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Abstract

A gas turbine model combustor for partially premixed swirl flames was equipped with an optical
combustion chamber and operated v@tH, and air at atmospheric pressure. The burner consisted of
two concentric nozzles for separately controlled air flowsaaridg of holesl2 mm upstream of the

nozzle exitdor fuelinjection. The flame described here had a thermal pow2s kfV, a global

equivalence ratiof 0.7, and exhibited thermacoustic instabilities at a frequency of approximately
400Hz. The phasalependat variations of the flame shape and relative heat release rate were
determined by OH chemiluminescence imaging, the flow velocities by stereoscopic particle image
velocimetry (PIV) and the major species concentrations, mixture fraction and temperature by laser
Raman scattering. The PIV measurements showed
with varying inflow velocities and extent of the inner recirculation zone, tréghby the pressure
variations in the combustion chamber. The flow field oscillations were accompanied by variations of
the mixture fractiorin the inflow region and at the flame rowathich in turnwere mainly caused by
variations of the CkiconcentrationThe mean phasgependent changes of thexesof CH, and N,

through cross sectional planes of the combustion chamber at different heights above the nozzle were
estimated by combining the PIV and Raman data. The results revealed a periodic variadddHf th

flux by more than 1504 in relation to the mean valudue to theeombined influencef the oscillating

flow velocity, density variationand CH concentration. Based on the experimental results the

feedback mechanism of the theraooustic pulsations could be identified as a periodic fluctuation of

the equivalence ratio and fuel mass flow together with a convective delay for the transport of fuel from
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the fuel injector to the flame zone. The combustor and the measured data atgtegkfor the

validation of numerical combustion simulations.

Nomenclature

Abbreviations

CcC combustion chamber

IP inner plenum

OoP outer plenum

CL chemiluminescence

IRZ inner recirculation zone
ORZ outer recirculation zone
PIV particle image veloanetry
PVC precessing vortex core
RMS root mean square
Symbols

D diameter

ID inner diameter

oD outer diameter

f frequency

Q focal length

@ aperture

I length

L air mass flowratio outer / inner nozzle
a mass flow

r, h radial, axial position

S swirl number

T temperature

Pi thermalpower

p pressure

u, v, w axial, radial tangentialvelocity component
X mole fraction

Y mass fraction

Greek Symbols



phase angle

_ wavelength

” density

q flux

n equivalence ratio

, mixture fraction

T time

Mathematical
0 phaseaveraged mean
0 time average
0 property integrated across the field of view widdhata particulah
Oae instantaneous fluctuation
072 =F="] RMS fluctuation

Index

i inner

0] outer

m mass

V volume

stoich. stoichiometric

1. Introduction

Most cas turbine (GT) combustors for power generation are equipped with swirl burners and operated
with lean premixed or partially premixed flam&ghile such combustors feature excellent emission
levels,seriousoperationatestrictiors arise fromtheir susceptibility to thermacoustic instabilities

[Huang 2009, LieuweRA005], where the unsteady heat release couples with one or more acoustic
modes of the combustor. Different feedback mechanisms for thecesit oscillations have been
reviewedin the literature Candel 2002Dowling 2003 Lieuwen 206, Lieuwen 201p such aglame

surface density variation€fndel 2002Schuller 2008 periodic vortex sheddingsichadow 1992 or
equivalence ratio fluctuations at the combustor inlet [Lieud®98. Equivalence ratio fluctuations
canoccur in combustors, where fuel is injected close to or inside the swirl generators. Here, pressure
fluctuations in the combustion chamber can eawssteady fuel and air flow ratékthe fuel and air

feed systemeespond differentlyo pressure waves generated by unstable combustibonly the
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total flow rate fluctuatesut also the equivalence ratithose mixture variations are convectedh®
flame zone and can cause heat release fluctuatidhe convection time is in resonance with an
acotstic eigenmode of the combusttire fluctuations lead to sedustained pressure oscillations. This
coupling presents a major excitation mechanisiteimes with inhomogeneous fuel/air mixtures
[Huang 2009]Further feedback mechanisms include fuel feeddic@ustic coupling and interaction
of incident acoustic waves with the swirletyang 2009Lieuwen 200%

Despite significant research effort gmgress in this field, reliable prediction of frequencies and
amplitudes of thermacousticoscillationsremains a challenging task. Thinreason for this ligin

the complex nature of the interaction between heat release, flow field and acoustic modes of the
combustion systenfzrequently, minor geometrical modifications of the combustor or small changes in
the operating or boundary conditions lead to drattnges in the stability of the systensuch as
transition from attached to detached flames or flames with and without precessing vortex cores
[Allison 2012 Arndt 2010 Biagioli 2008,Fritsche 2007Hermeth 20140berleithner 20151n
addition,understanding angredictingcombustothermoeacoustichehavioris complicated by
significant effects of turbuleneghemistry interactionBulat 2013, Gicgel 2012, Liickerath 2011,
Meier 20®, Rebosio 201]) andspatially and temporally varying degrees wémixing[Bade 2014,
Masri 2015 Meier 2007, Stopper 201.3rhe occurrence diydrodynamic instabilities like precessing
vortex coresvortex sheddingor other shear layer instabilitif€andel 2014, CauBrisebois 2014,

Kim 2014,Moeck 2012 Stéhr 2012St6hr 2018, Stéhr2019 further complicates the situation. For
example, precessing vortex cores can influence the mixing [Stéhr 2015], or can cause flape role

and local extinction [St6hr2013a]

Good progreswowardsunderstanding combustion instabilitieass beemchieved in recent years by

the use of GT model combustofhese combustomnfeature many phenomena relevant to practical
engines, such as sealkcited oscillations, swiihduced vortex breakdown, hydtgnamic instabilities,

and timedependent premixingyhile providing well controlled operating and boundary conditions at
reasonable costs. Moreover, they can be designed with good optical access to allow for the application
of optical and laser measuremeégchniquesapable of determininignportant quantities like velocity,

temperature, and species concentrations ligh spatial and temporal resolution.

