohdéh@laminescence response, fuel
and air are considered as perfectly premixed before conaoystround the nominal operating
conditions.

In a second set of experiments, the influence of the fuel noagséte was investigated for
three different equivalence ratids = 0.75,0.81 and 0.93. At each equivalence ratio, linear
relationships were observed between the PMT mean valudamassflow rate, as illustrated
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Figure 2.16: Evolution of the PMT response with fuel massfiate for an equivalence ratio
of ® = 0.81. Black circles mark th€ H* radical, grey squares correspond to@ig¢* radical.

in figure 2.16afor the particular case of a global equivalence rati@of 0.81. The fluctu-
ating component exhibits also a clear proportionality wita fuel massflow rate in the case

of the CH" radical, while theOH™ radical present a very weak dependence on this parameter
(fig. 2.160. The response obtained with the1* radical has a weaker dynamic which may
be due to the larger bandwith of the filter resulting in a beyazhckground noise and to its
low transmission coefficient.

For a given global equivalence ratio, the PMT response isdda verify a linear relationship
with the fuel massflow rate injected in the premixer:

1=a(®)riy +b(D) (2.5)

The non dimensional ratio of the fluctuating component tontlean PMT response can then
be constructed :

ho_ gy g G

Iy hgo+bla Thgo T Qo

(2.6)

In a first approximationp/a < 7y. The PMT response is therefore only a function of the
massflow rate and its fluctuations. For the reference earicalratio used in this work =
0.81, this approximation leads to an overestimation erroro020% of the non-dimensional

ratio %.
2.5 Evaluation of the Rayleigh source term

There is no direct access to quantitative measurements ofitsteady heat-release ratéut
this term can be deduced from the optical measurement ofaheeflight intensity detected
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© | a| b | ba
0.75 | 5.18 | 0.59 | 0.11
0.81 | 2.95 | 1.17 | 0.39
0.93 | 8.67 | 3.73 | 0.43

Table 2.6: Coefficients of the linear relationsRif for the different fuel equivalence ratio.

by the photomultiplier tubes. The objective is to measueeRhayleigh source term:

S
S = </ i plqldv> 2.7)
v 7YPo T

where(X), = 7 [ Xdt denotes the mean value over a period of combustion osoilisti
The flame is compact with respect to acoustic wavelengthsla¢ sits spreads in the com-
bustion chamber over a typical length b cm, while the acoustic wavelength associated

to the main instability f ~ 280Hz) in the hot gasesc{ ~ 700m.s !) corresponds to

A = ¢o/f =~ 2.3m. Pressure fluctuations can thus be assumed to be unifonntheveshole

flame region and are monitored by a single pressure sensmdkbove the flame (micro-
phone M5 in figure2.12). Furthermore, the PMT provides an integrated measuremant

the whole flame volume, as large collection lenses were u$éds assumed that andc,

are constant over the flame region, the unsteady source @rinecrewritten as :

—1 —1 -1 .
S= </ ¥ plq'ldv> = <7 pl/ q'ldv> = <’7 p1Q1> (28)
v 7YPo T YPo \% T YPo T

where capital lette€) indicates the volume integrated value of the unsteady tedease rate

4. Assuming that all fuel is burnt, the mean heat release(?atean be estimated from the fuel
massflow rate and the fuel heating valu@; = mfAh(}. The source term can be expressed
as:

S=1- lmfAh(} pi (2.9)
YPo Qo /.,

Finally, using equatio@.6, the Rayleigh source term can be evaluated from experirndaiia
as follow :

% IO f <p1]1>T (210)

wherey is the heat capacity ratip, the mean pressure; is the total fuel massflow injected,
Ah? is the propane heating value ahée- I + I; is the total light emissions from the flame
collected by PMT.

S ~

Concluding remarks

A lean premixed swirled stabilized burner, designed anéresively studied in a previous
Ph.D Dioc (2005), has been slightly modified to allow acoustic measuremiaiside the
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premixer itself. The premixer inlet boundary condition bistburner has also been equipped
with a passive impedance control system (ICS) that prowvéaetsinable acoustic impedance
boundary condition. PIV was used at high repetition rate it@ gccess to instantaneous
velocity field in the combustion chamber and check that th&esn does not modify the
aerodynamic behavior of the original burner. The heatasdeate measurements were used
classically to qualitatively evaluate the Rayleigh citter A complete protocol was also
setup to obtain first-order quantitative estimations of #iniergy source term. This represent
the first step for the experimental evaluation of the acowstiergy balance. The second step
is to evaluate the acoustic fluxes at the inlet and outletetithmain, to take into account the
losses that are discarded in the simple formulation of thddRgh criterion. This evaluation
was achieved using microphones to measure acoustic pessaud is presented in chap8er
This facility is drawn side by side in figur217with the high load impedance tube that has
been used to test and validate the ICS. This impedance tubeepaoduce the geometry of
the premixer, thanks to the airflow injections, its tunabdeune that allows to position mi-
crophones freely and the loudspeaker that simulates the ffmuand production. The inner
diameter of the two benches are relatively clo&nim for the premixer tube arig) mm for
the impedance tube respectively), ensuring good simjlafiherefore, the results obtained
with perforated plates in the impedance tube facility mayehsily transposed to the com-
bustion bench. This impedance tube facility, along with difeerent protocols for acoustic
measurements are presented in the following chapter.
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Figure 2.17: Impedance tube (top) used to characteriz&X8én cold flow experiments under
external forcing with a loudspeaker, and CTRL-Z facilitpftom) where the ICS is adapted
at the premixer inlet for reactive flow experiments with tteafe as unique sound source. The
geometrical arrangement is very similar, with the same floection.






Chapter 3

Acoustic measurement and
Impedance tube

Acoustic pressure measurement using microphones is ayigeld technique in
combustion dynamics studies, as the amplitude of pressweiditions is an indi-
cator of the combustion stability and of the noise radiatgdliie flame. The key
definitions concerning acoustic pressure are first recalidahg with the descrip-
tion of a waveguide technique used to carry out measurenieritle combustion
chamber (sectioB.1). Measurement techniques and protocols were developed and
benchmarked in a high load impedance tube which is presémtattion3.2. A two-
microphone method (TMM) used in this study to retrieve thruatic impedance of
the combustor terminations is then described in se8ti@nThis method is exten-
sively used in the impedance tube to investigate the respoingerforated plates.
In addition, methods were developed to measure acoustiesflamd reconstruct the
acoustic velocity from pressure measurements. These dse#ine described in sec-
tion 3.4.

3.1 Acoustic pressure measurements

The basic principles of sound measurements are brieflydotred in this section. The text-
book of Morse and Ingard (1987% a key reference for more advanced considerations. The
Microphone Handbook published IBriiel & Kjaer is also an interesting source for techno-
logical aspects on acoustic pressure transducers.

3.1.1 Definitions

The sound pressure at a given location is frequently medsage¢he difference between the
instantaneous pressure and the ambient mean pressurenitloé sound pressurg; is the
Pascal (Pa). The Sound Pressure Level (SPL) is defin€®hy= 20 log p1/prcf, in decibels
(dB), where the reference valpe. ; for Sound Pressure Leveljig.; = 20 uPa.

A root-mean-square value (RMS) pf = 1Pa corresponds to a SPL 91 dB. The lowest
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Figure 3.1: Schematic of the water-cooled waveguide usemglfiring test to protect the
microphones.

audible sound, threshold of hearing, corresponds appieimnto a sound pressure equal to
pref, While the threshold of pain corresponds to a RMS valug;of 100 Pa.

Microphones are divided into two categories. Free-fieldrapbones are used very far from
the source, or in anechoic rooms, i.e. in situations whenadovaves propagate freely with-
out any reflection. Pressure-field microphones, as usedsrsthdy, are designed to allow
measurements at distances much smaller than the acousgénwgths of interest, in cavities
or close from the sources. A microphone is composed of a presensing condenser and
a preamplifier, connected to a signal conditioner. The coselemeasures the local pressure
by the displacement of a diaphragm, and converts it into tageloutput. The preamplifier
is an impedance converter between the high impedance nhicngpand its cable. A low
output impedance is necessary to drive long signal cabléshedend of the line, the signal
conditioner converts the analog input into a conditionesl@psignal to be digitized using an
Analog/Digital board. This conditioner controls the s¢imiy and the gain of the microphone
sensor. The sensitivity is the ratio of the output voltaga @iven input pressure and is ex-
pressed in Volt per Pascal. This is the key parameter for anea®ents, which requires careful
calibration. These calibrations are performed with Souadel Calibrators which deliver a
reference signal of given amplitude and frequency, ERp atl kHz.

3.1.2 Wall pressure measurements in harsh environments

The main characteristics of the pressure acquisition tosésl in this study are gathered in
table3.1 The same equipment was used for all measurements, eittie impedance tube
or in the combustion chamber. In the former situation, theraghones are flush-mounted
at the inner wall surface, while in the latter, they are usétti water-cooled waveguides to
protect them from hot gases, particles and corrosive gases.

These waveguides are composed of a very long tube to limitstiworeflections (the wave-
guide itself, of4 — 5 m) with open end, a heat exchanger used to cool down the hes gasl a
holder in which the microphone is inserted perpendicularihe waveguide so that its mem-
brane is flush-mounted on an aperture in the tube. This aeraagtis illustrated in figurg.1
The inner diameter of all tubing and connections is kept taorisrom the combustion cham-
ber to the end of the waveguide to prevent occurrence of@psimteractions between waves,
with a value of6 mm. This method obviously introduces a time lag, which daratan be
simply determined from the distance between the waveguieée at the chamber wall to the
actual microphone position in the waveguide, taking thandarelerity of the gases filling the
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Figure 3.2: Example of correction of the waveguide indudetetlag on the microphones
signals, for an excitation frequengy = 500Hz. Grey line plots signal from M1, which
amplitude was increased to differentiate it from thick kldioe representing the corrected
signal M2¢;1..4. Thin black line represents the original signal from M2.

tube into account. This time delay and the phase differeateden microphones signals used
with and without waveguides has been verified in the impee&rme for clod flow conditions.
A microphone M1 is directly flush-mounted on the test segtfaning a second microphone
M2 installed in a waveguide. They are then simultaneoudtyrstied to a sinusoidal excita-
tions. The original pressure signal of M2 is delayed to take account the propagationin the
waveguide, resulting in a signal M2:.q. Temporal evolutions of the three pressure signals
are reported in figur8.2for an excitation aff = 500 Hz. In the non-corrected situation, M1
and M2 are almost in phase opposition while once correctedMilM2;.q are correctly in
phase.lt was also checked in the impedance tube that usimyegwide induces only a time
delay and no change in the microphone response in amplikaténot flow conditions, a pre-
liminary analytical modelling of the temperature gradibas shown that a negative gradient
may resultin a slight amplitude amplification of the wavethaut effect on their phase. This
amplification rate also appears to be constant in the lonwufraqy rangel(00 — 1000 Hz). It
must be kept in mind that the signals actually measured arergflarge amplitude, especially
in the unstable regimes. The instability peaks are furtloeetargely dominant above the rest
of the signal, most often by more thaf dB (see figure2.5). Therefore, the presence of the
heat exchanger is estimated to yield only to small overegion of the acoustic pressure in
the combustion chamber, compared to measurements in tivéxeire

The sensitivity was checked individually for each micropaasing a reference source (Sound
Level Calibrator). Then all microphones were simultanépgsibmitted to same acoustic
forcing, in the impedance tube, to reduce the remaining gathphase mismatches.
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Equipment Type Characteristics

Microphone 4938 Pressure-field /4 inch

Sensitivity: 1.6 mV/Pa

Frequency# — 70000 Hz

Dynamic Range30 — 172 dB
Temperature=40 to 300°C
Preamplifier 2670 1/4inch

Phase linearity< +1° below100 kHz
Signal attenuation< 0.4 dB

Nexus conditioner | 2690-A-0F4
Sound Level Calibrato 4231 Reference signab4 and114 dB at1kHz

Table 3.1: Acoustic diagnostic tool characteristics. Advites are manufactured by Briel &
Kjaer

3.2 High load impedance tube facility

A modular impedance tube was set up to allow pure acoustisunements and validation of
acoustic measurements protocols prior to their use in thebastion facility.

3.2.1 Setup description

The facility, sketched in figur8.3, is composed of a high-efficiency loudspeaker controlled
by a signal generator. The loudspeaker is connected to shesaetion by a conical adap-
tation piece. Its diameter and sensitivity allows very é&fgrcing amplitudes, resulting in
Sound Pressure Levels frofi) up to 150dB in the test section, for frequencies between
50 and 2000 Hz. The test section is composed of cylindrical tubes, withiraer diameter
D = 50mm, joined together with seals. This device is air-tightthma constant inner di-
ameter and it is also highly modular. Samples to be testeglaced in between tubes, and
their distance to the loudspeaker membrane can be adjugtaddition of tubing. A min-
imal distance ofl m is kept between the loudspeaker membrane and the micreplpmnts
to ensure plane wave propagation, and reduce spurioussrihisemay arise in the conical
adaptation. Above the samples, the setup is equipped wattiasections with flow injection
ports from on top of the facility. Air, controlled by a massfloneter, can be injected usidg

to 8 radial injection ports. The test section can thus be fed aitluniform flow, which exits
the impedance tube by two radial exhaust ports located athevioudspeaker casing. Bulk
flow velocities inside the setup range fréno 10 ms~! at room temperature.

The impedance tube is closed on its top by a rigid plate. Tloised end therefore corre-
sponds to a pressure antinode independent of the frequéheyreference Sound Pressure
Level in the impedance tube is hence measured by a micropi8ié., flush-mounted at the
geometric center of this plate. The rigid plate is placed @lmve the air injections in order
to limit the minimal depth of the cavity backing the samplessé mm. This depth can be
increased by the addition of tubing of various lengths. €tabing present the key advantage
to cover a wide range of use. In addition to their differemgiihs, they are equipped with
radial, flush-mounted,/4 inch microphone holders. This tunable facility can thus sediin
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Figure 3.3: (a) Schematic view of the impedance tube fgciliith flow and arrangement of
microphones. MSPL is used to monitor the SPL in the facilib). Experimental setup, with
air inlets connected to a massflow meter and a Balstom filter.

many different configurations for acoustic measuremernitsallly, the whole setup is placed
on vibration absorbing pads.

In the situation depicted in figur@3, the microphone M1 is located very close to the sam-
ple (9 mm), while microphones M2 and M3 ai# cm below. The microphone M2 can be
switched with microphone M1 to reduce phase mismatches wiessuring impedances,
while M3 remains in place and serves as a reference to olbitaicdherence function be-
tween microphones. All microphones are connected to anoilgital acquisition board.
Signals are digitized using a specifiabviewprogram. The characteristics of the electronic
devices of the facility are gathered in tal3l2

3.2.2 Benchmarking

This facility has been tested in well-controlled configioas to ensure the check quality and
accuracy of the measurement techniques.

Loudspeaker signal

Acoustic properties of the loudspeaker are first charamdiy placing two microphones M1
and M2 facing each other above the loudspeaker membrang.48y. Power spectra and

coherence function between these microphones were thesuneeh It was verified that the
peak of these functions at the modulation frequency is at leadB higher than the back-

ground noise level and other harmonic peaks @igh3.44 in the frequency range of interest
[100 — 1000] Hz.
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Equipment Manufacturer Type Characteristics

Loudspeaker B& C Speakers| 12PE32 Response50 — 4000 Hz
Sensitivity: 101.5dB

Function generatof Fluke PM 5138A | Range:0.1 mHz to10 MHz

A/D Acquisition National BNC2090 | 22 inputs

board Instrument | PCIMIO16E4 | Sampling frequency250 kHz
Resolution:12 bits

Amplifier Power Sound LS 600 Power:300 W

Table 3.2: Impedance tube apparatus characteristics

N N
T 0 I
@ —M1 s}
kS ---M2 z
3 )
c c
S -50 g
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M M2 £ g
] 9]
: :
o -10 1 > a -10 1 >
Loudspeaker Frequency (kHz) Frequency (kHz)
(a) Setup (b) Power spectrum &00 Hz (c) Power spectrum &atooo Hz

Figure 3.4: Characterization of the driver unit. (a) expenntal setup, (b) and (c) power spec-
tra with microphones M1 (full lines) and M2 (dashed lineg)e&tra are almost superimposed.

The performances of the loudspeaker being assessed, traehistics of the full facility are
benchmarked in two well-defined acoustic configurationsesponding to open and closed
ends.

Closed end tube

The first test is conducted with the tube closed by a rigid w&he introduces a vertical
ascending axis which originates at the loudspeaker meralfras 0). The rigid wall which
closes the tube is located at a distance= L (fig. 3.5). Using the signal synthesizer, the
loudspeaker membrane generates a sinusoidal velocitja#rai of the formu, (z = 0) =
Uy sin(wt) on the air column. The rigid wall at the termination imposgéx = L) = 0.
Theses boundary conditions determine a longitudinal dmopisessure field of the form :

cos(k(L — x))

-z
(@) = ZoUy sin(kL)

cos(wt) (3.1)

where Zy, = poco is the characteristic impedance of air. Using two micromsofiush-
mounted at the surface of the tube, microphone M1 locateddigtancel from the termi-
nation, and microphone M2 at distance s, the ratio of acoustic pressure at these locations
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Figure 3.5: Closed end tube benchmark.
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Figure 3.6: Power Spectral Density as a function of frequéunica closed-end tube. The solid
line indicates previsions, dots correspond to experimelata obtained with a moderate SPL
of 100dB.

verifies:

p1(M2) _ pi(L—14s) _ cosk (I — s)
p1(M1) p1(L—1) cos kl

(3.2)

This ratio does not depend on the total tube lengthvhich does not need to be accurately
measured. It is however sensitive to the microphones sepadistances. Power Spectral
Densities were measured at different forcing frequencidsampared to predictions in figure
3.6

Py cosk (I —s)\”
(== ) 3.3
Py < coskl (3:3)

Excellent agreement is found in the whole frequency rarige— 1000 Hz.

Equation3.1indicates that there should be no source of time-shift betvibe two pressure
measurements. It was indeed checked that pressure sigrihkstube are either perfectly in
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N
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Figure 3.7: Examples of the pressure signals measured imibpedance tube closed with
a rigid wall for various modulation frequencies. Only twtusitions can be observed (a) in
phase or (b) in phase opposition.

phase or in phase opposition (figu8€), depending on the sign of the ratios & (L — x)

/sin (kL).

It is easily checked that with such pressure field, the impedaat the closed end goes to
infinity as expected, which implies that the reflection cegfit tends towards unity (L) =

1. An incident wave is totally reflected by a perfectly rigid lyavith the same phase and
amplitude, whatever the amplitude is. The eigenmodes sfa#iiup with a closed end are of
halfwave type:

C
fn = 2n4L (3.4)
The resonances are sharply located at the predicted fregsamhen the tube is much longer
than twice its diameterorse and Ingard (198Y.) For a tube of total length m with an
inner temperaturd” = 291K, eigenmodes have been measured at 170, 340, 511, 669
and825 Hz. These values are relatively close to the theoreticaliptions: f;,., = 171, 342,
514, 684 and855 Hz.

The case of a open pipe is now considered.

Unflanged pipe

For a tube with an open termination and without mean flow, kriswn that the acoustic
pressure node is not located exactly at the exhaust () but at a distancé from the tube
exhaust (see for examplevine and Schwinger (1948)This distance, called end-correction,
is defined byy = 8r/3m, wherer is the pipe radius (see for examjitéenstra and Hirschberg
(2006). It corresponds to the inertia of the air column at the eshafithe tube which is set
in motion by the acoustic waves. The acoustic boundary timmdiin this configuration are
fixed by:

ui(zx=0) = U,cos(wt) (3.5)
pile=L+0) = 0 (3.6)
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Figure 3.8: Open tube
The specific impedance at a positiorcan then written :
A
(®) _ ; tan (k(L + 6 — 2)) (3.7)

0

The impedance equald) whenz = L + 4. This implies that the reflection coefficient at the
tube exhausti® = —1, and corresponds to a constant modulus equals to unity amiastent
phase equals te-7 in the whole frequency range. The eigenmodes in this cordtgur are
of quarterwave type, which eigenfrequencies are defined by:

fn:(2n+1)4 .

3.3 Impedance measurements

In addition to the sound pressure measurements used tdigatescombustion oscillations,
microphones were also used to measure acoustic impedandiffei@nt devices.

3.3.1 Impedance and reflection coefficient

The acoustic impedance is a measure of the resistance daaesuor a medium, to the motion
induced by an incident pressure wave. It is defined as the e&the acoustic pressure to the
local velocity, in the frequency domain :

P1 (‘Ta )
Z(x) = ————— 3.9
@) =5 n (3.9)
at a pointz on a surface S with the unit normal vecteipointing into the surface. The real
part of Z is called the resistance, and its imaginary partrfaetance. The characteristic
impedance is a property of the medium, defined by the produbeanedium density and the
sound celerityZy = pocg. The specific impedance is the ratio of the acoustic impeslémc
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y AR

Figure 3.9: Setup for the two-microphones technique

the characteristic impedange= Z/Z,. The reflection coefficienk is defined as the ratio of
the reflected to incident pressure waves on a surface S. Ateintpressure wave of amplitude
pt is reflected by an obstacle surface into a wave of ampliprddeading toR = p*/p~.
The reflection coefficient can classically be linked to thecsfic acoustic impedance by the
relationship:

_ o1
(+1

In order to measure the acoustic impedance, the acoustisyreeand velocity must be deter-
mined. The most straightforward technique would be to useilsaneously a pressure micro-
phone and hot-wire anemometry for example. However, impeescan also be determined
using two microphones. The technique is based on the dawelofs ofChung and Blaser
(1980)which has been formalized in an ISO norm (ISO 10534-2). Tis-microphone
method (TMM) is well-known and only its key features will beepented here. Recent re-
views were completed bpalmont (2001)and Jones and Stiede (1998nd an interesting
uncertainty analysis on this technique was carried ol8dhultz et al. (2002)

(3.10)

3.3.2 The two-microphone method

In the configuration given in figur&.9, the specific acoustic impedance at the distdrioem
the first microphone M1 (the second, M2, located at the digtéar- s from the same cross-
section) is given by :

_Z | Hyzsin (ki) —sin (k [l — s))
poco  cos(k([l — s]) — Hiacos (k)

(3.11)

wherec, is the speed of sound in the tubdethe wavenumber anff ;5 the transfer function
between the two microphones, at the forcing frequency. fidmester function between micro-
phones M1 and M2 is defined as the ratio of the cross powerrgpdensity between M1 and
M2 Py, to the power spectral density of M2,1: Hi2 = Pi2/Pi1. The microphones should
be set close enough from the boundary condition to be cleraetl to avoid transmission
loss, but not too close to avoid near field effects.

3.3.3 Microphone spacing and position influence

The interspace between microphones M1 and M2 defines themabftequency at which the
impedance can be measured. It should be chosen such taty/2 fax, Where fi,q. IS
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Figure 3.10: Measurements of the reflection coefficient eiu| of a closed-end tube for
two different microphones interspaces. Black squaresspaond to a separation distance of
s = 10.5cm, gray diamonds of = 20 cm.

the highest frequency to be investigated. FdrlHz maximum frequency < 17cm and
this fixes the largest interspace between microphones MM&fdr accurate measurements.
The second spacing limitation is due to the minimal wavetlernig be characterized, as this
will fixed the position of the first pressure node within theugpefrom the impedance location.
For a harmonic modulation a000 Hz, this distance equabltcm and sets a maximum for
[. Furthermore, the microphone M1 should be placed far endwayh the loudspeaker at
a location where the wavefield has become plane. This distaas chosen greater than
L > 1min the impedance tube. FiguBelOillustrates the limitation due to the microphone
interspace. In the configuration depicted, the reflection coefficierda afyid wall is measured
for two different interspace values,= 10.5cm ands = 20cm. This reflection coefficient
should be equal to unity for all frequencies, as measurdd it 10.5cm. Withs = 20cm,
the measured reflection coefficient deviates from unity fegfiencies above50 Hz. Using
the relationship < ¢y/2 fa4., the predicted maximal frequency at which impedance can be
correctly measured ig = 800Hz. It can be concluded that with an interspace- 10cm
correct measurements of the impedance can be achievedhtiie range of interest00 —
1000 Hz.

3.3.4 Accuracy improvements

In their definition of the techniqué&zhung and Blaser (1980¢commend to switch the two
microphones and acquire signals in both configurationseddda correct calibration both in
amplitude and phase of each microphone is fundamental éoaticuracy of the technique.
Whereas calibration in amplitude is easy, calibration iagghis much more challenging. By
switching the microphones, errors due to calibration misimes are minimized. As an ex-
ample, the gain and phase of the reflection coefficient of secend tube are plotted against
frequency for three different configurations (8dl1). Squares indicate the original config-
uration, with M1 at distancé from the termination and M2 dt— s. Diamonds indicate
the switched configuration, with M1 at— s from the termination and M2 dt The solid
line represent the final value of the reflection coefficiertie Tontinuous line is obtained by
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Figure 3.11: Effect of the microphone switching on the imgreze measurements accuracy.
Squares indicate the original configuration, with M1 atatiste! from the termination. Dia-
monds indicate the switched configuration, with M1 at s from the termination and M2 at
l. The solid line represent the final value of the reflectiorffodent.

combining the two previous data sets and computing theraetic mean valud{;- of the
transfer functions obtained in each configuration. Thig{pogcessing technique clearly re-
duces errors due to calibration mismatches and positioartainties. This technique allows
an accurate reconstruction of the reflection coefficiempat equal to unity at all frequencies.
It should be noted that the phageof the reflection coefficient has been plotted in a narrow
range[—= /16, 7/16].

As high background noise levels are expected in turbulentdtanditions, a third microphone
M3 was used to improve the signal to noise ratio. This refezenicrophone is set at the same
distancel from the sample as the farthest microphone, and remains. fiked arrangement
is sketched in figur@.12 Coherence functions between microphone signals at thendri
frequency are calculated in the origind) @nd switched §) configurations. This yields a

l
M1 M2

-

DERIRAANYAE"

VI3

Figure 3.12: Microphones arrangement used for the TMM ntkthich an additional refer-
ence microphone M3.
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Figure 3.13: Error induced by the impedance measuremetiposessing technique.

coherence factor defined by:

o8 = Cgés/cféscgis (312)

whereC; ; = |P;;|*/(P:;P;;) denotes the coherence function evaluated between micro-
phonesi andj (i, = 1,2,3) in each configuration. For pure tone noise, this coherence
factor equals unity. Using the microphone switching tegheiand a third reference micro-
phone drastically reduces measurement errors, espefoaliffose in noisy conditions as in
the combustion chamber. The final transfer functign i equation3.11is obtained from :

Hiz = [C7HS,CoHE, )2 (3.13)

3.3.5 Benchmarking the post-processing tools

Data are processed with Matlab using a Welch periodograrhadewith Hanning windows
(Oppenheim and Schafer 1975 total of N = 32768 data points were acquired at a sam-
pling frequency offs = 16384 Hz. Transfer functions in the origin&l, and the switched
configurationdl{, were computed. The mean Hwas then calculated and used to determine
the reflection coefficient using equati@ill The algorithm was tested with synthetic sig-
nals for increasing values of the reflection coeffici&nt The difference between the exact
imposed reflection coefficient and the results of the postgssing algorithm based on the
TMM is plotted in figure3.13 The largest deviations occur for very low values of the tefle
tion coefficient modulus. Maximum error reachi#s at f = 100Hz where|R| ~ 0. This
difference rapidly decreases with increasing modulusesluThis processing method has
been validated. Other tests were also performed with naigiats and similar conclusions
were drawn.
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Termination Total length [cm] d [cm] L[cm] s[cm] fs[HZ] N
Open 145 2.1 24 10.5 32768 32768
Close 145 0 24 10.5 32768 32768

Table 3.3: Measurement parameters.
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Figure 3.14: Reflection coefficient for two different termiions. Black squares correspond
to a closed end terminatiaR = 1, gray diamonds to an open end terminatidor= —1.

3.3.6 Tests on generic configurations

The TMM and the post-processing tools were then tested iplsinonfigurations correspond-
ing to an open and a closed end ducts. Distances and sampliampters for these tests are
given in table3.3. Modulus and phase of the reflection coefficiéhimeasured in these con-
figurations are plotted in figur&14 Value for the modulugR| of the closed-end tube is just
below unity and almost constant in the whole frequency raag@xpected for this reference
case. Differences between theoretical predictions andsuned values may be attributed in
this case to the acquisition and processing technique. Hawhe relative error remains be-
low 5%. For the open-end tube case, the gain slightly decreasksneiteasing frequency in
agreement with results found in the literature (Blgrse and Ingard (198Y.) Phases in both
cases are also in agreement with theoretical predictions.

All these tests validate the technical arrangement anddlegrocessing tools as an efficient
method to measure acoustic impedances.

3.4 Acoustic intensity and particle velocity reconstructons
Combined analysis of acoustic pressure and chemiluminesoemissions within the com-

bustion rig enables access to the Rayleigh criterion A dlabaustic energy balance however
requires the evaluation of acoustic fluxes at the inlet artbbof the domain. Simultaneous
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measurements of acoustic pressure and acoustic veloeitthas also needed. In the com-
bustion facility, optical velocity measurements such ad/Ldould not be performed in the
premixer channel, because there is no optical access angudecuneasy to obtain at the
chamber exhaust, because of the hot combustion productgasliot possible to use hot-
wire anemometry in the premixer, because it was technididffizult to introduce this fragile
probe in the system. The evaluation of acoustic velocityfanes thus solely relies on pres-
sure measurements and are now described, first in the freguemain, then in the time
domain.

3.4.1 Acoustic intensity estimation

8u1 1

" o V1 (3.14)
A budget for the acoustic momentum, e2)14 yields a direct relationship between velocity
and pressure in a region with no mean flow and no acoustic s¢erm. One considers the
case of two closely spaced pressure sensors measuringtiddatg harmonic sound waves at
the same frequency. The separation distanée in the direction of propagation is assumed
to be much smaller than the wavelengthe < A. If z; denotes the position of the first
pressure sensor and = x; + dx the second one, an approximation of equa8di¥can be
made in the frequency domain:

[T+ 3 P1(z2) — p1(z1)
It PR e S DA e S 1
u( ! ) el = (3.15)

This yields a first order estimate of the Fourier transfornthef velocity fluctuation at: =
(x1 + x2)/2. Similarly, the Fourier transform of the pressyiemidway of the two pressure
sensors can be interpolated :

(a1t Pi(ze) +pi(a)
p1< ! )N ! (3.16)

Using this procedure, the acoustic intensity= % J7pruadt can be evaluated in the fre-
quency domain.
An expression of the acoustic intensity was nonethelesgateby Chung (1978ps follow:

1

7T = = dt
T/T[plul]
1

= g7 [, 1on ) (o )

1

= ﬁ . [Re(ﬁlﬁl) + Re(ﬁlflik)] dt (317)

Using expressions3(15 and @.16) in (3.17), one obtains :

1 1

- 2powdz T /T [~Re (p1(21)) Im (p1(z1))

+  Re(p1(z2)) Im (p1(z2)) + Tm ((p1(z1)p] (22))] dt (3.18)
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For a stationary, ergodic signal with a zero mean valuef,, Re(A)Im(A)dt = 0. The
acoustic intensity can thus be expressed as a function afrtss-spectral density between
the pressure fluctuations (z1) andps (z2) :

Im(Pp1 (I1)7;D1 (IQ))

T —
2powdx

(3.19)

As a result, it is possible to directly estimate the acoustiensityZ in a plane midway of
two microphones using the cross-spectral density betwesndorresponding sound pressure
signals. With a sensor spacing small compared to the acoustic wavelength, for a 1-D plane
wave sound field inside a duct, the acoustic flux can thus be obtained by considering that
the acoustic intensity is constant over the whole crosteseof surface>:

Im(P,
(I)ac — m( P1(11)7P1(12)>E (320)
2powdx

It has been shown that the acoustic intenditgnd flux®,. can be reconstructed from the
signals of two microphones for a one-dimensional field withsource terms in between the
sensors. Itis also possible to evaluate the acoustic wgliocihe frequency domain with this
method (eq.3.15. However, the measured pressure sigpals:,t) andp (z2,t) are not
analytic. It is therefore not possible to reconstruct theetievolution of the particle velocity
ui(x,t). The method used to obtain the evolution of the particleaiglan the time domain
is now explained.

3.4.2 Reconstruction of the particle acoustic velocity inime domain

Because of the multiplication by= \/—1 in equatior.15 inverse Fourier transform cannot
be used to retrieve the time evolution of the particle véjodDnly analytical signals can be
used, as causality is required for such reconstructiRier(stra and Hirschberg 2006An
analytical representation of a real signé@) can be obtained by using the Hilbert transform,
as presented b@ppenheim and Schafer (1976) example:

Ya(t) = y(t) +iH (y(1)) (3.21)

where# indicates the Hilbert transform, ang(¢) the analytical representation 9ft). The
original real signaly(t) is simply the real part of the analytical representatione Hilbert
transform itself is defined as the Cauchy principal valug.Jff the convolution of a signal
with the Hilbert functionl /=t:

1 oo

H(y) = =PV, / ¥ 4, (3.22)
™ oo T

This corresponds to @° phase shift of the real signal in the complex plane, haviegtme
magnitude and frequency content. The Hilbert transforrimieed to the Fourier transform by

the sign functiorsgn

H(y)(w) = (—isgn(w))j(w) (3.23)
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whereX is the Fourier transform of. and

-1 ifz<0
sgn(z) =14 0 x=0
1 x>0

From the definition of the sign function, it follows that theufier transform of a analytical
signal is a one-sided spectrum, where only positive freqiesrare present. This property is
used inMatlab to evaluate the Hilbert transform. The coded function doegeéd compute
first the FFT of the input signal, then set to zeros the coefiitsi corresponding to negative
frequencies. Finally an inverse Fourier Transform is aggptb the resulting signal. Hilbert
transforms are often used to create amplitude envelopmietis for narrowband signals.

The Hilbert transform is used to build analytical signalsnfrthe real pressure signals mea-
sured atr; andas in equation3.15 p,(x1) = pi(a1,t) + iH (p1(x1,t)) andp,(z2) =
p1(xa,t) +iH (p1(x2,t)) respectively. EquatioB.14can then be approximated in the com-
plex domain using these analytical expressions:

8u1 1
T
—iwua ~ __1pa(x2) _pa(wl)
Po dx
—1
a2 o (pa(e2) ~ pa(e1) (3.24)

The r.h.s term of equatioB.24can be rewritten as:

Pa(®2) —palz1) _ 1 ,
-t pOW5$ - poW(SZZ? (H(pl(:EQ)) - H(pl(xl)) +1 (_pl(CCQ) +p1($1)))
(3.25)

Using the definition of the Hilbert transform, it can be olyget that the imaginary part in
equatior3.25is the Hilbert transform of the real part:

—p2 +p1 = H (H(pi(z2) — H(p1(z1))) (3.26)
IntroducingA = H(p1(z2)) — H(p1(z1)) = H(p1(z2) — p1(x1)), equatiorB.24yields:

1
Ugq =

= e A ()] (3.27)

It is thus assessed that the acoustic velocity has an acellgxpression, and is therefore
causal. As a result the real velocity signal can be recocigtdlby extracting the real part of
Uq

H(p1(x2) — p1(21))
Powox

up = Re(u,) = (3.28)
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It can be checked that the Fourier transform of equadi@8verifies equatior8.15using the
relationship3.23between the Fourier and Hilbert transforms.

The algorithm was first tested on synthetic harmonic sigt@bglidate the reconstruction
methodology. For harmonic signals of angular frequency: 27 f and imposed amplitude
A, the acoustic pressure and velocity can classically beéemrds :

pi(x,t) = Acos(w(t—2x/c)) (3.29)
n@t) = 2 cos(w (t—z/c) (3.30)
PoCo

Using the transformation defined by equat®@8with the form of the pressure field in eq.
3.30yields:

Hipi(zs) —pr(z1)) = H <2A sin (m _ ;”72) sin <k5§)> (3.31)

2Asin (k%) cos (wt — k%) (3.32)

Therefore the acoustic velocity at the mid-location is gibg:

u Ty T2 % cos [wi— L2 (3.33)
2 PowdT 2 '
Asin (k%
_ A (ES) (T (3.34)
pocokox /2 2
~ cos (wt s a IQ) (3.35)
PoCo 2

since fordz < A, one can developin (k%) ~ kéxz/2. Figure3.15shows an example
reconstruction for such signals. The time evolution of tbeustic pressure as expressed in
equation3.30is computed with a forcing frequengy= 200 Hz and an amplitudel = pycq,

at two locationg:; andz, spaced byxz = 10 cm. The acoustic velocity is reconstructed using
Hilbert transform (symbols) and compared to the theorkéipression in e®.3Q uq(z1 +
dx/2,t) = cos(w(t — (x1 + d2/2)/cp)), plotted by the solid line. In the case of standing
waves, the reconstruction procedure is quite efficient.

Concluding remarks

Microphones data are extensively used to measure acoussisype and therefore investigate
combustion instabilities. A classical impedance measergriechnique was adapted to pro-
vide accurate measurements of the acoustic reflection cieeffi Data processing tools were
presented that allow the direct quantitative evaluatiathefacoustic fluxes and particle veloc-
ity. Used in conjunction with photomultipliers, they givecass to an experimental estimation
of the acoustic energy balance in a combustor. These varietlsods can be applied in a well
controlled environment such as in an impedance tube, boimkire conditions encountered
in combustion chambers. They are efficient and accuratey@asssfully demonstrated in
various test cases. An experimental facility has been sébmhis study: a highly modular
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Figure 3.15: (Top) Synthetic pressure signals of given &oge pcy with a forcing frequency
f = 200Hz detected by two virtual pressure sensors spacedzby= 10cm. (Bottom)
Reconstructed velocityK) vs. theoretical waveform~) at the middle point location. The
reconstructed velocity amplitude equals unity as predicte

impedance tube was used to benchmark all the acoustic ptstaied to lead the investigation
on the acoustic response of perforated plates.






Chapter 4

Acoustic control with perforates

Perforated panels with bias flow are used effectively to daegustic waves, and
have been the focus of many studies. The current work makesf perforates of
fixed geometry submitted to a wide range of incident pressugitudes, as encoun-
tered during combustion oscillation. It is shown in sectdbhthat two models can
be used to describe the acoustic response of perforatesvgidoosity over a large
amplitude dynamics. Then a parametric experimental iiyagon is carried out to
measure the influence of the plate design on its acoustic o@ppoperties. For low
pressure perturbation amplitudes, the acoustic respofseeobias flow perforates
is independent of the incident level. A linear model deswithe plates response in
this regime, and was used to design the perforates geonsetcyignd.2). When the
pressure amplitude takes large values, the response becoamdinear and a sec-
ond model is proposed to predict the acoustic behavior op#réorated plate under
large SPL in sectiod.3. A transition criterion between these two regimes is finally
proposed, based on the plate geometry.

4.1 Models analysis for the acoustic response of bias flow
perforates

Several models are available in the literature to deschibecharacteristic response of per-
forates, based either on theoretical developmedilling (1973) Howe (1979), or built
on semi-empirical formulationdN@arayana Rao and Munjal (1986)Given the wide range
of parameters which characterize this technology, the tsate usually adapted to a given
configuration, and no general theory has emerged. For exaMatayana Rao and Munjal
(1986)obtained an effective empirical model yet limited to theecabgrazing flows, but in-
cluding porosity and plate thickness effedtéelling (1973)proposes a complete framework
for low and high amplitude interactions, which is based omégration of the Navier-Stokes
equations and takes into account the dissipative acowastar in the perforations. However
this model does not take into account acoustic dissipatidheaperforations outlet which
were identified as the main source of sound absorption fargaiforates of low porosity. In
this case, the vortex shedding at the aperture’s rim is krtovbe the main acoustic dissipa-
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tion source. Many models based on this mechanism rely onrtgmal expression proposed
by Howe (1979)for the Rayleigh conductivity of a single aperture travdrbg a bias flow.
Recent developments include the plate thickndgsg(and Sun 20Q0 hole shapeRande-
berg 2000 Lee and Chen 200Q3vena contractaReters et al. 1993nd grazing flow $yed
et al. 2002 effects. The presence of a resonant back cavity behindaeels has been shown
to drastically improve the damping performanéti@hes and Dowling 199Eldredge and
Dowling 2003. Recent progresses in direct numerical simulation haesvatl Leung et al.
(2006)to back up these results. It is shown in that reference thall pertures are effective
in damping broadband noise by vortex shedding with or withmean flow. This has led to
the development of perforated devices featuring a quasegenon reflecting condition for
specific pure tonedHughes and Dowling 1990 Therefore, perforated panels with bias flow
and back cavity are an attractive solution for acoustic dagim combustion chambers.

4.1.1 Linear modeling of a perforated plate with bias flow

-
U l* Incident
:>?> I\?vound
g, av.e
+—>)
L

Figure 4.1: Perforated plate backed by a rigid cavity, witkhstflow, submitted to normal
incident pressure perturbations.

Considering plates of low porosity (< 10%), with hole radiusa and hole interspacé,
compact with respect to the acoustic wavelengths of inténed < \), as sketched in figure
4.1, an expression for the complex reflection coeffici@at the front face of the perforated
plate backed by a cavity of depthcan be obtained as a function of the perforation parameters
a andd, the cavity deptiL, the bias flow velocity/ and the wavenumbér= w /¢, (Hughes

and Dowling (1990)

~ (ikd?/Kg) +1— (i/ tan(kL))
B = k@ [K) =1 = (i/ van(hD) @1

1/2

wherei = (—1)*/“ and the reflection coefficient is classically defined as:

_ Z = poco
Z + poco

This expression relies on Howe’s model for the Rayleigh catidity K  of a single aperture.
Its validity is thus limited to plates with well separatededpres {/d < 1) without any
restriction for the choice of the aperture radiw®r the spacingl. This conductivity is a
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Figure 4.2: Evolution of the reflection coefficient modu|dg with the Helmholtz number
He, for given Strouhal numbet& and resonance parametéys

function of the Strouhal numbéit = wa/U based on the bias flow velocity and the aperture
radius Howe 1979:

Kg(St) = 2a(T —iA) (4.2)

where the real and imaginary pattsand A are fully determined by Bessel functions of the
Strouhal numbegt (Howe 1979 Luong et al. 200h

Using equatior.], it is then possible to find the roois = 0 yielding conditions which maxi-
mize acoustic damping. Hughes and Dowling introduce thenasce paramet€} = k/k .
whereky. = 2a/(Ld?) is the frequency of the equivalent Helmholtz resonator (@éime
Ld? and aperture diameté@s) and propose to find the roots of equatirn by setting its
value toQ = 1. They show that this leads to the best acoustic absorptiogpmepties for well
identified Strouhabt = wa/U and low HelmholtzZHe = kL numbers. A nearly perfectly
non-reflecting condition can indeed be achieved using tlethod, but good damping prop-
erties are also limited to a narrow band around the Helmlekmnance frequendft. (see
figure4.23. It is worth noting that this is not the unique solution tacal the reflection co-
efficient in eq.4.1 The constraing) = 1 can also be released, and one can tune the different
parameters of equatighlto find other "off-design” optimized solutions. A trade-b#tween
vanishing reflection for pure tones and small but non zerectéin over a wider frequency
interval can also be achieved depending on the final appitahvisaged (figuré.2b).

Most of the models derived from Howe’s formulation are hoarelbased on linear acous-
tics, and this limits their validity to interactions with sthamplitude pressure perturbations.
In most combustion systems like those used in modern gaméasgbacoustic energy reaches
high values, corresponding to pressure waves of severarhdsa Pa. This implies a strong
nonlinear response of the perforated plates to the incigiessure perturbations. It is found
that such nonlinearities can totally cancel the dampingeiriies of perforated plates placed
in a combustion chambeTian et al. 2008
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4.1.2 Nonlinear interactions

Interaction of the bias flow through perforations with higkensity incident sound waves has
been seldom studied. Few theoretical investigations ditalthe effect of sound level ampli-
tude. Current knowledge is mainly based on a few experinhebtervations available.
Cummings and Eversman (1988%veloped a model to account for such high amplitude in-
teraction with duct terminations, in absence of a mean flGummings (1986pursued this
work with a numerical approach to solve the problem direictlihe time domain, still in ab-
sence of a mean flow, by considering a time-varying end ctoretor an orifice plateGrace

et al. (1999kxamine the stability of high Reynolds number grazing flomisije Luong et al.
(2005)use the model o€ummings (1986)o extend the validity range of the Rayleigh con-
ductivity expression obtained tyowe (1979) Jing and Sun (2002@yopose a discrete vortex
model to simulate the vortex shedding process associatbdgh-intensity sound at an ori-
fice with bias flow. The main conclusion is that the nonlindéeats mainly depend on the
vortex shedding rate at the orifice edge and the convectiociaeof the shed vortices, rather
than on detailed interactions at the aperture’s ding and Sun (2002h)The most extensive
experimental dataset, reportedlmgard and Ising (1967Xorresponds to a parametric study
of the effect of incident SPL on the response of a single apexf large diameter with and
without mean bias flow. A semi-empirical expression for theaption coefficient — | R|? is
derived as a function of the plate porosity and SPL. A recieitlys fromDragan and Lebedeva
(1998) contains a non-dimensional transition criterion whidke&into account the perforate
geometry, but it does not seem to correlate with the restiltsgard & Ising.

&
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Figure 4.3: Peak velocity as a function of the pressure dog#i Data froningard and Ising
(1967)

Simultaneous measurements of the pressure and acousigitydluctuations in an orifice
have highlighted two relations between the pressure anddbestic velocity amplitudes.
For small sound pressure levels, pressure fluctuationsrapogional to acoustic velocity,
p1 ~ poui. At higher levels, pressure is proportional to the squarthefacoustic velocity:
p1 ~ pou’. Data collected by Ingard & Ising are shown in figdr8.

Ingard and Ising (196 ropose a relationship to link pressure and velocity pbetions in
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Figure 4.4: Modulus of the reflection coefficient derivedifrequatiord.4 as function of the
incident SPL, for two plate porosities. Solid line represine model above its lower limit
(v’ > 10 ms™1), dashed line extends it to low SPL values.

the orifice of a perforate of porositynear acoustic resonance:

v L P1

1
= 4.3
coo 4 ypoo2 2 (4.3)
Introducing the quantityy = p1 /ypoc?, they eventually derived an expression of the absorp-
tion coefficient at the resonance as a function of the dripiregsure amplitude:

o~ 645/ (1+ m)3 (4.4)

Wherep, is the ambient pressure and= ¢, /c, the specific air capacity ratio. The absorp-
tion coefficient is simply a function of, which depends on the acoustic pressure and plate
porosity. The influence of plate porosity is illustrated ayufie4.4; the lower the porosity,
the lower the SPL at which the peak absorptig®| (= 0) occurs.

These relationships are valid when the viscous part of thistemce is low, i.e. when the
acoustic velocity is larger than a critical valugdefined bylngard and Ising (1967)
Empirically, they determined a threshold level equalto~ (1 + t/2a)+/ f/2, wheret des-
ignates the plate thickness. This limit does not take intmant the influence of the aperture
spacing. As a consequence, this formulation cannot be wskaktthe threshold between
linear and nonlinear acoustic responses to the perforatasetry. The bias flow velocity that
triggers the nonlinear regime highlighted lmgard and Ising (196 ®annot be directly related
to the optimal bias flow velocity that was shown to controllihear regime.
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PIateHa[mm] dlmm] o[%] Uy mst] N

Py 0.5 4 4.84 9.0 121
Ps 0.5 ) 2.76 5.6 69
Ps 0.5 6 1.96 4.0 49
P 0.5 7 1.48 3.0 37
Ps 0.5 8 1.22 2.3 25

Table 4.1: Perforated plate parametersaperture radius]: aperture interspace; porosity,
Uope: Optimal bias flow velocity andv number of apertures.

Concluding remarks on the models

The model based on the linear expression of the Rayleighumtivity has been successfully
used in the past to design effective absorbing perforateteql This model takes into account
the influence of bias flow, but does not account for nonlineraction with high pressure
amplitudes. The semi-empirical formulation of Ingard &ngiaddresses this issue and yields
conditions for total sound absorptioRR| = 0 at high SPL. These two models thus offer a
rather complete framework for modeling the response of thias perforates submitted to a
large dynamic of incident pressure perturbation levels.

Equation 4.1) is used to design a set of perforates which differ only byrtyeerture spacing.
The effect of the orifice diameter has not been included irptiesent work. This limitation
seems to be of lesser importance, as Ingard & Ising repoeedgood agreement between
measurement obtained over a wide range of aperture disgndibe influence of the radius
to spacing ratio and of the velocity on the acoustic dampimperties is thus investigated
firstin the linear regime, and results are presented in th@ifing section. It is demonstrated
that these plates effectively feature large amplitude oftian of their reflection coefficient
with frequency and back-cavity depth. It is possible to contheir acoustic response at a
given frequency by tuning the cavity depth. The influenceheflbias flow velocity through
the aperture is then presented, before the investigatioeffects of the aperture spacing.
Interactions with high amplitude pressure waves is medsuith and without bias flow. Data
are compared to predictions from the two models and finalbpmasition criterion is derived.

4.2 Acoustic response of perforated plates submitted to low
SPL

The model proposed in e¢.1was successfully implemented blyighes and Dowling (1990)
to design noise absorbers for gas turbines. The design fufrpted plates used in the present
study is hence based on this model, yet with different cairgs. The aims are to define plates
of low porosity which feature a large absorption bandwidtthie low frequency range (below
1kHz) and such that their reflection coefficient can be effetyi controlled by adjusting the
back-cavity depth. A design rule for the aperture radiusgacing ratia:/d of perforates is
also looked for.

Following the model oHowe (1979)the reflection coefficient of a bias flow perforate backed
by a resonant back-cavity is a function of the aperture adnd spacing, the bias flow veloc-
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Figure 4.5: Optimal bias flow velocity as a function@fd. Circles correspond to a variable
spacingd and a constant radius= 0.5 mm. Squares were obtained with a constant spacing
d = 5mm and diamonds witd = 3mm. Dashed line plot the evolution 6f = A(a/d)?

with A = 522.

ity through these apertures, the depth of the back-caviytla@operating frequency (equation
4.1). In the low frequency rangef (< 1kHz), and for a givem/d ratio, it is possible to select
a unique bias flow velocity/,,; which allows good damping properties. Demonstration for a
given plate geometry is included in appen8ixThis optimal bias flow velocity is a function
of the aperture radius-to-spacing only, ~ A(a/d)? (A ~ 522, figure4.5). As a conse-
quence, the reflection coefficient of this type of perforaité & givena/d ratio can simply be
considered as a function of the cavity depth and the frequeviten operated at its optimal
bias flow velocityUs,; .

A set of plates with constant aperture radiuand increasing apertures spacthgvas thus
designed. A typical geometrical arrangement is shown inméguL

Plates properties are gathered in tahle For each plate, the optimal bias flow velodify,,
has been computed. The plate porosity is giverby 4 Na?/D? whereN is the number of
holes,a the holes radius anf) the plate diameter. Considering the perforations as a mktwo
of N apertures equally distributed over a square mesh, the ipooas also be expressed as
o ~ ma?/d?, thus linking the aperture properties to the plate dimersio

The pressure losses through the perforates were estimsitegiplate P4 and the database in
Idel’Cik (1999). Theses perforates correspond to “thick grids "of low Régaaumber, since
the ratio of their thickness to aperture hydraulic diametergual to unity and the Reynolds
number based on the optimal bias flow velocitylds ~ 560. Such configuration yields a
pressure drop coefficieft =~ 600 and subsequently a pressure drop of ald@Ra in the
configuration used.

The influence of the cavity depth and forcing frequency onrdilection coefficient has been
characterized for each plate in the impedance tube fadititya fixed Sound Pressure Level
of 110dB, monitored by the microphone MSPL. Measurements werdechout with the
corresponding imposed optimal bias flow velocity (tal#. The evolution of the modulus
|R| of the reflection coefficient as a function of the cavity deptiand the frequency is
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Figure 4.6: Evolution of the reflection coefficient modu|ig with cavity depthLZ and fre-
quencyf for platesPy and Ps. U = U, for a constantSPL = 110dB measured with
MSPL.

plotted in figure4.6afor plate P, and4.6bfor plate Ps. Magnitude ranges frorm(dark zones)
to 0 (white regions). It must be noted that more measurements earied out for platé’,
than for P, yielding a better resolution in figuré.6a Several conclusions can be drawn
from such magnitude maps. First, a large amplitude of cbofraR| can be achieved for all
frequencies considered, betwekt) and1000 Hz. Secondly, at a given forcing frequency, a
smooth and gradual evolution of the modulus is achieved wihermavity depthl. is varied.
Finally by choosing the cavity length betweén= 5 and L = 45 cm, it is possible to impose
any value of the reflection coefficient within the chosen frexcy range. The evolution of the
reflection coefficient with respect to frequency for two ¢pwdepths is plotted in figurd.7.
For a small depthl. = 165 mm, only one minimum is reached but the reflection coefficient
takes small values over a wide intervaR( < 0.5 over almost00 Hz). By increasing the
cavity depth, it is possible to set a lower reflection coedfitifor two distinct frequencies, but
with a steeper evolution, as the modulus reaches a maximbetiveen these minima. In both
cases, the phase displays a sign shift when reaching thentmgenum. The present study
focuses on controlling the reflection coefficient modulusvayying the back-cavity depth.
The phase was not controlled. One can however note that teegmoothly evolves without
abrupt changes and with a reduced amplitude of variations.

In the rest of this chapter, data are presented for a singleyaepth L = 150 mm for every
plate unless indicated otherwise.

4.2.1 Effect of the bias flow velocity

Evolutions of the moduli and phases of the reflection coefficior platesP, and P; with
frequency are presented in figue8aand4.8bto highlight the role of the bias flow through
the apertures. Model predictions are compared to measuatsmcaried out without bias flow
(U = 0) and with the optimal velocity through the aperturés<£ U,,;). The evolution of
the phasep(R) with frequency is globally unaffected by the presence ofhitas flow and
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Figure 4.7: Evolution of the reflection coefficient moduli& with the frequencyf for plate
Py for L = 165mm (squares) and = 345mm (diamonds).U = U,,: = 9ms™! for a
constantS PL = 110 dB measured with MSPL.
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Figure 4.8: Effect of the bias flow velocity on the modul&$ (top) and the phase (bottom)

of the reflection coefficient for a fixed cavity depth bf= 150 mm and a constant SPL of
110 dB. Model prediction for the optimal bias flow velocity,,: (dashed line) is compared
to measured data at samg,; (black circle) and to measurements without any bias flow,
U =0 ms ! (grey squares).
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Figure 4.9: Evolution of R| with frequencyf for the whole set of plates. Measurements
obtained for a constant SPL @10 dB and a cavity deptl. = 150 mm. The optimal bias
flow velocity U,,; was imposed for each plate.

correlates well with the model. A small difference can beswbead for the frequency at which
the phase transition occurs, which in practice occurs avardérequency than modelled.

The bias flow has a much greater influence on the modulus o&ftextion coefficient. For
plate P,, the modulu$R)| is almost constant | ~ 0.8) with frequency, in the absence of bias
flow, while it features a large magnitude of variation onceew shedding is promoted at the
optimal Strouhal number. In this latter case, the modelitably predictive, even though the
predicted minimum is located at a slightly higher frequeth@n that observed. The modulus
ranges smoothly fror.15 up t00.8. For plateP;, similar conclusions can be drawn for the
phase evolution which is well predicted. The model is lessigate in predicting the modu-
lus evolution, especially above= 400 Hz. This evolution is similar to the one observed for
plate P,: a low slope decrease followed by a low slope increase. Maramd maxima are well
predicted. The main difference is the frequency at whichtlagimum absorption occurs.
The bias flow velocity has therefore a key influence on the riusdof the reflection coeffi-
cient for perforated plates submitted to low pressure peation levels  ~ 6 Pa), hereby
confirming the role of vortex shedding in acoustic energyogitson. Thus, the model pro-
posed byHowe (1979)suitably predicts the phase and modulus evolutions forkimd of
perforates and can be used for plate design, at least wh&Ptheemains small.

4.2.2 Influence of the aperture spacing

Influence of the aperture spacing on the reflection coefficiedulus was characterized at
a constant SPL of10dB, for a fixed cavity depti. = 150 mm and for the corresponding
optimal bias flow velocityl,,; of each plate. Results are gathered in figdu® All these
plates feature similar evolutions of the modul&s, with little effect of the aperture spacing
d = 4,5,6,7,8 mm on the damping properties, except that the minimal rédleds shifted
towards lower frequencies when the interspddse increased. It can also be noted that the
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higher the spacing, the steeper the slope of the curves.dbeis not interfere with the large
amplitude of control of R| that is achieved, nor with the large bandwidth in which thedmo
ulus remains smalllR| < 0.5 in a band 0f300Hz, and|R| < 0.2 in an interval of150 Hz

for all plates. The different plates have very similar babes: This demonstrates that the
reflection coefficient can be effectively tuned by controtted cavity depth.

As a conclusion on the interaction of perforated plates witfall Sound Pressure Levels, it
can be noted that the model ldbwe (1979) based on vortex shedding, can be used for bias
flow perforates design and performance predictions. Measents have shown, first, good
agreement with the theory and, second, the key role of tiefloia through the apertures. The
tested designs feature similar good performances overafneéduency band when submitted
to incident pressure perturbations of low amplitudes. H®ikection coefficient of these bias
flow perforates is effectively controlled by adjusting thepth of the resonant back-cavity.
It was yet observed, in the literature and in this study,, tvéen the perturbation amplitude
increases, the response of these perforates changes idediyjator input levels similar to
those measured during typical combustion instabilities€sal hundreds Pascals), these per-
forated plates have distinct acoustic response.

A detailed analysis is thus conducted with the whole setatisito determine the influence of
the geometry and of the bias flow velocity on the acousticarmsg to increasing SPL. Results
are compared to the nonlinear model previously describddharansition criterion between
the linear and nonlinear regimes of such low porosity pat&s is highlighted.

4.3 Acoustic response of perforates submitted to high SPL
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Figure 4.10: Effect of the SPL on the evolution|df| with frequency for plate$>, and P,
for a given cavity depth of. = 150 mm, at their respective optimal bias flow velocities.

Previous studies have already highlighted the effect ofsaree amplitude on the acoustic
responselfigard and Ising 196Dragan and Lebedeva 199&nce reverse flow in the aper-
ture is promoted by high incident acoustic velocities, peafes respond nonlinearly, and their
performances may be severely altered. Figdré9aand4.10billustrate the influence of an
increasing incident SPL for platdy and P;. Evolution of| R| with frequency was measured
for different forcing amplitude$ PL = 110,128 and140dB monitored by the microphone
MSPL.
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Figure 4.11: Evolution of the ratif?| /| Ro| with increasing SPL for the whole set of plates.
Optimal bias flow velocity is used for each perforated plateije cavity depth and frequency
are fixed (. = 150 mm, f = 400 Hz).

With plate Py, a forcing input lower tham40 dB does not have any influence on the reflection
coefficient,which remains identical to its valueld dB. For a forcing ofl40 dB, however,
the reflection coefficient is globally lower in amplitudepesially around the resonance fre-
quency. Atf = 500 Hz, the modulu$R| decreases frord.12 down t00.03.

For plateP, the forcing level has a strong effect on the evolution ofréfeection coefficient.
First, a moderate SPL increase has a positive effect. Thallueis decreased in the whole
frequency range (curve @28 dB). At the resonance frequeng¢y= 400 Hz, the value drops
down from0.15 to 0.05. However, when the forcing amplitude is further increasah\(e
corresponding td40 dB), the influence becomes very detrimental. The evolutiofRp is
flattened, approaching a constant value independent oféeheéncy, arountR| =~ 0.6. The
thresholds, at which the perforates acoustic responseyelaappear to be linked to the plate
geometry.

4.3.1 Influence of the perforate geometry on the onset of noinkearities

Detailed investigation was led to study the influence of thé ®n the perforate response
along with the effect of the aperture radius-to-spacinig @ the threshold levels. Measure-
ments were made for all plates with a fixed configuratibn=£ 150 mm, f = 400 Hz and
U = U,,) in which | R| takes small values ab0 dB. All plates then feature different moduli
Ry as could be expected from figu4e9. The lowest values are obtained with plageand P;,
but only plateP; has its actual resonance frequency equal to the forcingiémecy (its phase
is null).

SPL is then increased up tbl5dB. Results are gathered in figudell The modulus
of the reflection coefficient of each plate has been dividedtdyalue|R,| measured for
SPL <100dB.

Three different zones can be distinguished in this plot.stFat low SPL (globally below
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120dB), the reflection coefficient is unaffected by the perttidralevel. Then, in a limited
range of SPL, the modulus decreasgd (| Ry| < 1). Finally, above a second SPL threshold,
the modulus takes rapidly large values. The two thresheteldeare functions of the aperture
radius to spacing ratia/d. The smaller the interspack the higher the threshold level. In
the extreme case of plafe,, only the first threshold level could be reached 41 dB. When
the interspace is very large, with plal, there is no reduction di?|/| Ro| and the acoustic
response is quite distinct. Indeed, for pldtg the reflection coefficient only increases with
SPL, first slowly up tol 20 dB, then very strongly.

This dataset indicates that there are two regimes of depeed# the perforates to the SPL.
In the first regime, the plate reflection coefficient is indegent on the input level. In the sec-
ond regime, it becomes strongly dependent on the SPL, withstvecessive behaviors. The
threshold between these regimes is clearly linked to thie pleometry and more precisely to
thea/d ratio. This preliminary result is of prime interest for dgsi The linear model yields
perforated plates effective for moderate SPL, yet of lichiperformances for high SPL. This
nonlinear behavior is examined more closely in the follaysection

4.3.2 Modelling the linear and nonlinear response of bias flo perforates

The experimental data shown in figutel1are now compared to the model prediction pro-
posed byingard and Ising (1967using equatiod.4, for platesP,, Ps andP; in figures4.12a
4.12band4.12crespectively. The influence of the bias flow velocity is alseeistigated; data
obtained without bias flow are shown (black squares) aloiig measurements at the optimal
bias flow velocity (grey circles). Prediction using Howe'sdel (eqg. 4.1) obtained for the
optimal bias flow velocity appears as an horizontal linegsithe model is independent of the
SPL. The V-shaped curve is the model of Ingard & Ising.

As mentioned by the authors, the validity of their modelisited to high values of the SPL,
with a threshold linked to the occurrence of flow reversalhe &pertures. For each plate,
equatiord.3was used to determine the pressure amplitude correspotamgeak-to-peak
velocity in the apertures equal to the optimal bias flow vi§pa; = U,,,. For perturbations
amplitudes larger than this threshold, flow reversal ocoutke apertures and the model of
Ingard& Ising can be applied. The solid line marks the modekl& this lower limit, while the
dashed line represents the model evolution in the low rah§®b. Finally, it should be noted
that the horizontal line stops where the dashed curve eedsitithe so determined lower limit.

It can first be noted that, for the three plates preseed’ and P;, the SPL has a strong
influence not only in the presence of the optimal bias flow,dsb on the evolution of the
reflection coefficient in absence of bias flow. In the lattesegahe regime independent of
SPL is limited to very small input levels{(105 dB). When the SPL is increased| rapidly
decreases and ends up matching closely the reflection desffiabtained with bias flow.
The decreasing slope matches the nonlinear model preasctiery well, for amplitude lev-
els much smaller than the estimated threshold limit. Onilithit is reached, the acoustic
responses of perforates with and without bias flow evolvatidelly. This indicates that the
bias flow is then not the main source of energy dissipatiomeanmg. The lower SPL threshold,
estimated from the occurrence of flow reversal in the apestus a good indicator of the onset
of the second regime. Below this value, the modulus remaitsgendent of the SPL and is
controlled by the value of the bias flow velocity. For high&LSthe nonlinear predictions fit
remarkably well with the data; the SPL at whidR| is minimal is well predicted, along with
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Figure 4.12: Evolution ofR| with SPL for platesP,,Ps and P; for a fixed cavity deptil =
150mm and an imposed forcing frequengy= 400 Hz . Measurements with optimal bias
flow U,y (grey circles), and without bias flow (black squares) are marad with the linear
and nonlinear models (lines). The nonlinear model is repriesl above its lower threshold
limit, based onlJ,,, by the solid curve. Dashed curve present the nonlinear huvee the
whole SPL range. The horizontal line is the value computechfthe linear model using the
optimal bias flow velocity.
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the subsequent increase. Attention is drawn on the factlibahodel evaluates accurately the
amplitude of the modulus, measured with and without bias.flovease of plate?,, the SPL
minimizing the modulus could not be reached due to powertditioins of the loudspeaker.
For the two other plates, this SPL is observed withdB of the modeled value.

The two different regimes can therefore be analyzed segdgrdthe first regime, independent
of the SPL, is well predicted by the linear modelldwe (1979) The second regime is well
reproduced by the nonlinear formulationlofjard and Ising (1967)This model correctly ac-
counts for the existence of an optimal SPL at wHiBlis minimal, and for the large increase
of the modulus when the SPL is increased above this optinavahe onset of flow reversal
u1 = Uype In the apertures is a good indicator of the transition betwke two regimes.

The bias flow velocity largely enhances the damping progeif low porosity perforates
plates. Small values of the reflection coefficient can indeedeached in the bias-flow con-
trolled regime, independently of the incident SPL. WhenSké is increased, the presence of
this bias flow velocity seems to determine the onset of thdimeer regime. Perforates used
without bias flow display a nonlinear response with SPL muster than when used with
their optimal bias flow velocities. As a result it can be iméetthat the bias flow velocity also
extend the range of the linear domain for these perforategl

The response of these perforated plates is controlled bgdiimteractions when acoustic per-
turbations within the apertures are smaller that the bias ¥i@ocity. This corresponds to a
bias-flow controlled (BFC) regimey, /U,,: < 1. For higher SPL, the acoustic velocity may
eventually overcome the bias flow velocity and flow reversalws within the apertures. This
determines the transition to the perturbation-flow cofetb(PFC) regimey, /U, > 1. The
ratio between the steady mean bias flow and the acousticitseln¢he aperture appears to
be the key parameter controlling the acoustic responserfdnages. This acoustic velocity
could not be directly measured with the current setup. Thantjty is derived from acoustic
pressure measurements in the next section.

4.3.3 Transition between BFC and PFC regimes

The back cavity behind the perforates can be consideredydisdrical rigid tube closed on its
rear side, considering that the lateral air injections hegligible effects on the longitudinal
acoustics. The impedanc¢gin a section located at a distanedrom the back wall is thus
given by:

Z(x) = —i/ tan(kx)

The complex amplitude of velocity fluctuation at the perfecaplate location can then be
estimated as a function of the acoustic pressure:

1

" (L_) B PoCo

tan(kL ™ )py (L)

The pressure level at = L~ is not known but the pressure amplitude at the back wall
(z = 07) is measured by microphone MSPL and there is a simple relagtween these two
quantities:

p1(L7) =p1(0) coskL.
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(a) Low forcing amplitude. (b) High forcing amplitude.

Figure 4.13: Original pressure signal (dashed line) andrrsttucted acoustic velocity from
filtered signal (solid line) at two forcing amplitudd$)4 and136 dB respectively.

The acoustic velocity at the perforated plate can thus bplgiexpressed as:
uy (L7) = ——p1(0)sin kL (4.5)
PoCo
The acoustic velocity within the apertures can then be esécthfrom the acoustic velocity
upstream of the platéNpiray et al. 2008p
Uq (L_)

(51 (L) ~ po

(4.6)

To estimateu; (L), a pressure signal, filtered at the forcing frequerficys needed. The
Hilbert transform method described in chap8as used here. The raw pressure signals are
distorted when the forcing amplitude is high. The filteridgnénates high order harmon-
ics and provides a sinusoidal signal for which simple retahips exist between the root-
mean-square and the peak-to-peak amplitudes. The RMSat@ddrom the filtered signal
corresponds for most casesa®% of the RMS of the raw pressure signal for small forcing
amplitudes, with a decrease of onl9% when the forcing amplitude is multiplied bj00.
Examples of reconstructed acoustic velocities are shoviigimes4.13aand4.13bfor two
forcing amplitudes] 04 and136 dB respectively.

Equationd4.6 was used to evaluate the acoustic velocity amplitudevithin the perforations
for each plate, using the filtered pressure signal at therfgritequency. Evolution of the
reflection coefficient is then plotted versus the ratio of tiioustic velocity amplitude to the
optimal bias flow velocityu; /U, for increasing SPL. The normalized modulug|/|R|
evolution is plotted in figurd.143 R, being the modulus measured for small SPL.

With this new representation, it can first be noticed thatesllts collapse to a similar curve.
For all plates, there is no evolution of the modulus at lowustic velocitiesu; /U, < 1,
showing the range of the BFC regime. With increasing SPlwhen the perturbation velocity
uy increases in the apertures, moduli of the reflection coefitaecrease to reach a minimum
for a velocity ratiou, /U, =~ 2 — 3, for all plates excepPs. When the perturbation veloc-
ity further increases, abovg /U,,, > 3, a steep increase in the reflection coefficient occurs
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(b) Phase evolution.

Figure 4.14: Evolution of the reflection coefficient with theoustic to bias flow velocity ratio
u1 /U,y for the whole set of plates. Optimal bias flow velocity is usedeach perforated
plate, while cavity depth and frequency are fixéd=€ 150 mm, f = 400 Hz).



78 CHAPTER 4. IMPEDANCE CONTROL USING PERFORATES

|R| > |Rp|. These are the two sub-regimes that compose the PFC regimm tRe phase
evolution in figure4.14bit can be noted that in the PFC regime, phase of the reflectien c
efficient tends toward zero; the reactance vanishes andftiierthe impedance becomes a
pure real number when the incident SPL is high. In the BFQmedbr a given plate, there is
obviously no evolution of the phase.

Concluding remarks

An experimental analysis was carried out to determine tleste behavior of low porosity
perforated plates submitted first to small pressure peatimblevels, then to perturbation lev-
els similar to those measured during typical self-susthaoenbustion instabilities in practical
burners. The initial objective was to design perforatedgsl@f small diameter to be used as
an impedance control system on the combustion rig. Cldssamaustical analysis was car-
ried out to design a set of perforated plates with differembpities. Amongst the key results
of this first study, it was shown that, in the frequency ranfjimt@rest (00 — 1000 Hz), an
optimal bias flow velocity, function of the plate geometrigpald be selected to obtain the
largest amplitude of control of the reflection coefficientpefrforates backed by a rigid cav-
ity. Controlling the depth of the resonant back-cavity wbao impose distinct values of the
reflection coefficient modulus, with reduced influence onghase of the reflected pressure
waves. All the designed plates feature a large amplitudadétion of their reflection coeffi-
cient modulus, fronl to almost0 when submitted to small SPL. However, as expected from
previous investigations, the incident SPL has a strongenfte on the acoustic response of
the perforates associated with nonlinear response of gtersy A second model, accounting
for nonlinear acoustics, was successfully compared to #tasét obtained at high SPL, and
allowed to link the onset of this nonlinear regime to the biaw velocity imposed through
the perforated plate.

The combination of these two models offers a complete thieatdramework for the analysis
of the acoustic response of low porosity perforated pldtes,was found in good agreement
with the extensive experimental data collected. The limeadel allows to design effective
perforated plates, with an optimal bias flow velocity whielnglely enhances the damping
properties of the system. This bias flow velocity also deiees the extent of the linear
response regime. Indeed, when SPL is increased, reversis fimamoted inside the apertures
of the perforated plates, and the response becomes nanliffeaSPL threshold between the
linear and nonlinear regimes is determined by the ratio®ptirturbation velocity to the bias
flow velocity in the orificeu; /U,,,. This ratio indeed controls the acoustic response of these
bias flow perforates:

e forlow SPL,u,/U,,: < 1,itis the Bias-Flow Controlled regime in which the evolutio
of the reflection coefficient is independent of the SPL andoegpredicted by the model
of Howe (1979)

e whenuy /U, = 1, flow reversal is promoted inside the apertures, and naoalire
sponse is triggered. The SPL associated o= U,,; is therefore the upper validity
limit of the BFC regime.

e at high SPLu,/U,,: > 1, the response of the perforates is nonlinear and is coattoll
by the perturbation velocity in the orifice,. It is the Perturbation-Flow Controlled
regime, which can be modelled by the formulatiordrafard and Ising (1967)
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Figure 4.15: (Left) lllustration of the Bias-Flow Contretl (BFC) regime, in which vortex
shedding is controlled by the optimal bias flow velocity thgb the perforate&,,,, larger
than the perturbation velocity, . (Right) Perturbation-Flow Controlled (PFC) regime where
u1 > Uype. The vortex shedding then occurs alternatively on eachdfittee perforates.

The vortex-shedding occurs differently in the BFC and PFgimes, as sketched in figure
4.15 In the BFC regime, the vortex shedding is still by the stemdan bias flow as there is
no flow reversal during the cycle; the vortex are shed onhjhadirection of the mean bias
flow, i.e only on the side of the perforated plate facing th@dant perturbation. In the PFC
regime, whenu; > Uy, the acoustic velocity,; fluctuates in a quasi-sinusoidal way in the
apertures, vortices are shed on both sides of the platepafiecly during the cycle.

Such bias flow perforated plates, backed by an adjustabigycaitow effective control of
their impedance for a large dynamic of pressure fluctuagerels. An impedance control
system (ICS) is thus designed and implemented at the inléteofurbulent combustion rig,
which features large combustion oscillations, to contsirilet acoustic boundary condition.
The study on the influence of the ICS on these thermoacowdfisisstained oscillations is
presented in the next chapter.






Chapter 5

Control of self-sustained
combustion instabilities by
adaptation of the premixer inlet
Impedance

The Impedance Control System (ICS) is now used to contr@dbestic boundary

condition at the premixer inlet of the CTRL-Z combustion rigis first assessed

in section5.1 that the TMM impedance measurement technique can effigchiee

used during hot-fire test to obtain the in-situ reflectionfont of the ICS. Section
5.2presents the influence of the inlet acoustic reflection aieffii on self-sustained
combustion instabilities. The importance of the perfosatgbustness to pressure
amplitude is also demonstrated. Finally, an experimental@ation of the acoustic

energy balance in the facility is obtained in sect®:3 by measuring the acoustic
fluxes and the Rayleigh source term. The limits of applicatibthe ICS are then

illustrated with different unstable combustion regimesc{®on5.4)

The ICSis implemented on the combustion facility as presgim chapte? and as sketched in
figure5.1 Perforated plates, designed in chagteare positioned at the inlet of the premixer
line. The sliding piston is used to pilot the cavity deptheTdombustion facility is equipped
with microphones connected to the premixer and to the cotidoushamber. Photomultiplier
tubes (PMT) are installed on both sides of the chamber t@clhe chemiluminescence of
CH* and OH* radical emissions in the flame zone. Photogr&pghshows the full experi-
mental arrangement, with water-cooled waveguides anddiglifection lenses. Perforates are
placed at the rear side of the premixer inside the casingeo$liding piston, to control the
reflection coefficient of this premixer. The microphonedhia premixer and the chamber are
flush-mounted on water-cooled waveguides so as to measupeghsure fluctuations in their
respective locations according to the method describeelition3.1.2 The whole set is iden-
tically cooled and installed on waveguides of similar ldrggit was shown that this method
allows correct measurement of the pressure fluctuatiohg gtdsition of the inlet of the wave-
guide, as long as the time delay induced by the waveguideuated for. Microphone M1,
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Figure 5.1: Microphones and photomultiplier arrangemenhbt fire tests.

located just in front of the perforated panels is used to tootihe SPL in the facility. In the
following chapter, the reported SPL is the one effectivélgating the perforated panel in the
combustion setup. Two similar microphones are installethatinner junction between the
two stages of the premixer, diametrically facing each gtbeas to allow the measurement of
the perforates reflection coefficient in a similar way as mltigh Load impedance tube (see
3.2). Then three microphones are installed in the combustiamdter, with microphone M5
in the flame region monitored by the PMT.

5.1 Measurements of the premixer reflection coefficient dur-
ing hot-fire tests

When the burner is operated, the reflection coefficiemtt the premixer inlet could be mea-
sured using the three microphones located inside the pegnihe flame acting as a sound
source. Instead of a pure tone excitation, the source qnets to a broadband noise domi-
nated by a few peaks in unstable regimes. In this noisy coraiigun, the reflection coefficient
may only be retrieved with good accuracy at the main instglfilequency, when the signal
to noise ratio is high. In such cases, the SPL is large, o&aahing levels higher tharl0 dB
inside the premixer. It is known (chap#rthat such high SPL have a strong influence on the
response of perforated plates. The aim of this section i©i¢zlcthat the TMM can still be
used during hot fire tests to perform on-the-fly measurenudiike premixer inlet impedance
in such harsh environment. Tests were carried out in the malmeégime described in tabkl

of chapter2. Measurements with the ICS equipped with plate P4 are plattéigure5.3 for
the frequencyf = 272 Hz corresponding to the main oscillation peak of the unstadgime
studied here.

Measurements during firing tests (white symbols) are coetam those obtained in the
impedance tube for a constant SPL1df0 dB (black symbols) and to the theoretical pre-
dictions (solid line). It was previously shown that the SRista very little influence on the
plate response beloi0 dB, see figurel.11 Without back cavity L = 0 cm), the reflection
coefficient modulus is slightly lower than unity as would x@ected for a rigid wall perfectly
reflecting waves. This may be due to the airflow through théopations that may attenuate
incident acoustic waves or to the small cavity aperturekérperforated plate that may scatter
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Figure 5.2: Combustion facility, fully equipped with wateoled microphones flush-mounted
on waveguide (on top of the chamber and premixer) and phdtipiiers tubes with collection
lenses. The combustion chamber exhausts in a large funneécted to a chimney.

1r

IR|
o
a

= 2
©
53
> - - - - -
2.0 10 20 30 40
L [cm]

Figure 5.3: Comparison of the reflection coefficient meaginside the premixer gt = 272
Hz (white symbols) during firing operations, with model prgidns (line) and measurements
in an impedance tube at SPL=110 dB (black circles).

sound and thus results in a slightly reduced value of theatidle coefficient modulus. At the
instability frequencyf = 272 Hz, on-the-fly measurements of the modulus of the reflection
coefficient are reduced frofiR| = 0.8 to |R| = 0.15 when the cavity depth is augmented
from L = 0 to 28 cm. When the depth is increased beyond this value, the msdhdteases
again. These results are consistent with experimentab@diteered in the impedance tube and
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with the model predictions (figure3). Evolutions of the modulus and phase are similar and
the cavity depth minimizing the modulus of the reflectionfioent can be well predicted
using either the model or the impedance tube data.

There is more dispersion on the phasef the reflection coefficient between the model pre-
dictions, the impedance tube data and the measurements othbustion facility. Phase
values corresponding to small values of the modulus areestdy] to uncertainties because
of poor signal to noise ratio obtained at these operatinglitions in the combustion facility.
Except for these points, the global trend of the phase is Wemeorrectly predicted. These
tests indicate that the reflection coefficient can be acelyrabeasured during hot-fire tests
with a large broadband noise and validate the efficiency efttoposed system to pilot the
premixer inlet acoustic boundary condition. It also val@tathe multiple possibilities of the
impedance control system (ICS), which can be applied in fiold and hot-fire setups. Ex-
tensive data obtained in the impedance tube can be usedntatsthe cavity depth to be
set in the combustion facility in order to impose a specifitigaf the reflection coefficient
modulus in a desired frequency range.

The TMM was also implemented in a combustion setup of smalbever, where measured
impedances were successfully compared to theoreticalgbiats. In the geometry depicted
in figure 5.4, the objective is to measure the reflection coefficiepf-R= A~ /AT of a sys-
tem composed of a perforated plate and a set of laminar ddtd@oges anchored to the plate.
This system is now active, as flames may generate noise aadrthy lead to reflection co-
efficients greater than one. The perforated plate has angugbsity §4%), with regularly
spaced mm-diameter apertures. A methane and air mixture is fechligcit the basis of a
tube, above a loudspeaker which is used to modulate the ekl and impose the ampli-
tude of velocity fluctuations at the perforations outlet,ishhare monitored by the hot wire
probe located just below the perforated plate.

The reflection coefficient of the perforated plate has firgrnbmeasured in a non reactive
case, plotted in figur&.5. The modulus remains below unity, and tends to decrease with
frequency in a way similar to the response of an unflanged pifpgvever the phase evolves
with frequency with an almos20° shift from 100 to 1000Hz. The reflection coefficient
measured by the TMM in the reactive case is then compared tedictions obtained by
Noiray (2007)

Measurements presented in figGt6awere obtained with a modulation levelef /uy = 0.2.
Measurements of the reflection coefficient of the perforglate inside the burner are very
close to the predictions in terms of modulus and phase. Ihasve in particular that the
modulus is greater than one approximately betwg#nand800 Hz. A reflection coefficient
greater than unity implies that flames reflect acoustic wavesvith a larger amplitude than
the incident perturbatiod .

In figure 5.6h the forcing amplitude is twice greater;, /uy = 0.40. Measurements extend
to a wider frequency band than the model predictions. Exrpamtal results are still in good
agreement with the predictions in terms of modulus and phlsthis active configuration,
the TMM was successful in retrieving the acoustic reflectioefficient.

The impedance control system (ICS) is now used to modify teenpxer inlet boundary con-
dition to analyze its influence on combustion instabilitiesthe nominal unstable operating
regime, well organized self-sustained oscillations ohhégnplitude are observed. Therefore
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Figure 5.4: (a) Schematic representation of the perfornalae - flames couple with annota-
tions used to model the acoustic reflection coefficiepizR (b) Experimental setup used to
measure the reflection coefficienpR of the perforated plate - flames couple. Courtesy of
Noiray (2007)
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Figure 5.5: Acoustic reflection coefficient of the perfochpéate of figures.4, in a non reactive
case.
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Figure 5.6: Comparison of the theoretical predictionsigsthe) from the FTF model of
Noiray (2007)with experimental data obtained by the TMM (circles) for telection coeffi-
cient of the perforated plate with anchored flames.

plate P4, which features a robust response to incidentymesssip tol45dB, is used for the
main study. However the influence of the plate design is filsstrated, by using plate P8
instead of P4 at the rear side of the premixer.

5.2 Control of combustion instabilities with the ICS

5.2.1 Influence of the plate design: Plate P8

The acoustic investigation in the impedance tube has demaded that at low SPL, plate P8
and P4 feature similar behavior. The evolution with cavigpth of the reflection coefficient
of the ICS equipped with either plate is quite similar at aegifrequency, as illustrated in
figure5.7 for f = 300Hz and a constant SPL afi0 dB. This investigation has also shown
that plate P8 quickly reaches its non-linear response rdimna SPL about15 dB. Hot fire
measurements of the reflection coefficient of the ICS with B8vearried out and confirmed
previous results: for a large SPL (aroui dB), this plate exhibits a constant reflection
coefficient whatever the cavity depth of the ICS, as plottefigure5.8.

Figure5.9presents the evolutions of the Power Spectral DensitieB)Bfthe acoustic pres-
sure in the premixer and in the chamber, along with the PSBeoheat-release rate, obtained
for distinct back-cavity depths of the ICS. These depthevediosen using data measured in
the impedance tube under a small SRL)dB), for which they correspond to three distinct
reflection coefficient moduli {R| = 0.87, 0.61 and0.16, as illustrated in figur&.7. During
firing tests in the explored regime, the main instability lpesameasured af = 300 Hz and
reachesl 42 dB inside the premixer. This instability frequency is slighdifferent than that
observed in the nominal regim¢ (~ 270Hz). It is however associated to the fundamental
mode of the premixer. These experiments were amongst thedinslucted, and the combus-
tion chamber had to be rebuild before conducting experimesith the ICS equipped with
plate P4. Itis observed that changing the ICS cavity dep#s ot affect the combustion in-
stability significantly. This directly results from the fabat plate P8 features a quasi-constant
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Figure 5.7: Evolution of the reflection coefficient with thevity depth, for plates P4 (squares)
and P8 (diamonds) for a SPL ©f0dB. Data obtained in the impedance tube with a forcing
frequency off = 300Hz is compared with the linear model (dashed and solid lioe$#
and P8 respectively).
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Figure 5.8: On-the-fly measurements, on the combustiorofithe reflection coefficient of
plate P8 for various cavity depths of the ICS and a SP140dB.
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reflection coefficient at high SPL.

These results with plate P8 confirm that the perforate gegnief key importance, as it
defines the efficiency range in term of incident pressure datatn amplitude that can be
damped. The investigation is from now on carried out withtgoRa4, which should be very
robust to incident SPL.

5.2.2 Influence of the premixer inlet impedance

The ICS is used to control the modulus of the reflection cdefiicat the oscillation frequency
f = 272 Hz of the main instability using plate P4 at the rear side efghemixer. By varying
the cavity depth of the ICS, the modulus of the reflection ficieht can be set to distinct
values|R| = 0.8,0.65,and0.25, measured af = 272Hz for SPL lower thani45dB. A
difference is observed between the dominant frequencyumedsvith P8 and with P4. It has
been checked that it is not due to the plate itself, but rath#re combustion chamber. Tests
with P8 were realized with a combustion chamber that endestsly damaged and had to be
rebuild for the tests with P4. As a consequence, the weareottimcrete plate, and the air
tightness of the whole chamber are different between the &l may account for a fraction
of the frequency shift. Another source of frequency shifdlbbdut4 to 8 Hz between tests was
observed depending on the local weather conditions. Thig ailso be taken into considera-
tion in the interpretation of these differences.

Figure 5.10 shows the Power Spectral Densities (PSD) of the fluctuatmegsuire signals
measured by the microphones M1 located inside the premi#&rlocated directly above
the flame, and CHradical spontaneous emission measured by the PMT, in thagement
shown in figureb.1

During these experiments, it was noticed that there is mofignt effect of distinct moduli on
the PSDs for frequencies higher thAr= 600 Hz, which are thus not shown in the following
figures. Setting the ICS back cavity depth to zeto£ 0 cm), combustion is strongly unstable
and characterized by large coherent cyclic pulsationg at 272Hz. The unsteady flame
motion is illustrated by the five consecutive snapshats< 160 us) obtained by high speed
tomography in figuré&.11

This regime corresponds to the reference case (black lifig i6.10 obtained withZ, = 0 cm,
characterized by a reflection coefficient moduli$ = 0.8. A strong pressure peak is mea-
sured in the premixer and in the combustion chamber. In iaddia cyclic fluctuation of the
light emitted by the flame is observed by the PMT, with a maggirency peak af; = 272
Hz (figure5.10 bottom). It is found that this frequency peak is also pregethe signals
measured by all microphones, confirming a strong acoustindlcoupling. The fluctuations
amplitude reache$38 dB inside the premixer anti32 dB inside the combustion chamber.
The first harmonic of the fundamental oscillation frequeitcglso present in the PSDs at
fo = 544 Hz.

When the modulu$R| is reduced to smaller value®| = 0.65 and0.25 by changing the
ICS cavity depth, a large reduction of the amplitudes of tB®Rs observed for almost all
frequencies comprised betwe@and600 Hz. The lower the reflection coefficient, the lower
the fluctuations amplitude in the premixer and the chambleis &ffect is emphasized at the
main instability frequency; = 272 Hz. In the premixer, the level drops down frard8 dB

in the reference regime t®2 dB for | R| = 0.65 and to109 dB for |R| = 0.25, correspond-
ing to a damping o9 dB. In the chamber, the nominal peak amplitude reachiydB at

f1 = 272 Hz is lowered by23 dB by the ICS when the modulus is reduced® = 0.25. A
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Figure 5.9: Power Spectral Densities (PSD) of the pressgimakrecorded inside the premixer
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(top), inside the combustion chamber (center) and thé @kttuations (bottom) for three

different values of the reflection coefficient modulus of @& with P8. The theoretical values

of reflection coefficient were measured for the frequencynhefihstability peak af = 300
Hz in the impedance tube , for a SPL1af0 dB.
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Figure 5.10: Power Spectral Densities (PSD) of the pressigral recorded inside the pre-
mixer (top), inside the combustion chamber (center) andHé fluctuations (bottom) for
three differentR|. The reflection coefficient of plate P4 was measured on-thatthe insta-
bility frequencyf = 272 Hz and matches data obtained for a SPL i dB in the impedance
tube.
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Figure 5.11: Five consecutive snapshots, obtained froim $pged tomography, separated by
ot = 160 us, in the nominal unstable regime. Sampling frequengy-is 6250 Hz.

24 dB reduction is also observed in the signal measured by th€ Wihen|R| is decreased
to 0.25. This attenuation effect is also visible for the hanio at f, = 544 Hz, which is
totally damped whehR| < 0.65. It should be noted that no resurgence of other frequergies i
observed during these experiments, as sometimes obseitheather passive control systems
(see for exampl®loiray (2007).

The amplitude of the PSD peaks of the fluctuating light eroisgi.e. the heat-release rate)
and pressure signals, measured in the system, is thuslylicentrolled by the value imposed
to the modulus of the premixer inlet reflection coefficiem.the most favorable case, cor-
responding tdR| = 0.25, the initial instability atf = 272 Hz is completely damped when
using the ICS with a back-cavity depth 2 cm. This result highlights the importance of the
acoustic boundary conditions on the flame-acoustic cogpliralso stresses the sensitivity of
the flame to perturbations originating from the fresh re@staone.

5.3 Analysis of the acoustic energy balance

The influence of the premixer impedance on the amplitude tffi bBwe pressure and heat-
release rate fluctuations has been described in the presémtion. This effect is now exam-
ined by considering the balance of acoustic energy. Thisiregjan evaluation of the Rayleigh
source term and of the acoustic fluxes crossing the boursddrie local balance of acoustic
energy densitye = p/(2poct) + pou?/2, may be castin the form:

) -1
TV () = —pi (5.1)
ot YPo

wherep;, u; andg; designate the acoustic pressure, acoustic velocity anerélease rate
fluctuations respectively. Assuming a combustor of volumeéelimited by a surfac&, un-
dergoing combustion oscillations with a period of oscidiatl” = 27 /w, this expression can
be integrated over the whole volume and over a period oflasiocihs to obtain:

OF B v—1 .
<E>T = </v P~ p1Q1dU>T — </Zp1u1 . ndJ>T (5.2)
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Figure 5.12: lllustration of the source term and acoustioefu

where(z), = 1/T fOT xzdt andE is the acoustic energy integrated over the whole combustor.
The unit vectom is normal to the surfacg, directed toward the outside of this surface.

At the limit cycle, there is no more variation of the acousﬁtitergy:(%—’f)T =0andtherh.s
terms are expected to be in balance. The acoustic sourceStésncounterbalanced by the
acoustic fluxesp,. at the boundaries of the combustor. When acoustic-streigtteractions

are negligible, acoustic fluxes at the combustor walls ate(lay - n = 0). This is not the
case at at the inlet (1) and outlet sections (2). As a resulatian5.2 reduces to a balance

between the source ter) = <fv ”7—;01plq1dv> and the acoustic fluxes at the combustor
T
terminationsP,. = ([, p1uy - ndZ)T:

S =l 0l 5:3)

In this expressiond!  designates the acoustic flux at the premixer inlet @fdat the com-
bustion chamber exhaust.

5.3.1 Evaluation of the Rayleigh source term

The Rayleigh source term appears as the only source of aceustrgy. In the chapter dedi-
cated to optical measurements of the heat-release ratptéc3 it has already been shown
that under certain assumptions (perfect premixing, legimre) it is possible to estimate this
source term quantitatively with photomultiplier tubes. Plfrovide integrated measurements
of the light emission from the flame which is proportional be theat-release rate. Capital
letter ) indicates the volume integrated value of the unsteady tedease rate, and! is the
associated integrated light emission collected by the PAdSuming that all fuel is burnt, the
mean heat release rafk can be estimated from the fuel massflow rate and the fuelrieati
value:Qy = mfAh(}. The Rayleigh source term can be expressed as:

vy—1. 0 <p1]1>T
S = mAh, ——+ 5.4
~Po f f I (5.4)

The cross-spectral density CPSB,(;) is computed between the pressure fluctuations mea-
sured by microphone M5 and the heat-release rate fluctsati@asured by the PMT. In the
reference casgR| = 0.8), there is a strong correlation between these two quantiti¢he
instability frequencyf = 272Hz. The phase of the CPSD equal$0°. The qualitative
Rayleigh criterion states that combustion instabilitiesyroccur when the phase of the cor-
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Figure 5.13: Evolution of the phase of the CPSD between thsspire and heat-release rate
at the instability frequency, with the reflection coeffidigior plate P4.

relation lies between-90 and+90°. The cross-spectral density confirms that the main in-
stability frequency results from a flame-acoustic couplengd that it satisfies the qualitative
Rayleigh criterion.

The influence of the premixer inlet impedance on the phada®PSD, at the main instabil-
ity peak, is presented in figu&13 There is little influence of the premixer inlet impedance
on this phase, which remains low, aroutitP.

As it has little effect on the phase of the pressure to hdaase rate correlation, the ICS does
not seem to act on the flame-acoustics phase matching camditiit rather on the level of
the acoustic fluxes. The reduction of these fluxes may damfiutiiation levels inside the
chamber and the premixer, which in turn attenuates thelititya

5.3.2 Acoustic fluxes and energy balance

The ICS barely affects the phase coupling between the uhstezat-release rate and pres-
sure fluctuations. The amplitudes of different terms apgpgan the acoustic energy balance
(eq. 5.4) can be evaluated at the instability frequency, and congpmedifferent premixer
inlet impedances. It was shown in chap2ethat the constants in the Rayleigh source term
formulation can be experimentally evaluated to determin® term quantitatively in Watts.
The protocol to obtain the acoustic fluxes from pressure oreagents located at; andzs
respectively was also presented in chafter

y=1. olpl)r
oy = Bnenme))y (5.6)

2powix

where Py, (2,).p, (z,) d€signates the cross spectral density between two presseasure-
ments from microphones separated by a distannce= x5 — x;. In the control surfac&
between these two sensors, there should be no source tertimeaacbustic field must be one-
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Figure 5.14: Evolutions of the acoustic fluxes (solid lingspectionsS; (circles) andS;
(squares) and of the source term (diamonds) with the modRlusf the premixer inlet reflec-
tion coefficient.

dimensional. The acoustic fluxes were thus evaluated inra@iger, upstream of the flame
region, and at the chamber exhaust, in the hot combustiatupts.

The estimates of the source term and acoustic fluxes areglottfigure5.14for different
values of the modululRz| of the reflection coefficient. As already mentioned, theneiee
case corresponding to a “hard "reflection conditj® = 0.8 is obtained for a cavity depth
set to zero [, = 0 cm) and corresponds to the unstable regime with a stronfjaigni peak
at f = 272 Hz. When the cavity lengtli is increased, the modulus of the reflection coef-
ficient|R| is reduced at the premixer inlet. As a consequence, thepnéshixer and burner
outlet acoustic fluxesp. . and®?_, are modified. Except when the inlet reflection coefficient
takes small valuesR| = 0.25) where both fluxes are of the same order, the inlet flux always
exhibits larger values than the outlet fluk} . > ®2_. This result was expected, since the
burner outlet corresponds to a nearly open acoustic tetimmaln this situation, the acous-
tic flux would be zero for a zero mean flow. The outlet flux rers@mall®?. ~ 0 except
for highly unstable regimegR| = 0.8), where large structures may be convected outside
the burner and produce perturbations of the outlet acotlstic Such results confirm the
predominant role of the premixer inlet acoustic boundanydition in this burner. Acoustic
fluxes®,. = @, +®2_ ~ &L remain essentially controlled by the inlet premixer impeza
Zy = (1+ R)/(1 — R) which determine®! = 1/(Re[Z1]) (pims)2 S1, wherepl, . is the
root mean square pressure fluctuation at the plane locétion

The source terns which feeds acoustic energy into the system is now examihtakes van-
ishingly small values for premixer inlet reflection coefiot moduli lower thanR| < 0.65
and notably increases for larger valueg Bf. The global trend corresponds to the one ob-
served for the inlet fluxS ~ ®. .. It was observed in figur6.10that a minimal reflection
coefficient led to a suppression of the instabilityfat= 272 Hz. This is confirmed by the
global evolution ofS. With some caution due to the crude assumptions used foe &
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mations, a quantitative analysis may also be carried oug¢ prbduction of acoustic energy
S > @) exceeds the inlet flux only foiz| = 0.8 and remains lowe§ < ®!_ for lower
values|R| < 0.75. The unbalanced differend’. — S can be significant. This might be at-
tributed to non linear phenomena of exchange of acoustiggre other frequencies, which
might explain the larger valug > ®!_ for |R| = 0.8 with a transfer of acoustic energy from
the fundamentaf; = 272 Hz to the first harmonic afs = 544 Hz (figure5.10. Terms
neglected in the acoustic budget might also partly explamdifference.

Modifying the premixer inlet acoustic boundary conditiande used to control the acoustic
flux incident on the flame from the burner inlet. This may alfed the acoustic flux at the
burner exhaust, but only for highly unstable regimes. Ashitmner is open to atmospheric
conditions, the stability of this turbulent combustor ise$p controlled by the premixer inlet
boundary condition. Controlling this boundary conditisrain efficient way to control com-
bustion instabilities in this system because (1) the intetuatic flux is entirely viewed by
the flame (2) intense acoustic fluxes can be concentrated orakh section area (3) flames
are known to be very sensitive to slight modifications of dyies of the fresh reactive flow.
Without any apparent effect on the coupling mechanismfjtsasl the heat-release rate and
acoustic pressure fluctuations remain in phase, the dsmilleevel can be significantly low-
ered to prevent the onset of oscillations.

5.4 Control of different combustion regimes

All the results presented in this report were obtained inntbminal regime, which was well
documented bpioc (2005) Investigations were yet lead in other regimes, in termgjafa-
lence ratio, fuel staging or thermal power. The ICS is a robolsition that can efficiently limit
the growth of combustion instabilities as long as they aye¢htrolled by the flame-acoustic
coupling and (2) sensitive to modifications of the premixawustics. A second example of
such a self-sustained regime, in addition to the referease,ds now presented. For a fuel
staging ofa = 32%, an equivalence rati® = 0.72 and a thermal power di9 kW, the
control system equipped with P4 was used to damp the cormobusstability that occurs in
these operating conditions. FiguBel5presents the evolution of the PSD for the pressure and
heat-release fluctuations. The ICS allows a reductio20afB in the premixer and2 dB in
the chamber and totally damps this instability. This wasckbkd for many other regimes by
varying the three control parameters.

There are however other types of unstable regimes for whieH@S cannot damp the main
instability. In these regimes, the instability arises atjfirencies very close to those associated
with the rotation of the precessing vortex core, i.e. arod3s@— 350 Hz. The fundamental
mode associated with the chamber length is also expectaddyfo= 326 Hz (see chaptes).

An example of such regime is plotted in figusel& This regime corresponds to a staging of
a = 50%, a fuel equivalence ratio @b = 0.87 and a thermal power & kW. It is strongly
unstable, with a self-sustained oscillation occurringfat 336 Hz. In this configuration,
acting on the premixer inlet impedance has almost no effethe instability, except a slight
shift of the main instability peak.
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Figure 5.15: PSD of the pressure signal and thé @kttuations for two differentR| of plate
P4 for a staging oft = 32%, an equivalence rati® = 0.72 and a thermal power &9 kW.
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Figure 5.16: PSD of the pressure signal and theé @lttuations for two differenfR| of plate
P4 for a staging ofv = 50%, an equivalence rati® = 0.87 and a thermal power &5 kW.
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Concluding remarks

This chapter is concerned with the implementation of thesidgmce control system (ICS) on
the combustionrig. Itis first shown that the two-microphorethod (TMM) can be applied to
reactive configurations to measure impedances. The impedsdrihe ICS, obtained in com-
bustion, was successfully compared to data obtained wishsit forcing in the impedance
tube and to theoretical predictions. The TMM was also aptieanother facility to measure
the impedance of active elements. Results were again ireamgnet with model predictions.
Then the ICS was used to impose various acoustic boundaditzors at the premixer inlet
of the combustion rig experiencing strong self-sustainedlmustion oscillations. Imposing
low moduli of the premixer inlet reflection coefficient eféicitly damps these thermoacoustic
oscillations, reducing their amplitude B9 dB in the premixer and0 dB in the combustion
chamber. Further study of the phase of the acoustic to leézdige rate correlation shows little
influence of the ICS. An acoustic energy balance is finallymested, taking into account the
Rayleigh source term and the acoustic fluxes at the premiketrr and at the chamber out-
let. It is shown that the acoustic flux in the premixer is of Haene order of magnitude as
the Rayleigh source term, and can even overcome this saeaécing hitherto the level of
oscillations. In the nominal regime, the ICS is an effectieatrol solution that can almost
cancel the main combustion instability. This is achieve@&mwthe outgoing energy flux in
the premixer matches the level of the Rayleigh source tenchyéhen the flame is essentially
sensitive to perturbations in the fresh reactants,andafdee structure of the acoustic field in
the premixer.

Further investigation is led in the following chapter toetetine the origin of the main unsta-
ble mode, along with the structure of the pressure disiobuh the combustion rig.



Chapter 6

Characterization of the
combustion rig acoustics

The swirled burner features a set of unstable combustioresibdlowi kHz. The os-
cillation frequency depends on the flow regime and the thepmaer. It was shown
that when the oscillation frequency is lower tha®0 Hz, the acoustic-combustion
coupling is very sensitive to acoustic losses at the premiket. However, when the
instability frequency lies aroung40 Hz, a modification of the premixer inlet acous-
tic boundary condition has almost no influence on this sedtained oscillation. It
is thus valuable to analyze the acoustic modal structurdnefadombustion facility
to determine the frequencies associated with the main modlemne-dimensional
acoustic model of the burner geometry is first presented ¢tige6.1 It consists
in a coupled cavity problem where the first cavity represéimspremixer and the
second corresponds to the combustion chamber. It takesotount the influence
of the premixer inlet acoustic boundary condition and of $ketion discontinuity
between the cavities. The influence of a temperature diierbetween the cavities
is also envisaged. This analysis provides asymptoticisoisiin limiting cases, and
allows a parametric investigation when solved numericdlljle acoustic response
of the combustion rig is then characterized experimentaltyon-reactive configura-
tions using a frequency sweeping method and the pressurédin is compared
with the theoretical modes (sectiér?). The influence of the premixer feeding lines
on the modal structure is also considered. The acousticesp of the burner in the
reference reactive case is then investigated in se@i8n Finally, the structure of
the main instability mode is reconstructed from pressurasuements throughout
the facility and compared to the proposed model predictions

Foreword: Specific notations are introduced in this chapter to des@aeoustic eigenfre-
quencies of the n-th eigenmode obtained by different me@ingse notations are introduced
within the text. However they are all gathered here as a Bpammenclature to ease the
reading.
o fp and fZ designate theoretical asymptotic solutions based on #miger and com-
bustion chamber lengths respectively = (2n + 1)cp/4Lp and f& = (2n +
1)00/4Lc,



100 CHAPTER6. ACOUSTIC CHARACTERIZATION

o i designate theoretical eigenfrequencies of the coupleities(premixer-chamber)
modes,
* fr;, designates peak frequencies measured in the combustioim igpthermal non-

reactive experiments.

6.1 Acoustic analysis of the modal structure of the combus-
tion rig

A one-dimensional model of the combustion rig is develojmed takes into account the pre-
mixer inlet impedance, the influence of the area expansitio be&tween the premixer and
the chamber and of the temperature change on the modalws&dot longitudinal acoustic
waves. The objective is first to analyze the distributionhef ¢igenfrequencies and the struc-
ture of the associated modes in the combustion facility. @oed objective is to investigate
modifications induced by the presence of the feeding lind$arthe presence of the hot gases
produced by combustion.

| | | I
I T T |

0 Lp L L+56

Figure 6.1: Acoustic model of the combustor composed of tlimders with distinct physical
properties and cross-sections. P denotes the premixer #melcd@mbustion chamber.

The combustor is decomposed into two one-dimensional elesnéhe premixer tube and
the combustion chamber, labelled by tReand C' subscripts respectively (figu&l). The
premixer length isLp = 23.5cm and the combustor's i5¢ = 49 cm corresponding to a
total length, = Lp + Lo = 72.5cm. The system is bounded by an acoustic impedance
Z(x = 0%) = Z at the premixer inlet, which models the ICS effect and by tiraca
spheric pressurg, at the chamber outlet(x = L + §) = p,, whered is the end-correction
for a flanged pipelfgard 1953. For low Mach flow numbers, this can be modelled by
d = 8r/3w ~ 0.85r, wherer is the pipe radius. The chamber has a square sectibf@h
breadth. Assuming an equivalent circular surface aredtsaésuan end-correctio = 4 cm.

To simplify notations, this end-correction is added to tharaber length in the following de-
velopments:Lo = L¢ + 6, resulting in an updated total combustor lendth~ 76.5cm.
The premixer and the chamber feature distinct geometriésenfed with gases with differ-
ent properties. The premixer has a complex geometry witbraévadial manifolds for air
and propane and an external plenum, which may influence thestics. These connections
are not taken into account in the present model and the pegrisixnodelled by a pipe of
radiusrp = 1.5cm and a cross-sectiofi where air has a temperatufé® and a celerity
cp. The chamber is a rectangular duct of square sediomwith a breadth~ where air has

a temperaturdc > Tp and a celerityyc > cp. In this simple acoustic model, only air is
considered and the effect of combustion is modelled by a ¢eatpre difference between the
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fresh reactants afp and the burnt gases @. The air characteristic impedance is defined
by Zp = ppcp in the premixer andc = pccc in the chamber.

Pressure and velocityu are decomposed into meagm, ( ug) and fluctuating %, u1) com-
ponents. Harmonic decomposition is applied to the fluatgapart such thap; (z,t) =
Re (p(z) e~"), whereRe is the real part of the complex number in parenthesis.

The influence of the mean flow is assumed to be negligible aidweMach numbeM/ =
u/co remains small. An estimation of the velocity based on PIV smeaments indicates
a maximum value of about0 ms™!, resulting in a flow Mach numbel/ ~ 0.09 at the
premixer inlet and an attenuation factoriof- /1 — M2 = 0.38% (Munjal 1987. This at-
tenuation is not taken into account in what follows.

The cut-off frequencies, below which only plane waves pgape, for a cylindrical duct of
radiusrp and for a rectangular duct of larger side dimengigmre respectively given by:

1.84¢
foutp = —=% (6.1)
rp
co
cut, = 57 6.2
feut,c 2le (6.2)

In the chamber, plane wave propagates befaw = 1710 Hz for cold gases d@f = 300K

and f..:,c = 3882 Hz for hot gases & = 1500 K. In the premixer where reactants remain
atTp = 300K the cut-off frequency limit isf..; p = 6676 Hz. For the low frequencies of
interest in this study, i.e. belowkHz, only plane waves must be considered. A plane wave
decomposition into forward and backward traveling waveasi$eto:

pp(r) = ATekre A= emikre (6.3)
Zplp(z) = ATekre A= 7ikre (6.4)
ﬁC(«T) — BTt eikc(w—Lp) +B~ e—ikc(w—Lp) (65)
Zctc(z) = Btekelr=ir) _p=e-ikelz=Lr) (6.6)

The wavefield must comply with the boundary conditions atgremixer inlet and chamber
outlet, along with the continuity of pressure and volume ftawe fluctuations at the junction
between the two sections:

Z=2Z@x=0) pp(0)/dp(0) (6.7)
pc(l) = 0 (6.8)
pr(Lp) = pc(Lp) (6.9)
Spup(Lp) = Scuc(Lp) (6.10)

where the inlet impedanc® is characterized by the reflection coefficidit= (Z/Zp —
1)/(Z/Zp + 1). The outlet condition corresponds to a pressure node betheshamber is
open to the quiescent atmosphere.

Non trivial solutions for this set of equations are determmliby the characteristic polynomial:
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D = (1+5) [ei(kap+kch) _’_Refi(kaerkch)}
+ (1 _ E) [ei(kap—kch) +Re—i(kap—kch) (611)
where the parametér takes into account the influence of the area expansion nati@éthe

temperature difference between the premixer and the caimbwhamber:

SPZC SPﬁccc o SP TP

- ScZp N Scﬁpcp n % Tc

[1]

(6.12)

The roots of the dispersion relatidh = 0 yield the eigenfrequencies as functions of the pa-
rameter=, the system lengths » and L~ and the reflection coefficier® at the premixer
inlet. The corresponding pressure distributions definetwistic modes of the system. As-
suming a forward pressure amplitudé = 1, it is then possible to determine the structure of
the acoustic pressure in the premixer and the combustianioéa

pp(z) = ekre pRe ikre (6.13)
p\c(x) — l |:(1 + E) |:ei(kap+kc(JJ—Lp)) +Re—i(kap+kc(I—Lp))i|
2
4 (1 _E) ei(k'PLP*kC(iE*LP)) +Refi(k’prfk’c(Ipr)) (614)

It is straightforward to check that equatioBd3and6.14 satisfy the set of boundary condi-
tions6.7- 6.10

The dispersion relatiof® = 0 can be solved analytically in some cases wliitakes vanish-
ing small values, which are first considered. The influenchefparameteE on the modal
structure is then investigated numerically.

6.1.1 Modal structure of the acoustic pressure in the CTRL-Zcombus-
tor

The dispersion relation is solved for a set of conditionsegponding to:
« Two constant values of the premixer inlet reflection coedfit;
1. A perfectly reflecting inlel? = 1, where the relatio®.11simplifies to :

cos(kpLp)cos(kcLe) — Zsin(kpLp)sin(kcLe) =0 (6.15)
2. An anechoic inlef = 0, where this relation becomes:
cos(kcLe) —iEsin(keLe) =0 (6.16)

« Two temperature distributions,

1. The case of a uniform temperature in the systeffirat= 7 = 300K for which
the parameteE equals the area raticG = Sp/Sc. This corresponds to the
non-reactive configurations explored

2. The case where the premixer reactants are fredh-at 300K and the com-
bustion chamber is filled with uniform hot gasesTaf = 1500K. This case
approximates the nominal reactive configuration, wt€re 0.445p/5Sc.
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« Two expansion ratio between the premixer and the chambess-@ections,
1. Asingle tube of lengtlh comprising the premixer and the chamber with a constant
section,Sp = S¢. This configuration is used to validate the dispersion iatat
6.11
2. The second configuration explored fits the expansion betteveen the premixer

inner channel and the chamber of the actual combustio®fgS- = 0.07 < 1.
The different expressions obtained for the eigenfrequenaie gathered in tabfel, where
Z takes vanishing small values. Numerical values for the tvat éigenfrequencieg’ and
f! are computed in each case. The combustion chamber temgcisataken equal tdc =
1500K in the reactive case. The flame temperature for a propanmiature equivalence
ratio of ® = 0.8 is about1800 K. Flame was shown to be compact (chaf@pand extends
at a maximum ofl0 cm inside the50cm long combustion chamber. Measurements with a
thermocouple in the last section of the chamber were peddrimthe reactive configuration.
The temperature of the hot gases in this region was foundtdiot 1300 K. A temperature
of 1500K appears as a reasonable good average for the followinglatitns in reactive
cases.
The case of a single closed-open tube of length Lp + Lo (table6.1, Al), is used to check
the validity of the general form of the dispersion relatibn= 0 and serves as a reference
case. Eigenfrequencies take in this case the classical dbrquarterwave modesff =
(2n 4+ 1)c/4L). In the case of an anechoic inlet (talfiel, A2), any frequency propagates
freely in the pipe.
The actual burner geometry features an important area sigraratioSp/Sc < 1 between
the premixer and the chamber, leading to small values ofdependently of the temperature
distribution (cases B1 to B4).

o With a fully reflective inletR = 1 and a uniform temperature distribution (B1), eigen-
frequencies are decoupled and can be associated eithethsifiremixer lengthl p
(fg = (2n + 1)c/4Lp) or with the chamber lengthe (f& = (2n + 1)c/4L¢). The-
ses eigenfrequencies correspond to quarterwave modesaesowith each element
separately considered as isolated closed-open tubesh atembtained whef takes
vanishing small values. It is shown that the two first eigedasfeature well separated
eigenfrequenciesfy = 163Hz and f% = 369 Hz when both temperatures are equal,
Tp = Tc = 300K. WhenT¢ = 1500K andT» = 300K, these eigenfrequencies are
f& = 364Hz andf? = 369 Hz.

« When the premixer inlet features an anechoic terminafion- 0, corresponding to
cases B3 and B4, the system acoustics behave like an opeiftipgppremixer) con-
nected to a very large volume (the chamber). As a consequangdrequency may
propagate freely in the premixer tube and there is no modattsire associated with
the premixer length. The eigenfrequencies are those ofdimdastion chamber, which
are of quarterwave type. Their frequencies are a functiothefsound celerity and
therefore of the gas temperatdfe, f& = (2n + 1)cc/4Lc with cc = VyrTe.

This acoustical analysis shows that the eigenfrequentia® @ombustor are linked to quar-
terwave modes associated either with the premixer or togdh#astion chamber length in the
limit cases of small values of the parameferWith a fully reflective premixer inlet = 1),
the modal structure is a combination of the quarterwave madé¢he premixer and of the
chamber. When the inlet is replaced by an anechoic termimg@t = 0), only quarterwave
modes of the chamber remain. The presence of hot gases imameber raises the sound
celerity and thus increases the eigenfrequencies of thalodito values close to those of the
premixer.



- [r| Tk ] =] D | f"[HZ] | f°lH7 [ fi[Hg
Al | 1 | Tp=Tc=300]| 1 coskL fr=0@n+1)5 | fr=113 339
Bl |1 |Tp=Tc=300 | <1 coskLpcoskLc fp=02n+ 1)4LCP 2 =369

fo=0m+ ) | f2=163 | f& =489
B2 |1 Tp = 300 <1 | coskpLpcoskcLe | fR=(2n+1) 4CLPP 2 =369
Te = 1500 fE=2m+ 1) 5 | f& =364 | f&=1093
A2 |0 |Tp=Tc=300| 1 - ;
B3| 0 |Tp=Tc=300| <1 coskLc fa=0@n+1) | fo=163 | fb=489
B4 | 0 Tp = 300 <1 coske Lo fo=@n+1)£ | fo =364 | fb=1093
Te = 1500

Table 6.1: Analytical evaluation of the eigenfrequencied dispersion relation equations as functions of the réfleatoefficientR at the
premixer inlet, the temperatures of the premiXerand of the chambéf and for two limit values of the area expansion rafio
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6.1.2 Influence of the area expansion ratio

Solutions of the dispersion relatidd = 0 are now envisaged numerically for finite values
of the parameteE in the isothermal configuration. In this case, the eigenfeegies of the
coupled cavities cannot be anymore identified as quarterwendes of either the premixer or
the chamber and are notgg .

The case of a premixer inlet reflection coefficiéht= 1 is first examined. The evolution of
the three first eigenfrequencig8;”"? is presented in figuré.2 using black solid lines. In
this figure, frequencies are normalized by the vafye= 113 Hz which corresponds to the
frequency of the quarterwave mode of a single tube of totajtlel. = Lp + L, obtained
when= = 1. Horizontal dashed-dotted lines in this figure correspanth¢ fundamentaf;,
and its first harmonic8 f;, and5f;,. Dashed lines indicate the fundamenfgland the first
harmonic f{, modes associated with the combustion chamber length, antltidamental
modef?, associated with the premixer length.

When the paramete¥ is reduced, the area expansion ratio between the premixkthan
combustion chamber increases. The fundamental oscilléguencyf - deviates from the
quarterwave modg;, associated with the total length whénh= 1 to reach the frequencf,

of the first quarterwave mode associated with the combustiamber length whe& = 0.

In the meantime, the first harmonic frequengy,, deviates from the eigenfrequency of the
first harmonic3 f;, whenZ = 1 to reach the eigenfrequency associated with the quarterwav
mode of the premixef® for = = 0. The second harmonif? . decreases from the third
harmonics f;, associated with the single tube to reach the values of thenfirsnonicf/, as-
sociated with the chamber length. It can be noted that thditateeigenfrequencief . and
fpc increase with decreasirfg, while the thirdf3 . decreases with decreasifg Once=

is lower than0.8, the area change is important enough to deviate the eigprédneies from
the harmonics associated with the total length= (2n + 1)c/4L.

The actual complexity of the premixer inner geometry is nmisidered in the developed
model. The parametét takes only into consideration the cross-section of the pr@nchan-
nel Sp. In the combustor setup, the paramefetakes thus a small value = 0.07 in non
reactive isothermal configurations. Eigenfrequengigs in this case are thus very close to
those determined analytically in case B1 (ta®l®. It will however be shown that the air and
fuel manifolds connected to this channel modify the systayardrequencies. The presence
of these manifolds can be considered, in a first approximakip increasing the surface area
Sp to include the open area from these manifolds. The exact ipeemetry is sketched in
figure6.3. Fuel and air, fed in the external plenum, enter the prentkannel through two
lateral rectangular slits. Taking into account these éalthtl open sections yields to an area
expansionrati®p /S = 0.22. The expected eigenfrequencies in this situation are tieset
of coupled-cavities modes (figu6e2).
The three first eigenfrequenciﬁgo’l’2 are summarized in tablé.2 for a premixer inlet
reflection coefficientR = 1. Frequencies are given for three values of the area expansio
ratio: 0, 0.07 and0.22. When the premixer inlet is anechoig, = 0, the eigenfrequencies
correspond only to those associated with the chamber lefigith= (2m + 1)cc /4L and
depend only on the gas temperatlie. There is no effect of the area ratiy- /S except
whenSp = S¢, which corresponds to case B2 where all frequencies prapaga
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Figure 6.2: Evolution of the three first eigenfrequencigg. with the parametef for an
isothermal configuratiofi' = 300K. Frequencies are normalized lfy = 113 Hz, the fre-
guency of the quarterwave mode of the pipe of length Lp + L¢.

Figure 6.3: Premixer inner volume in which fluids flow. Air isdfinto the plenum which is
connected to the premixer channel by two rectangular siivghich fuel is injected. Courtesy
of M. Leyko (Cerfacs).

Te = 300K Te = 1500K

= | 12 | fhe | foe || £2c | fhe | fRe
0.00 163 369 489 364 369 1093
0.07 | 157 363 500 326 408 1050
0.22 146 354 519 294 439 1028

Table 6.2: Theoretical eigenfrequencies computed With= 300K and R = 1, for the three
values of= considered in this study.
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6.1.3 Influence of the temperature ratio

Solutions of the dispersion relatidd = 0 are now envisaged with emphasis on the effect
of setting different temperatures in the premixer and thalmastion chamber. The influence
of the temperature rati®» /T is examined for a fixed expansion rat¥p/Sc = 0.07 in
figure6.4aand forSp/S- = 0.22 in figure6.4h The evolutions of the eigenfrequencies of
the three first modeg2., fp., and f3. are plotted as functions afp /T with solid lines

in figures6.4. Evolutions of these eigenfrequencies are compared tagons of asymptotic
solutions, which are calculated using the analytical essioas of the quarterwave modes
eigenfrequencies of the chamhgr = ¢ /4L and of the premixef? = c¢p /4L p obtained
whenZ= = 0 (cases B1 and B2). The influence of temperature on thesemudus taken
into account only through the sound celerity. The premigengerature is kept constant at
Tr = 300K, resulting in a constant valug’, = 369Hz (fig. 6.4 horizontal dashed line).
The chamber temperature is increased ffim= 300K to T = 2000K. The associated
eigenfrequency therefore also increase whefiT¢ is reduced;f® = /4rTc /4L (dashed-
dotted line, fig.6.4).

It can be noted in figur®.4 that asymptotic solutions cross B¢ = 1540K. For cham-
ber temperature higher thars40K, f& > f%. When solving the exact dispersion rela-
tion, this frequency crossing does not occur, and the matlalihierarchy remains the same
f2c > fbe > [ for all temperatures. The fundamenggl. increases with the chamber
temperature, following the asymptotic solutigih. When the temperature is further increased,
it tends toward the asymptotic eigenfrequency associaitbdie premixer quarterwave mode
f%. Inthe meantime, the second eigenmgge shifts slowly towards frequencies higher than
[, reaching values associated with the chamber asymptagitewave modg?..

In the practical configuration, the average chamber tenperas estimated arouritl- =
1500K vyielding to the eigenfrequencies gathered in t&h& computed forSp /S = 0.07
and0.22 for the three first eigenmodes.

It was shown that the modal structure is very dependent oarige expansion ratio between
the premixer and the combustion chamber. For a very largéosedifference between the
premixer and the combustion chamb8p( S = 0.07), the modal structure is governed by
almost uncoupled eigenfrequencies associated eitherthétipremixer or with the chamber
lengths. These eigenfrequencies correspond to quartermades of isolated open-closed
cavities in an isothermal configuration. When the open afehe premixer manifolds is
taken into account{p/Sc = 0.22), the theoretical eigenmodg$, . of the combustion rig
corresponds to coupled-cavities modes, and cannot beiatszbeavith quarterwave modes.
When the chamber temperature is increased, the eigenfreigseof the modes associated
with the combustion chambef, and f%. are strongly increased, while the eigenmode
associated with the premixgf . evolves much less.

It was also shown that the reflection coefficient at the premixlet essentially controls the
presence of the eigenmodes within the premixer, with noémibe on the combustion chamber
acoustics, when the area expansion ratio is large. Whetintisis set anechoic, no modes
propagates in the premixer, but this has a priori no influemcéhe eigenfrequencies of the
combustion chamber.

These predictions are compared in the next section to erpatal data obtained by external
acoustic forcing of the facility with a loudspeaker in thesabce of combustion.
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Figure 6.4: Evolution of the three first eigenfrequenciesiddines) with the temperature ratio
compared with theoretical evolutions of the quarterwaveenassociated with the chamber
f& = cc/4Lc (dot-dashed line) and with the premixg$ = cp/4Lp (horizontal dashed
line), for a fully reflective inletkR = 1.
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6.2 Acoustic characterization of the facility: isothermalex-
periments

An experimental characterization of the acoustic sigreatifrthe combustion rig is now un-
dertaken in cold flow configurations. Results are comparedddel predictions. Influences
of the manifolds and of the airflow injection are first exantine

6.2.1 Experimental protocol for external forcing

The acoustic response of the combustion facility to exidoraing using a loudspeaker has
been investigated in three different configurations slexldh figure6.5. These experiments
were carried out to determine the influence of the premixempex geometry on the com-
bustion rig modal structure. Tests were made first withaudad fuel manifolds connected to
the premixer channeb(5a). These feeding lines constitute a complex network ofsland
volumes connected radially to the premixer inner chanmel aae used to convey the fresh re-
actants. Tests were then conducted with connected masifb), without and with airflow
injection. In this last case, the massflow injected throdghrhanifolds equals the one used
for the nominal reactive case.

) g © 0 © © O

LT
l

==
b g © © © © © ©
= =

Manifolds Ig

Figure 6.5: Two different configurations of the combustianility used for acoustic char-
acterization by external forcing. a) Air manifolds discected. b) Air and fuel manifolds
connected to the premixer channel, tested with and with@ssffow injection.

These experiments were made in non-reactive isothermébcwations with the same model
of loudspeaker used in the impedance tube facility. Pressignals were recorded by eight
microphones M1 to M8, positioned in the premixer and the agstibn chamber as indicated
in figure 6.5. Microphone M8 is placed outside the chamber,above theecefitthe loud-

speaker, at the same height as the chamber microphones sumdhe direct response of
the loudspeaker. The input forcing sound level was not kepstant in these experiments
throughout the frequency range explored. However care akatto impose the same input
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voltage amplitude to the loudspeaker for each forcing feeqy during all tests. Results pre-
sented here yield quantitative information only when coragdo each other. The rest of the
setup is identical to that presented for the impedance tatiéty (see chapteB). A signal
generator is used to sweep frequencies in the range- 1000 Hz. Frequency sirens were
preferred to harmonic excitations for these experimenisés Tast method provides good sta-
tistical convergence of the signal but require a very langmlper of acquisitions to achieve a
correct frequency sampling on such a frequency span. Tter laethod is now briefly de-
scribed. Frequencies are swept frgM;tia 10 ffina With a siren signal of duratioffs;, e,
and a linear growth rate=2 = (ffinat — finitia) /Tsiren. The frequency response measured
by the eight microphones M1 to M8 is computed using Shortelaurier Transform (STFT).
Considering a signal sampled at a frequelficyith a total number of sample® NV, decom-
posed intaM windows of N samples each, the frequency resolution of the Fourier aisaly
isAf = fs/N. Each window has a time duratid¥/ f,, during which the forcing frequency
should stay constant to perform correct Fourier analysignBure this condition, the increase
of forcing frequency during the sweep over the window mussieller than the frequency
resolution of the FFT over the same window. This yields tHie¥dng condition:

T < Af (6.17)

N
fs —

However if the frequency growth rate is smaller than the destcy resolutiont =2 < Af?

, the frequency increase from the Fourier analysis dvewindows, M A f, is greater than

the frequency increask,;,..,, /72 of the forcing siren. Combining these two conditions, the

growth rate of the siren should be chosen equal to the squidhe drequency resolution to

perform a correct Fourier analysis with this type of modolat

7= Af? (6.18)

In addition, the Shannon theorem must be fulfilled. The sarggtequency must be chosen
at least twice greater than the highest forcing frequeficy; 2 ffinqi. A good representation
of the signal amplitude requires more sampling points. Huiable to acquire at lea$d
points per period. This yields a condition on the samplirgiérency: f; > 10 ffinq. The
total number of samples is linked to the frequency resatutio

MN = Af—;-g(ffinal - finitial) (619)

The higher the sampling frequency and/or the lower the splesolution, the higher the
number of points to be acquired. Finally to make use of FFTortlgms, the sampling
frequency and the number of samples should be powers of twqrdctice, a single fre-
quency sweep fronfinitiar = 100 t0 frina: = 1000Hz implies a sampling frequency of
fs = 16384 Hz. If a frequency resolution oA f = 4Hz is expected, this implies a siren
durationT;,..., = 56.25s and a total number of sampl@sN = 921600 per channel. This
amount of data is too high for the analog-to-digital boatt gquips the acquisition system.
As a result, thed00 Hz frequency span was swept by two overlapping sirens wiintidal
acquisition parameters. The first sir8th spans frond8 to 578 Hz and the second2 from
538 to 1018 Hz. They both have a frequency growth raterof = +16 Hz.s™! for a duration



6.2. ACOUSTIC CHARACTERIZATION OF THE FACILITY: ISOTHERMA EXPERIMENTSL11

Siren finitiul ffinal T2 Tyiren fs Af Number of Samples
Hz Hz | Hz/s s Hz Hz
S1 98 578 16 30 16384| 4 491500
S2 538 1018 16 30 16384| 4 491500

Table 6.3: Siren parameters

Tsiren = 30s. A total 0f491500 samples were therefore digitized from each microphone
output, with a resolution oA f = 4Hz. These various parameters are gathered in &Ble
Lowering the sampling frequendy has only a weak influence on the total number of samples
to record. Reducing the frequency resolutidvyi is more efficient, but might lead to losses of
some important dynamics.

An example of results obtained with the first siihis presented in figuré.6. The frequency
evolution with time is plotted on top. Evolution of the press fluctuations measured by
microphone M8 placed directly above the loudspeaker. Thpamses recorded by M1 in
the premixer channel and M5 in the combustion chamber a¢edlas a function of time.
The top graph shows that the amplitude of the forcing sighalbit constant with frequency.
The modulation level is lower tha?0 Pa over the whole frequency span. Bel@a0 Hz,
corresponding to times shorter tha@s, the forcing level is weak. It can yet be seen that
the response measured by microphone M1 in the premixerrésakarge oscillations, with a
signal to noise ratio sufficient to detect preferential frexcies. In all the following graphs,
data have been normalized by the signal measured by micnegti8.

6.2.2 Influence of the premixer air and fuel manifolds

The influence of the air and fuel manifolds is now investigafehese manifolds consist in the
cylindrical enclosure in which reactants are fed as showigime6.3. The premixer channel
is located in the center of these manifolds and is conneggesvb radial rectangular slits
through which air and propane are injected. These manitolelsot taken into account in the
model developed in the previous sect®i. A crude approximation is to include the associ-
ated open surface of the plenum into the calculatiof ©f As presented previously, the area
expansion ratio then increases framn= 0.07, when only the premixer channel cross-section
is considered, t0.22 when the air and fuel manifolds area is included. This is\egjant to
replacing the value of the inner channel diamete3tafnm by 53 mm.

The signature of the combustion facility is first characted with these manifolds discon-
nected from the premixer channel; the slits were filled wigmgk metallic foam, taped in-
side the inner channel with rigid aluminium tape. The preaishannel is then of constant
section, acoustically disconnected from the plenum. Thenprer inlet impedance control
system (ICS) is used with plate P4 to set different valuesefreflection coefficienk and

to study modifications of the acoustic response. Figureshows the acoustic response of
the facility at the different microphone locations M1, M25MM6 and M7 (see figuré.5
for microphones positions). The evolution of the reflectoefficient at the premixer inlet is
plotted as a function of frequency in the top graph. Two casegresented, one where the
reflection coefficient is maximum (dashed line) obtainedhaiitt back-cavity [ = 0) and a
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Figure 6.6: Example of the siren forcing signal used for atioicharacterization of the com-
bustion rig. The top graph shows the frequency evolutiom wihe imposed by the signal
generator. The second graph corresponds to the tempanal sipasured by microphone M8
located directly above the loudspeaker. The two last grapbw the response signals in the
premixer (M1) and the combustion chamber (M5) respectively
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Figure 6.7: Acoustic signature of the combustion faciligugped with the ICS and plate
P4, for two impedance conditions at the premixer inlet. Aidduel manifolds are discon-
nected from the inner channel. Top graph: evolutioh®jfof plate P4 with frequency. Other
graphs show from top to bottom the power spectral densitjgesof the signals measured by
microphones M1 to M7 downstream of the perforated plate atim&d by the power spectral
density Pgg of the signal measured by M&. = 0 (dashed line)L = L,,: ~ 35cm (solid
line).
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Manifolds H = H H Premixer Chamber
rig 0 1 2 3 0 2 3
Disconnected 0.07 Exp 184 340 516 800 | 184 516 800
Disconnected 0.07 || Model || 157 363 500 815 | 157 500 815
fe o 1 2 3|0 2 3
o o 1 2 3|0 2 3
Connected Exp 184 270 516 800 | 184 516 800
Connected 0.07 || Model || 157 363 500 815 | 157 500 815
Connected 0.22 || Model || 146 354 520 812 | 146 520 812
fPe 0 1 2 3 0 2 3

Table 6.4: Eigenfrequencies detected in the premixer amdliamberf;; with and without
air and fuel manifolds and a premixer inlet reflection coéffit| R| = 1. Data are compared

to theoretical predictions, and associated with theaabtimdesf 7.

second situation (solid line) where the reflection coeffitieaches a minimum gt~ 200 Hz
and f ~ 550 Hz. It is worth noting that in the model proposed in sectfoh the reflection
coefficient was assumed to be constant over the whole freguamge, a condition which
cannot be achieved in practice.

The two upper spectral densities in fig@.& are measured inside the premixer, and the three
others are measured inside the combustion chamber. Faureiney peaks emerge from the
background noise in the premixef? = 184,340,516 and800 Hz. They are indicated in the

719
figure by vertical solid lines. A double peak structure issdégd aroung®. ~ 184 — 200 Hz.

The peak ali84 Hz is strong in the premixer, but is overcome by thegpeaikoale in the
chamber. The small peak #f;, = 340Hz is not detected in the chamber. These frequen-
cies are close withi20 Hz to the predicted eigenfrequencies obtained ity S = 0.07
(table6.4). Indeed, the fundamental is predictedfdt. = 157 Hz and the first harmonic at
b = 363Hz. Differences may be attributed to the details of the remingetry which is
more complex than that being modelled. The third harmonitetected aff’;, = 516 Hz.
This peak is very strong in the whole facility. Lastly, theageat ﬁig = 800 Hz can be asso-

ciated with the fourth harmonic predictgd .. These results are gathered in tablé

The influence of the premixer inlet reflection coefficientdgiceable in the spectra measured
in the premixer. The energy content within the peaks is redwchen the reflection coefficient
is low. The pressure peaks ft, ~ 184 — 200Hz and atf?;, = 516 Hz are strongly attenu-
ated in this situation. The eigenmodeffﬁ)ﬁg = 516 Hz is also damped inside the combustion
chamber. It was noticed that beyorid= 600Hz, a poor signal to noise ratio is obtained
for the measurements in the premixer, albeit the signalrengtinside the chamber. The
large area reduction between the chamber and the premieerssi® act as a low-pass filter

for the external acoustic excitation from the loudspeabeated at the exhaust of the chamber.

The structure of the three first eigenmodes is now invegithand compared to theoreti-
cal predictions of the pressure distribution, calculatéh\v& = 0.07. For such a low area
expansion ratio, the theoretical eigenfrequencies arg slese to the asymptotic solutions
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Figure 6.8: Comparison between the measured pressuresstamtes) and the theoretical
predictions (lines) calculated withip = T~ = 300K, = = 0.07 andR = 1 for the three first
detected eigenmodes in the case of disconnected manifolds.
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calculated with= = 0 in the dispersion relatiofi’. . ~ f2, fho ~ f®. Results are plotted in
figure6.8for the three first eigenmodesf;;, = 184 Hz, f};, = 340Hz andf?, = 516 Hz,
The absolute pressure amplitude measured by microphong NIk x)| is normalized by the
pressure amplitude measured by M1(M1)]. Itis then multiplied by the phase of the cross-
correlation between microphones Mx and M1 at the frequehayterest® = arg(P, 1(f))

to obtain the shape of the pressure distribution in theifpcMicrophone M1 is used as a ref-
erence since it is always located very close to a pressuioalet The predicted eigenmode
structures fit correctly the observed pressure distribygspecially for the second modg g

It can thus be concluded that the three measured frequeradys pi,éijo’l’Q corresponds to

the three predicted eigenfrequencid ™"* when= = 0.07, which also closely follow the
asymptotic valueg?, f2 andf. obtained for uncoupled cavities, wh&h= 0.

The air and fuel manifolds are then reconnected to the premulxannel. The acoustic re-
sponses with and without air and fuel manifolds are plottegkther in figures.9 for a back
cavity depth set to zero corresponding to an almost peyfesfilecting premixer inletg ~ 1).
The three eigenfrequenci¢s,, detected when the manifolds are disconnected are indicated
by vertical solid lines in the figure. An additional frequgmpeak is measured when the man-
ifolds are connected to the premixer chanﬁglg = 270Hz, indicated by a vertical dashed
line. The influence of these air and fuel manifold is notideam the acoustic signature of the
premixer (M1 and M2). The frequencies of the peakg af and /7, are almost unchanged
when manifolds are connected but the peakr%yt disappears because the signal to noise ra-
tio above600 Hz becomes very low. One can also observed that the secossupegpeak at

}ig = 340 Hz disappears and that a new peak is detectéd‘igt: 270 Hz when manifolds
are connected. A first assumption is that this is the res@tfcfquency shifting of the second
eigenmode, induced by the presence of the feeding lineeise combustion chamber, it
can be noticed that when the manifolds are connected, theey little signal below00 Hz.
The first eigenmodg);, and the new mode &, are barely visible. The manifolds have no
influence on the other eigenfrequencjgs andf7;, .
The detected frequency peaks are compared to theoretegtitfions, computed with an aug-
mented area ratiSp/Sc = 0.22 and a constant temperatuife = T = 300K in table6.4.
Increasing the area expansion ratio has only a limited inflaeon the theoretical eigenfre-
quencies of the coupled-cavities modes. Indeed, the firderimpredicted afd = 146 Hz,
which is a bit lower than that measurgf], = 184Hz. The eigenmodes gt and [
are predicted withiri0 Hz of their actual values. The second mode is however prediiat
b = 354Hz, and the model fails to predict the new peak frequeﬁﬁ;)j = 270Hz. To
determine the nature of this pressure p@&}g, the structure of the pressure distribution of
the three first detected peakg(, F);, and f7,) is compared to the theoretical predictions
at fggo"l’Q in figure6.10 Predictions are presented for two values of the area eigraretio
Sp/Sc = 0.07 and0.22 to further examine the influence of this ratio. The structfréhe
mode associated with the first pressure pﬁ,%}!,( = 184 Hz is first presented in figuré.10a
As explained in sectio®.2.1, the external modulation belo@00 Hz resulted in low signal
to noise ratio in the combustion chamber. This may accountif® discrepancy observed
between measurements (circles) and theoretical shapes)(liHowever the phase difference
between the pressure signals in the premixer and the chasbetl retrieved, and this first
peak can be associated with the first coupled-cavities gigee /.. The mode associated
with the second frequendy’;, = 270 Hz is compared to predictions #ib ~ 354 — 363 Hz
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Figure 6.9: Comparison between the acoustic response abtnbustion facility with (solid
line) and without air and fuel manifolds (dashed line) cartad to the premixer channel, for
a back cavity depth set to zer& (~ 1).
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in figure 6.10b Even though the eigenfrequency is not correctly predijctieel theoretical
pressure distribution fits correctly experimental datais donfirms that this frequen }ig
may be associated with the second eigenmfjdde. When air and fuel manifolds are con-
nected, the mode shifts froif};,, = 370Hz to F}};, = 270 Hz but keeps the same structure.
Finally figure6.10ccompares predictions gt = 500 — 519 Hz with experimental data
at f%, = 516Hz. The predicted structure follows the evolution of the mead pressure
distribution, linking this frequenc fig to the third eigenmode of the coupled-cavities con-
figuration. It can be noted that the area expansion ratio hsaweak influence on the
predicted pressure distribution and eigenfrequenciell cases investigated.

In conclusion, the four dominant peak frequencies that veeperimentally observed could
be associated with the eigenfrequencies predicted by tliein®he modes associated with
the chamberfp, ~ f& ~ 184Hz, fi, ~ fL ~ 516Hz andf}, ~ f& ~ 800Hz are
unaffected by the modifications of the acoustics within thengxer when the air and fuel
manifolds are connected. It can also be noted that the tijeheodef? . ~ f. appears as
a preferential mode of the whole rig, while the fifgt, ~ f2 is rather weak. Air and fuel
plenum and feeding lines strongly modify the frequency eiséed with the second eigenmode
fpbe, yielding to an actual observed frequenE)}ig ~ 270Hz much lower than the value
fbe ~ f% =~ 360Hz predicted by considering the premixer as a tube of cohstarss-
section. These results are gathered in tébde

6.2.3 Influence of a mean flow

The influence of the air injection in the system is invesggah the absence of combustion in
this part. Preliminary results, not plotted here, were ioletéh without external forcing by the
loudspeaker, to evaluate the sole influence of the air iigjedh the system. These results in-
dicate that injecting the nominal massflow ratg = 42 Nm*h~! in the premixer, through the
manifolds, creates a broadband low frequency backgrouisg n@his turbulent flow excites
the first eigenmod fl-g but with a relatively low amplitude compared to the resulitained
with external forcing. In the premixer (M1 and M2), this mo@atures a peak level equal
to 40 [A.U]. In the chamber this level does not exceed[A.U], to be compared to the few
hundreds of [A.U] obtained using a loudspeaker in fighuL

Effects on the acoustic response of the combustion rig oftautent flow circulating through
the burner is now investigated using superimposed extaomaistic forcing. Results plotted in
figure6.1lindicate that the main consequence of the airflow injecsangeneral increase of
the pressure level, especially at the eigenfrequenciesusly detected',’ . This is accom-
panied by a low frequency broadband noise bel6@/Hz in the premixer. No new frequency
peak is promoted. It should be noted that the pressure amdplin the premixer (M1 and
M2) is multiplied by a factorR by the presence of the injection. In the chamber, levels are
multiplied by almosti0. The response of microphone M4, located at the junction éetvihe
premixer and the combustion chamber has been representteel third graph. It exhibits a
poor signal to noise ratio, for all frequencies, in all confafions investigated. This micro-
phone appears to be always located near a pressure noden beasoted that microphone
M4 features an important broadband noise for frequencigdsehitharz00 Hz when airflow is
injected. This microphone is located at the exhaust of teenpter inlet, where it may mea-
sure broadband pressure perturbations associated witturin@ent flow separation in this
region of abrupt geometrical change. In conclusion, themtedoulent flow within the com-
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(a) Structure of the first mode measuredfﬂ;g = 184 Hz
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(b) Structure of the second mode measuredFﬁLtq =
270Hz (circles), compared with prediction a‘t}pc =
363Hz (= = 0.07, dashed line) andfL,, = 354Hz
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(c) Structure of the third mode measuredfﬁltq = 516 Hz
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Figure 6.10: Comparison between the measured pressuressf@eles) and the theoretical
predictions (lines) calculated withp = T~ = 300K, = = 0.07 and0.22 and R = 1 for the
three first detected eigenmodes in the full configuration.
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Figure 6.11: Influence of a mean flow injection on the acoustsponse of the combustion
facility with fully reflective inlet (. = 0, |R| ~ 1). Solid lines indicate the case with no
airflow, and dashed line the case wherg = 42 Nm>h~! of air is injected in the combustion
rig through the manifolds.
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bustion rig does not modify the frequencies of the dominaoti@s previously observed. It
also demonstrates that it was relevant to discard the méacityeeffect in the acoustic model.

This acoustic characterization by external acoustic fgyaf the CTRL-Z facility, in non-
reactive configurations, has highlighted effects of théaair injection, the premixer inlet
impedance and has stressed out the influence of the prenei@eragry on the acoustic signa-
ture of the rig. The frequencies and structure of the maiaaletl peaks were compared to the
theoretical predictions of the model presented in se@idnThe injection of airflow through
the air and fuel manifolds does not modify significantly tregluencies of the detected peaks,
either in the premixer or in the chamber, since the flow Macmioer remains small. It was
then demonstrated that tuning the premixer inlet refleataetficient with the ICS effectively
modifies the acoustic response of the rig, yet most significanside the premixer. Two
configurations of the premixer were studied: (1) withoutamd fuel manifolds connected,
and (2) the complete geometry with connected manifolds.oth bases, four pressure peaks
o Were detected. With disconnected manifolds, the corredipgrfrequencies could be
linked with theoretical predictions of decoupled modespamted either with the premixer
length f\;, ~ fp = 363Hz, or with the combustion chamber lengff}, ~ f¢ = 157Hz.
The measured pressure distribution through the rig wasesstully compared to the theo-
retical mode shapes, hence confirming the association. fdsepce of the manifolds does
not modify the frequency of the peaks associated with thenttea (), ~ f&, f7, =~ f&
and fig ~ f%). These manifolds however induce a frequency shift of ticeise mode from
4ig =~ [P = 340Hz to ), = 270Hz. The model cannot explain this shift, even when the
area expansion ratio is increased to take into account tié@thl open area from the mani-
folds. However, the pressure distributions of the three dibserved peakg’; ., F;, andfZ,
were correctly compared to the theoretical mode shgpes f and /3. This confirmed
that the second detected peﬁ,ﬂgg = 270Hz can be considered as the second eigenmode of

the structure.

Such characterization could not be conducted in the remactges, because the combustion
rig is not equipped with an actuation device powerful enouigte loudspeaker, placed at the
burner outlet is not suited to withstand high temperatutesutput power would also not be
sufficient to overcome the core noise generated by the flarherefore the modal structure
in the reactive case is examined without external forcingade the flame being used as an
internal broadband noise source.

6.3 Acoustic characterization of the facility: reactive cae

Spectral analysis of the wall fluctuating pressure signaasured by M1 to M8 can be used
to detect the dominant oscillation modes when the combistgperated. The measurement
setup is similar to that used in non-reactive cases. Figur2indicates the position and num-

bering of the different microphones used.

In the section dedicated to the control of instabilities bgdification of the premixer inlet
impedance, the Power Spectral Densities distributionsimihe premixer and the chamber
were already presented. It was shown that, in these uns&dilees, the spectral response is
dominated by an instability peak which lies in the low fregagrange.
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|
Figure 6.12: Microphones numbering starting from the partied plate.

Figure6.13shows the PSD measured in the nominal regime with an equvalatiod =
0.82 and a staging ofv = 14.3% for two values of the premixer inlet impedance. In this
configuration, a strong instability occurs A, = 272Hz. Two harmonics appear at0
and810Hz on the spectra.When the reflection coefficient takes ldwesdR| = 0.17, the
instability is damped by 0 to 20 dB. The instability frequency can be compared to the model
predictions obtained fofx = 1500K and7pr = 300K, (cases B2 and B4 in tablg 1) to
determine its origin.

For an area expansion ratio which takes the manifolds ateagtountSp/Sc = 0.22, the
two first eigenmodes are predictedf@, = 294 Hz andf} = 438 Hz. The third mode oc-
curs atf#. = 1028 Hz and can thus not be associated with observed pressure. frafirst
modefP . is close in frequency to the instability pedi, ;. However cold flow experiments
have highlighted the fact that the model does not correctigiot the eigenfrequency of the
second mode},. when the premixer complete geometry is considered. Therefonclu-
sions on the nature of the instability peak cannot be draviy lmyn examining the eigenfre-
guencies. The modal structure must be examined, as in tbdloal experiments.

The shape of the pressure distribution measuredi,at = 272Hz is thus compared to
the model predictions in figuré.14afor the first eigenmodg . and6.14bfor the sec-
ond eigenmodg -~ where two values of the area expansion ratjg/ Sc = 0.07 and0.22
are considered. The first eigenmode is predictefflat = 326 Hz for Sp/Sc = 0.07 and
I2c =294Hz for Sp/Sc = 0.22. Itis clear from figures.14athat the pressure distribution
does not reproduce the experimental observations. There Eessure node between M4
and M5. Pressure oscillations are also predicted in phaseeipremixer and the chamber,
which is not observed on the combustion rig. The pressutdhiiton is thus compared to
that of the second eigenmode predicted gt = 408Hz (Sp/Sc = 0.07) or f} = 438 Hz
(Sp/Sc = 0.22) in figure6.14h Predictions are in this case in better agreement: a pessur
node is calculated at the location of M4, and pressure in fa@nder is in phase opposition
with pressure in the premixer. As a conclusion, the measpresssure distribution af;,, s
corresponds to the modal shape associated with the secganeddef ., which closely
follows the asymptotic solution associated with the premfundamentaf;. ~ f2.

The dominant instability mode can thus be related to thersteiggenmode predicted by the
couple-cavities model, despite the discrepancy on thenéigguency. As already observed
in the cold flow experiments, the presence of the air and fualifolds accounts for a large
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Figure 6.14: Comparison of the measured acoustic pressstrédtion at f;,,s; = 272Hz
with the model prediction, for two values of the area expamsatio. Symbols indicate ex-
perimental data. Dashed line indicates the predictiort&&gtS- = 0.07 and the solid line at
Sp/Sc =0.22.

part of the frequency difference. It was shown in the paramstudy of this model that this
second mode is closely linked to the quarterwave mode of thmiger. This mode is quite
sensitive to the premixer inlet impedance and thereforkedCS.

The structure of the pressure distribution within the setiifhe main pressure oscillation at
finst = 272Hz is now examined for two premixer inlet reflection coeffidcorresponding
to a soft|R| = 0.17 and a hardR| = 0.8 boundary conditions at;,s: = 272 Hz in figure
6.15 The pressure amplitudes measured by each microphonegranalized by the pressure
amplitude of M1, which also serves as the reference for timepeation of the phase laf)
between the microphones. For an hard infet = 0.8, the pressure fluctuation amplitude
reacheg, (M1) = 266 Pa, while for a soft inlefR| = 0.17 it reaches only; (M 1) = 16 Pa.
The normalized pressure distributions are similar for gydmixer inlet conditions. Pressure
is maximal at the premixer inlet. It steeply decreases aadhes zero between microphones
M4 and M5, in the flame region. In the combustion chamber,qumespasses by a maximum,
about half the absolute value measured in the premixereimilddle of the chamber and then
decreases to reach zero at the exhaust of the rig. Examinaftine phase between micro-
phones has shown that there is no noticeable effect of theolCtBe phase of the pressure
distribution.

A direct consequence is that the acoustic velocity is mariniu the flame region, at the
junction between the premixer and the chamber. The flamemndigsés very sensitive to ve-
locity oscillations in that region which explains the stgditeme-acoustic coupling observed
at finst = 272 Hz when the premixer inlet is almost perfectly reflective. &flthe ICS is used
to lower the value of the reflection coefficient, the ampléwd the velocity fluctuations in the
flame region is also diminished, which in turn damps the it

As shown in the preceding chapter, it is also interesting<emene the correlation between
the acoustic field and the heat-release rate fluctuatiomeiodmbustor. It was shown that the
Rayleigh source term in the acoustic energy balance is ptiopal to such correlation:
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This is realized by computing the Cross Power Spectral Det3in, 15 between the pres-
sure fluctuations in the flame region, measured by M5, anddhiations of the heat-release
rate estimated using photomultiplier tubes (see ch&df@rmore details on the setup). It can
however be interesting to analyze this relation using themicrophones. This is achieved
by computing the CPSD between the PMT and any microptiéng s, which is then nor-
malized by the CPSD between the PMT and M5z, 5.

The normalized CPSD amplitud®y s a1,/ Ppas, s is plotted, at the instability frequency
finst = 272Hz in the upper graph of figug 16 and its phase is reported in the lower graph.
Evolutions are compared for the two values of the premixket ireflection coefficient. As
studied in chapteb, when the combustion is unstable, the heat-release rattharmessure
oscillations in the flame region feature a phase shift lolvan90 °, satisfying the Rayleigh
criterion. For a hard inlet,R| = 0.80, the phase lag in the flame region is ab60f and
decreases to approximatel§ © for a soft inlet,|R| = 0.17. This shift of abouB0° occurs
on all other cross-correlations. It was However previowdlgerved that modifications of the
premixer inlet condition has no effect on the phase lag ofctiess-correlation between the
different microphones. Therefore, this overall shift of tturve can be attributed to the shift
between microphone M5 and the PMT when the value of the raftecbefficient is lowered.

A consequence is that a modification of the premixer inleeogibn coefficient fromR| =
0.8 to |R| = 0.17 only barely modifies the phase lag between the pressure fieldiee
unsteady combustion dynamics in the vicinity of the flameamegThe Rayleigh criterion is
yet always satisfied, and the damping effect can be attdbutinly to the reduction of the
peak amplitude by sound absorption at the premixer inlet.
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Figure 6.16: Influence of the premixer inlet impedance onGRSD measured between the
heat-release rate and the pressure fluctuations at théilitgtkequencyf = 272 Hz. (Top)
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Concluding remarks

An acoustic model has been developed to determine the eigasiin a simplified geometry
of the facility, taking into account the ICS at the premixelet. This model highlights the
importance of the area expansion ratio between the preran@rthe chamber. When this
ratio is high enough, eigenmodes are decoupled and can beiates! with each cavity. The
predicted eigenfrequencies were then compared to thasesthined when external acoustic
forcing of the combustion rig was applied in non reactivetisomal configurations. The
importance of the premixer geometry was stressed out. thadsen the premixer is reduced
to its central inner channel, eigenmodes are correctlyiptiediin terms of frequencies and
structure. When the fuel and air manifolds are added to theajxer, the model fails to predict
the observed frequency shift of the second eigenmode, figm= 370 Hz to F,.lig = 270 Hz.
However the structure of the three first detected mgifesvas again successfully associated
with the three first theoretical eigenmodg$-. In the reactive configuration, the pressure
distribution of the main instability peak was associatethwhe second theoretical eigenmode
fhc- This mode is related mainly to the premixer. It was shown the ICS has a strong
influence mainly on the amplitude of the eigenmodes in thenpeer only. This effect is
confirmed by the acoustic model, and account for the effigiefithe ICS when the instability
is driven by the acoustic mode associated with the premigentptry.



Conclusion & Perspectives

This investigation is concerned with the influence of adoeusbundary conditions on com-
bustion oscillations, induced by a resonant coupling betwensteady turbulent combustion
and the system acoustics. Such instabilities are commardyuntered in modern lean pre-
mixed combustors and have been the subject of numerougstoecause of their impact on
practical systems. The phenomenon is complicated by the different physical processes
and interactions that must be taken into account.

The role of boundary conditions is less well studied experitally, despite its assessed im-
portance. Acoustic boundary conditions determine thectire of the acoustic field in the
system. In addition, they control acoustic fluxes at thet iatel outlet of the combustion zone.
The main objective of the present investigation was to erarttie influence of the upstream
acoustic boundary condition by developing an adaptive stominlet condition, that allows
investigation of self-sustained thermoacoustic osdilieg in a turbulent combustor.

This was achieved by designing the Impedance Control Syd@®), a passive solution to pi-
lot acoustic impedances in a wide range of operating camditiAn existing swirled turbulent
combustion rig was modified to enable detailed measurementmly inside the combustion
chamber but also inside the injection device. The ICS wasempnted in the combustion rig
to create the CTRL-Z facility. The influence of the acoustiei condition on the thermoa-
coustic coupling, during self-sustained cycles, was erathand an experimental evaluation
of the global acoustic energy balance was obtained.

ICS and high load impedance tube

The ICS is a passive acoustic control solution based on e plates. It is efficient over
a wide range of perturbation amplitudes, from a few Pascdal®dB) to high Sound Pressure
Levels about 50 dB as encountered during severe combustion instabilities.
A facility was specifically developed to study and desigrhig {CS: the high load impedance
tube. The main features of this facility dedicated to adouseasurements are:
o Its modularity and versatility,
« Air flow injections to create uniform bias flow velocity thrghi the perforates, frord
to 10ms~! as used in the present work,
o A wide range of accessible Sound Pressure Levels, oo 150 dB betweerb0 and
2kHz.
This facility was also used to develop and benchmark the dtapee measurement technique
relying on the Two-Microphone Method (TMM). This techniquas successfully used, in the
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impedance tube, to measure acoustic impedances of pegorahe TMM was also effec-
tively used to measure impedance inside the combustiomwiilg,the flame as unique sound
source. In addition acoustic impedance of active elemdiaisié anchored on a plate) was
experimentally retrieved with this technique and compaoadodel predictions.

Thanks to its modularity and its wide range of operating peaters, this impedance tube
allowed extensive parametric investigation of the ICSfdtated plates, backed by a reso-
nant cavity, with bias flow promoting vortex shedding at tperaures rim were designed on
the basis of a linear acoustic model. This model, derivetihlly by Howe (1979)and later
improved byHughes and Dowling (1990yvas studied to find optimal solutions in extended
ranges of operation. The main originalities are first theioced perforated area available in
the ICS, while the linear model was originally used to de$ggge acoustic mufflers. Second,
the ICS is an adaptive device, where piloting the back-galépth controls the modulus of
the reflection coefficient of the perforates. In contrasbustic dampers usually feature fixed
geometries optimized for one operating condition.

The preliminary analytical study of this linear model alsgttighted, for the perforates ge-
ometry of interest in the ICS, the existence of a single ogtibias flow velocity in a wide
frequency range extending froh0 to 1000 Hz. Theoretical design and results are in excel-
lent agreement with the experimental results obtainedlattievels of incident perturbations
for the complete set of perforates tested. In particular]itik between the optimal bias flow
velocity through the perforates and their geometry is corddt. It was demonstrated that the
ICS allows efficient control of the acoustic reflection caséfint of each perforate by pilot-
ing the back-cavity depth at low SPL. Further investigatieas led to measure the behavior
of the ICS with increasing SPL, eventually reaching the dugé of pressure perturbations
measured during combustion instabilities. Once reverseifigpromoted inside the apertures
of the perforates, the ICS features a non-linear resportbetioncident perturbations, and the
control capacity of the system is hindered. The experimeiatiza at high SPL could be suc-
cessfully compared to the semi-empirical non-linear madéhgard and Ising (1967)This
completes the linear model éfowe (1979) to provide a general framework for the acous-
tic response of the ICS in an extended range of incident SRpefiments indicate that a
transition occurs between the linear, bias-flow contro{lBBEC), regime and the non-linear,
perturbation fluctuation controlled (PFC), regime. A aiite was determined as a function
of the perforated plates geometry. The ICS can thus be gmiinidepending on the oper-
ating conditions (in terms of SPL) to remain in the BFC regimed achieve efficient and
robust acoustic control of strong combustion instabditie his was demonstrated with the
combustion rig.

Detailed instrumentation of the CTRL-Z combustion rig

The ICS was tested on a turbulent combustion rig, which featmost of the characteristics
of modern combustion gas turbines at a lab scale. Flameéthstabilized by a strong swirl
and operates in lean and premixed conditions, with an ax&ldtaging. This device exhibits
strong combustion oscillations in most of its operation domdepending on the fuel staging.
This rig was modified to increase the number of measurementsa ports in its premixer.

The new rig, named CTRL-Z, is now devoted to precise acousti@surements.

Three types of diagnostics were implemented during thiskwdigh Speed PIV gives access
to the flow dynamics during unsteady combustion cycles. # mainly used to examine the
influence of the ICS on the aerodynamics of the combustianTiig air flow bypassed from
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the main injection to feed the ICS represents only a smattifsa of the total airflow and has
no effect on the main flowfield. The ICS has thus solely an aeeafect on the combustion
rig.

Chemiluminescence measurements with photomultipliexgwiere also set up. In addition to
classic analysis in the frequency domain of the correldbietveen the heat-release rate and
the pressure fluctuations, a quantitative estimation oRageigh source term was devised.
This estimation of the main energy source term during cotmusscillations was completed
by an evaluation of acoustic energy fluxes at the premixet @hd chamber exhaust of the
CTRL-Z facility. This quantitative estimate of acousticeegy fluxes was made possible by
precise acoustic measurements throughout the CTRL-Atfacil

The presence of microphones inside the premixer and in tméastion chamber also allowed
to characterize the shape of the acoustic pressure distribin the facility, and thus of the
main instability mode. The TMM was used during combusticts¢o retrieve the impedance
of the ICS, with successful comparisons with the databaitegad in the high load impedance
tube. As a consequence, this database and the theoreticavirork can both be used to
predict the acoustic response of the ICS once implementeédeo@TRL-Z rig to control its
inlet acoustic boundary condition.

Influence of the acoustic boundary conditions on combustion
instabilities

The ICS implemented on the CTRL-Z rig was shown to effecyivetluced combustion oscil-
lations. By controlling the premixer inlet impedance to mirze the modulus of its reflection
coefficient, important damping of the combustion inst#piras demonstrated. Despite its
reduced size30 mm-diameter), 20 dB reduction of the main instability peak was achieved
inside the premixer, yielding to 80 dB damping in the combustion chamber. The ICS thus
allows to nearby cancel instabilities occurring in the lowduency range. This first result
highlights the sensitivity of the flame to the dynamics of fitesh reactants zone, and to its
upstream acoustic conditions.

An experimental evaluation of the acoustic energy balandke facility was carried out, by
measuring the Rayleigh source term and the acoustic fluxesiesons of the premixer inlet
reflection coefficient. The acoustic fluxes in the premixerafrthe same order as the energy
source term. It was shown that this term must be taken intowaddn the acoustic energy
balance. In the unstable situation, fluxes and source tereng dalance. When the ICS is
used, the acoustic energy reflected inside the premixenigdihed, which limits the ampli-
tude of the resonant acoustic feedback. The amplitude afdbestic energy source term thus
also decreases. Eventually, with a minimal ICS reflectiogffament, acoustic fluxes in the
premixer appear to overcome the source term, thereforiytotncelling the growth of the
instability.

It has however been observed that the efficiency of the IC8pgiddent on the main combus-
tion instability mode. The ICS is efficient for instabilisi@bserved aroun280 Hz, while it
has no effect for instabilities observed arow2d Hz. Therefore a study was carried out to de-
termine the eigenfrequencies associated with the combgestanetry. An acoustic model was
built which accounts for the different geometries and gastee premixer and the chamber, as
well as for the premixer inlet acoustic boundary conditibheoretical eigenfrequencies were
then compared to experimental results obtained in cold figeeements. The modal structure
of the CTRL-Z rig is composed of quarterwave type modes aatatwith the chamber and to
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the premixer lengths. The complex geometry of the preme®ulis in a fundamental mode at
f = 270Hz, very sensitive to the premixer inlet reflection coefiitieThe modes associated
to the chamber are unaffected by the premixer acoustictateiand are mostly dependent on
the gas temperature; the fundamental mode of the chambacidated, in combustion, close
to f = 326 Hz. As aresult, the ICS effectively controls instabiliteessociated to the premixer
mode, and is inefficient for instabilities linked to the chanmodes, because of the CTRL-Z
inner geometry.

Perspectives

The study upon the perforates acoustics has allowed tordasigffective damping system,
operating over a wide range of pressure levels. Yet the infe®f the plate thickness and
aperture diameter on this dependency to SPL needs furthestigation. The plate thickness
plays arole in the energy dissipation through the plateyigieous effects in the boundary lay-
ers which develop in a thick plat&glling 1973. It may also affect the vortex shedding at the
aperture rim. Indeed an orifice in a thin plate may be consitles an unflanged aperture. In
a thick plate it would be assimilated to a flanged pipe withrapdct on acoustic propagation
(Peters et al. 1993 The aperture diameter was not varied in this study, as stpvaviously
stated that it is of lesser importandedard and Ising 1967 However, it may be expected
that small and large apertures feature different respodspending on the frequency of the
incident perturbation.

Accurate measurements of the bias flow velocity, as a funaifathe incident SPL, would
also be of obvious interest. As apertures are small, thentet®selopments of micro-PIV
offer an interesting solution for non-intrusive velocityeasurements. The HSPIV used for
measurements in combustion may also prove useful to exatmingansient mechanism of
vortex shedding at the aperture rim, and its interactioh witident pressure waves.

As the ICS device was developed as independently as pos$siiohethe combustion rig, it
would be interesting to adapt it to other laboratory-scatdlities to further test its efficiency
and robustness, and eventually implement it on a gas tudoimdustor.

To pursue the experimental investigation on effects of atotboundary conditions on com-
bustion dynamics, the exhaust condition from the CTRL-Zstiguld be modified to vary the
outlet impedance. The chamber itself is however not dedigmsustain increased operating
pressures, therefore it appears difficult to directly adapiCS at the exhaust.

The possibility to measure acoustic impedances, alongdethiled meshing of the acoustic
pressure field and instantaneous flowfield acquisition imthele facility can also be used to
gather an experimental database for validation of numlez@abustion dynamical tools.
Finally, the possibility to suppress combustion instéieti in the CTRL-Z facility makes it
suitable for investigation of combustion noise in confinedfigurations.



Appendix A

HSPIV

A complement to the aerodynamic study presented in ch2psegiven in this appendix. The
mean velocity fields can be found in sect®13.3 The description of the HSPIV is provided
in chapter2. Results gathered in what follows concern the standardatlewi, or RMS (Root
Mean Squared), of the axiél’ and radiall’’ velocities. Profiles are plotted in planes located
atz/D = 0.2 andz/D = 1.0 (whereD = 30 mm is the premixer channel diameter). The
RMS profiles are plotted for two premixer inlet reflection ffiméents: | R| = 0.80 obtained
with L = 0mm and|R| = 0.17 at f = 272 Hz obtained withL. = 280 mm. The objective is
to determine whether the ICS has an influence on the aerodygflamfield.

As a slight difference is noticeable between the profile$Rr= 0.80 and|R| = 0.17 on both
velocities (figured\.1 andA.3 for U’ andV’ respectively), the relative difference between the
two configurations was computed with respect to the referease R| = 0.80:

U’ (|R| = 0.80) — U’ (|R| = 0.17)

U = 07 (R = 0.80) (A1)
, V'(|R| = 0.80) — V' (|R| = 0.17)
v V' (|R| = 0.80) (A-2)

Profiles of these two quantities, are presented in figt8sandA.4 for the axial and radial
velocities respectively. The average difference does xaeed5%.
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Appendix B

Design of perforated plate at low
SPL

The theory below is adapted from the worklgdfighes and Dowling (1990)The objective
is to define the acoustic property of a perforated panel lthblgea cavity, in order to design
a system used to smoothly vary the reflection coefficient feemo to unity. This appendix
is an addition to sectiod of chapter4. It aims at giving more insight on the parametric
investigation that was led on the linear model and its ingtian in terms of design, illustrated
with the conception of plate P8.

B.1 Theory of acoustic damping by perforated panels

Itis established that perforated panels can efficientlyipée incident acoustic energy, mainly
through conversion of the latter to kinetic energy by voskrdding at the edges of the aper-
ture. This damping is significantly increased when a mean iogveated through the aper-
tures Eldredge and Dowling 20Q3(Hughes and Dowling 1990Fundamentals of the theory
on acoustic energy dissipation by vortex shedding can bedfguthe work ofMelling (1973)
Howe (1979)andBechert (198Q)An update of the latter has been published_bgng et al.
(2005) In these theories damping is obtained by modification of#flection coefficient of
the plate due to vortex shedding.

B.1.1 Reflection coefficient of a perforated panel backed by eavity

The geometry of interest is illustrated in figuBel. It consists in a rigid plate in the plane
x = 0 constituted of a uniform array of circular apertures of usdiseparated by a distande
the aperture spacingis much smaller than the wavelengtlof acoustic pressure oscillations.
The plate is backed by a cavity formed by rigid walls such thatdepthLZ of the cavity is
much larger than the aperture radiusA mean flow of velocityU goes through the apertures,
at low Mach M < 1) but high Reynolds numbeRg > 1), so that viscosity is dominant
only in the vicinity of the plate. Flow separation occurshat tear part of the apertures. Shed
vortices are then convected away by the uniform flow. For awp@se, only normal harmonic
incident sound waves are considered and the effect of the fhigkness is not considered, so
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the plate is infinitely thin.

= y
u'n > Incident
I Isound
I*' wave
— 1 |
L

Figure B.1: Geometry of a perforated panel backed by a cauitty bias flow.d < \,a <
L. U bias flow velocity through the aperturesaperture radius and aperture separation
distance.

The acoustic properties of the perforated panel in fidgilecan be described by the following
relation for the pressure gradient/jx through the panel:

op z=0+
_ ’ B.1
okl [Pl.—o (B.1)

where [p]izgf denotes the pressure jump created by the perforated pama.effective
compliance; is, in the described configuration, proportional to the Rt conductivity of
the circular aperture of radius as defined by HoweHowe 1979:

2a
with
Kg (St) = v — i6 (B.3)

wherey and¢ are real positive functions of the Strouhal numiSer= wa/U with w = 27 f,
given by :

v.f (St) = I (St) {1 + é] + % ¢®5% cosh (St) K7 (St) |cosh (St) — %
(B.4)
2 2St
5.f (St) = [@] I, (St) K; (St)e (B.5)

wheref (St) = IZ (St) + 2 €25t cosh® (St) K7 (St) andl; andK; are the modified Bessel
functions.
The evolutions ofy and¢ are plotted against the Strouhal number in figBr2. From the
asymptotic form of the Bessel functions, the limitsiof are :
Kr =~ 1-—i/StasSt— oo (B.6)
Kr =~ St?/3 —inSt/4asSt — 0 (B.7)
In absence of bias flow/ = 0 corresponding t&t — oo, the Rayleigh conductivity ap-
proaches unityiKg = 1.
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Figure B.2: Evolution of and~ for an infinitely thin plate

For a large distance compared to the aperture spacing, ¢éssyre fluctuation can be written
as the sum of incident and reflected plane waves:

p= [efikx +R€ka} efiwt (88)

where R is the reflection coefficient at the surface of thegatéd panel. Combining equa-
tionsB.1, B.8 and the continuity of velocity through the apertures, tHeeotion coefficient
can be expressed as :
(itk/n) + 1 — (i/ tan(kL))
= B.
R = Gk /m) —1= (i/ tan(kL)) (B-9)
wherek is the wavenumbek; = 27 f /¢y, with ¢, the speed of sound.
In the absence of bias flodlky = 1, it was shown that there is no absorption and the co-
efficient R equals 1 Leppington and Levine 1973 With a bias flow, Ky is then complex,
|R| < 1, and sound is absorbed by vortex sheddidgdhes and Dowling 1990

For a normal incident sound wave at very low frequency wittbias flow, each aperture can
be seen as a local Helmholtz resonator of voluba# and Rayleigh conductivita. The
resonant frequency of such a resonator is giveky, = (2a/Ld2). Following the devel-
opments oHughes and Dowling (1990)et’s introduce two non-dimensional parameters, the
Helmholtz number He and the resonance number Q such that :

He = kL (B.10)

ko \°  K2d2L
Q = (khelm) =2, (B.11)

Then the reflection coefficient can be rewritten as :
Q/Kr (St) — iHe — [He/ tan (He)]
Q/Kg (St) + iHe — [He/ tan (He)]

It is a function of non-dimensional parameters only, the&tal number St, the Helmholtz
number He and the resonance number Q.
Theoretical developments conducted Rayleigh (1899)andHowe (1979)have led to two
main results :
1. The dissipation of energy should be more efficient at lomBtal numbers ; for low
value of St, vortices can stretch far away from the aperamd,have a strong effect on
the flow by blocking periodically the aperture.

R= (B.12)
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2. From the theory of the Helmholtz resonator, the maximummdoabsorption should
occur close to the Helmholtz resonant frequedgys 1.

B.1.2 Theoretical evolution of the absorption coefficient

Theoretical predictions for the absorption coefficiept = 1 — |R|2 are plotted in figureB.3
andB.4 against the resonance parameter for different Helmholtzbrars He, at a Strouhal of
St = 2. It can be seen that fdf e < 7 (fig. B.3, curves (-),(-),(-.)) :

1. Absorption maxima occur close to the Helmholtz reson@aujufencyQ = 1.

2. Efficient sound absorption (abo¥8%) is achieved only for a small range of Q values.

This range broadens with increasing Helmholtz number He.

3. Sound absorption is maximum fHe =~ 0.3.
Therefore, at low Helmholtz numbers, good absorption caexdpected close t@) = 1, but
only in a narrow frequency range, which is fixed by the geoynetrthe system (from eq.
(B.11)). However, for larger values of the Helmholtz number< He < 27, absorption
greater tham0% can also be achieved, but at higher values of Q 8ig). In this Helmholtz
range, the maximum absorption is obtainedHer= 3.7, atQQ = 6.4. In figureB.4, it is also
clear that the absorption maxima are much broader. A strbagrption appears also feasible
in a wider frequency range. It can be concluded that, eveaghatrong sound absorption
occurs close to the Helmholtz resonant frequeficy= 1, absorption maxima can also be
found at higher values @ > 1 for Helmholtz values He greater than

Figure B.3: Absorption coefficient for a perforated panelkeal by a rigid wall with bias flow
as a function of the resonance parameter (bfor 2 andHe < .

The dependence on the Strouhal number of these resultstiefistudied. The evolution
of the absorption coefficient with increasing St is plotteddn Helmholtz number di.3 in
figure B.5. The maximum absorption occurs for a Strouhal aro8rftig. B.5, — —). For
higher St values, the maximum absorption slowly decreashsyeas it decreases quickly
when the St number goes beldw Indeed forSt = 9, the absorption is still higher than for
St = 1. It should also be noted that for a fixed Helmholtz numberntlaimum absorption
remains nea) = 1 when increasing St, whereas the value of Q at the maximuninzantsly
decreases with St. To summarize, at high Strouhal numibersyaximum absorption remains
aroundQ = 1 and has a weak sensitivity to St. But at low Strouhal numlikeese is a strong
dependence of the absorption to both Q and St parameters.iflisunot sufficient to design
the perforated plate by simply fixing the geometry withoutsidering the bias flow velocity.
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Figure B.4: Absorption coefficient for a perforated panelkeal by a rigid wall with bias flow
as a function of the resonance parameter (bfor 2 andHe > .

In addition it seems interesting to work with low bias flowaeitiesU .

Figure B.5: Absorption coefficient for an Helmoltz numbends.

To further study the effect of Q, St and He on the absorptiomtaurs of iso-levels of the
absorption coefficient,. at four different Helmholtz numbers are plotted in figld®. For
low He (He < 1), strong absorption is obtained close@o= 1 with a weak dependency to
the Strouhal number St, thus to the velocity. For increaslagthe absorption becomes less
and less dependent on the resonance parameter Q.
From this study, it appears that:
o At low He, typically below unity, the valu€) = 1 effectively locates the maximum
absorption achievable.
o At higher He (He> 1), the strongest absorption must be detected at other vafu@s
« In both cases, the dependency of the absorption coeffiaignib the Strouhal number
is weak, and gives freedom in selecting the bias flow velocity
In figureB.7, the resonance number has been fixed to two valdesnd6.4. It is clear that
for the value close to the Helmholtz resonant frequefigyH 1), efficient absorption can be
attained for a large range of Strouhal numbers St only at l@hrHoltz numbers He. On
the contrary, for higher values of Q 1, good absorption will be possible only for very few
values of the pair (St, He).
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Figure B.6: Absorption coefficient for different Helmholimmbers
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Figure B.7: Absorption coefficient,. = 1 — |R|*for different resonance numbers.

From there, the procedure for designing a perforated pamebe deduced : the frequency to
which absorption must take place, the aperture radius aaadrgpmust be selected first. Then
the cavity depth must be chosen so that eithet Qand He< 7 (small depth), or @ 1 and
He > = (large depth) in order to achieve high absorption levels.

B.2 Control of the reflection coefficient

In the present application, the aim is not to totally cankelreflection coefficient for a given
frequency, as it is done for example bipng and Sun (1999ndForster and Michel (2003)
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The objective here is rather to control the reflection coiefficover a wide frequency band.
Due to some geometrical limitations of the test bench usekdmpresent study, the imposed
diameter of the plate i80 mm and it was decided to focus on the low frequencies range
([100 — 1000] Hz), where first modes of unstable combustion are observedaictical sys-
tems. The aperture diameter and spacing must then be qditegé : a diameter dfa = 1

mm and a spacing af = 8 mm, which results in a porosity (defined as the ratio of thenope
to total areas) ot.23%, were chosen. This yields ®holes in the plate (figB.8). As we

are interested in attenuating a broad band of frequentiegjeépth of the cavity is a design
parameter.

30mm

Figure B.8: Schematic of the designed plate, with 0.5 mm andd = 8 mm.

B.2.1 Evaluation of the feasibility

The feasibility of acoustic energy damping by the perfatgianel just described must first be
assessed ; the velocity range for optimal absorption masetlag determined. Let us impose
a resonance number equal to unity=Ql. For the frequency range of interest, the depth of
the cavity L then ranges from.6 cm to4.6 m (figureB.9g). To attenuate in the very low
frequency range, exaggerated depths are theoreticallyregly With a cavity length smaller
than50 cm, it is possible to work abov&0 Hz.
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Figure B.9:QQ = 1, with 2a = 1 mm andd = 8 mm

This range of cavity depth fixes the range of Helmholtz nuntbei(fig.B.9b) between).84
and3. With Q= 1 and this calculated range of He, the Strouhal number Stgivie maximal
absorption coefficient,. can be determined using results plotted in computed in figufa
Absorption higher thafi0% can be expected.
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Figure B.10: Absorption coefficient as a function of the Wlaw velocity U and of the fre-
quency

These results are translated in term of velocity and frequéiig. B.10). Maximum absorp-
tion is obtained for a bias flow velocity through the aperstmeoundl.7 m.s™! over most of
the frequency range.

B.2.2 Final design

It has been verified that such a plate can efficiently damp stmanergy ; the preceding
results are however computed with a fixed resonance numbet ,ondition that may not
be easy to achieve in a piratical setup. To cross-check ttessdts and accurately design
the system, the absorption coefficient is now computed witiraposing any dimensionless
number. The geometrical parameters of the plate are fixed (0.5 mm, d = 8 mm), the
cavity depth is limited td, = 50 cm, the frequency range 190 — 1000 Hz and the velocity
ranges frond to 3 m.s™ L.

To accurately determine which pair (bias-flow velodify back-cavity depth.) maximizes
the absorption coefficient,., the latter was plotted against the former at each frequency
MapsB.11laandB.11bare examples for two frequencig80 and700 Hz. White lines mark
the depth and velocity at which the absorption is maximalshibuld be noticed that best
absorption is greater than,. = 90% in the whole frequency range.
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Figure B.11:2¢ = 1 mm andd = 8 mm. White lines indicates the optimal values.
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Bias flow velocityU only slightly increases with frequency (fi@.12) ; an average value of
2.3 m.s™! can be chosen to achieve efficient absorption. This confinmsveak dependency
on the Strouhal number St and the conclusion of Howe on tharddge of working at low
St. In addition, it implies that velocity can be fixed to onlyeovalue, reducing the required
degrees of freedom to the depth only. Optimal depth is alsttqal as a function of frequency
in figure B.12 Required depth decreases smoothly with increasing frexyudn particular
it can be noted that using an adjustable syster) am maximal depth allows effectively
investigation in the full frequency range of interest.
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Figure B.12: Optimal velocity/ and deptH for the designed plate¢ = 1 mm andd = 8
mm).

The absorption coefficient of such a setap= 0.5 mm,d = 8 mm andU = 2.3 m.s™!) as
a function of the frequency and the depth of the system islfimainputed and plotted in fig.
B.13 It can be concluded that efficient control of the reflectioeficient can be achieved.
Indeed at each frequency, it is possible to control the giigor coefficient, i.e the reflection
coefficient, from0 to 1 by modifying the cavity deptfi..
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Figure B.13: Absorption coefficient for a velocity = 2.3 m.s™*
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B.2.3 Concluding remarks

Some differences appear between the results computed with @nd the results obtained
with the variable parameters :

o The main one is the evaluation of the optimal bias-flow véjodi/ = 2.3 instead of
1.7ms"! for the plate designed & = 1. In both cases, bias flow velocity can be fixed
to one optimized value in the whole range.

o Absorption levels higher tha®0% are achievable (figB.13) in the domain instead of
only 50% (fig. B.10).

¢ Using the second method Q, He and St optimal values are glattea function of
frequency in figureB.14. It is shown that Q remains below unity. The Helmholtz
number He is also lower than predicted foe=Ql (1.5 instead of3). The Strouhal
number St is also small in the whole frequency range, contigrttie efficiency of the
vortex shedding at low St.

1.E

5)00 400 600 800 1000

Figure B.14: Evolution of the dimensionless parameterk Wequency: = 0.5 mm,d = 8
mm andlU = 2.3 m.s L.

Using the new design method, the range of parameters haddrgely extended, as velocity,
depth and frequency were not imposed ; only the radius ansitheing of the apertures were
fixed, as they would be in an experiment. These parameteestie®n optimized. Predictions
of the acoustic energy damping by the designed system Bi$3) are very optimistic, as
complete absorption and accurate control of the reflecti@fficient can be expected.
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