Forthe study operiodic combustion instabilities, phaserrelated measurements, i.e. sirgfet o
shortexposure measurements recordedultaneously with thphase angle of the instabilityave

been applied toeveal the changes of various quantities during an oscillation. Gylobse

measurements include OH* and CH* chemiluminescence to idem#iyrelease variations, OH,

CH,O and CH PLIF to determine fluctuations in the flame surface density or local Rayleigh index and
laser Raman measurements to assess changes in the-themmoal state of the flanj8ellows 2007,
Biagioli 2008, Giezendann@003, Hubschmid 2008, Ishino 20@®&e 2003 Meier 2007,
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Schildmacher 20gd6More recently, higkspeed imaging techniques in combination with acoustic
pressure tracing have been appliedttalythermoacoustic instabilities in Gfelevant combustors
[Boxx 2010 Boxx 2012, CawBrisebois 2014, Durox 2013, Galley 20@Q@ounder 2014Steinberg
2010 Steinberg 2012Steinberg 2013Worth 2012, yielding deeper insight into the feedback

mechanisms.

In addition to revealing causality of the oscillationsjraportantrole of measurements in GT model
combustors i$o supplyexperimental data f@imulationvalidation.Importantdataincludessufficient
definition of boundary conditions, along with temperature, major species, and velocity distributions.
Howe\er, such information often is not provided in GT model combustor studies due to challenges in
applying the required diagnostics to complex confined flamadicularly, the application of laser

Raman scattering for singihot species and temperature mieasients in such combustors is
demanding, and there are only few data sets available for model validation comprisirgpeaits
concentrations, temperature and velocity field data. So far, the most comprehensive experimental data
sets from GT model comistors are from the DLR Dual Swirl Burner [Giezendanner 2003, Weigand
2006] and the Turbomeca Burner [Meier 2007]. They have been operated with gaseous fuels at
conditions with and without thermacoustic instabilities. In both cases the instabilities vestified

as Helmholtz oscillations at frequencies around 300 Hz. The Turbomeca Burner has been conceived
for lean premixed combustiomith fuel injected into the air flow within the swén [Lartigue 2004]In

this premixing mode, often referred to asttnical premixing, a certain degree of unmixedi®ss

present in the combustion chamber. A comparison with flames that were perfectly premixed far
upstream of the combustor revealed that the premixing mode had little effect on the flame shape and
chemisty [Dem 2015], but that technically premixed flames were more susceatibiermceacoustic
instabilities [Im 2012]. Th®LR Dual Swirl Burner has been designed for partially premixed flames
and exhibited some characteristics of aemgine combustors. Theel is injected between two €0

swirling air flows that are fed from a common plenum through two concentric nozzles. During the
transition from thermeacoustically stable to unstable states, the flame shape changed from conical to
flat, i.e. burning clos#o the burner plateStéhr 2013k This behavior was associated with the shape

of the outer air nozzle which was contoured with a quarter circle at the exit so thaflihe aias

guided radially outwards. The contour posed a certain problem for thericahsimulation because

the exact location of the detachment of the flow from the quarter circle was difficult to predict
correctly Reichling 2013See 2014, See 2018/idenhorn 2009]. Further, the ratio of the mass flows
through the two swirlers coulabt be controlled or measured ahds wasa source of uncertainty in

the boundary conditian

Based onthisexperienee new generic fAstandar éooustica reseaah f or

has been defined within the framework of the German ResEargidation Collaborative Research



Center 606The design is based dime previously studied®ual Swirl Burnerconfigurationsbut
featuresseveraimprovements to the boundary conditiofs contrast tdahe previous combustors, the
burner features two sviars with separate plenum chambérke airflow to each plenum can be
controlled and monitored independently, such that the air split ratio between the inner and outer nozzle
can be set exactlfrheexit of the outer air flows a sharp edge instead otarved profile to achieve a
well-definedseparatiompoint of the flow. Alsotheseparatiorwall between the two affows was
extendedo the combustor dumyplanein order to achieve better optical accesthis regionThe
burnercan be operated eithpartially or perfectly premixed’he combustion chamber offers very
good optical access and it is equipped with several ports for pressure probasmbhetoidescribed
in this paper is operated thepartially premixed mode at atmospheric presstite gaseous fuel
(CH,). However a nearlyidentical setup iavailablefor liquid fuels[Barow 2013] Further,the design
allows forseveral identical burnete becombinednto a combustor arrayn orderto investigate

crossflame interactiongKraus 2013].

The current papdpbcusesn adetailed experimental characterization of an operating condition where
theflame undergoeself-excited thermecoustic oscillationsThe flame shape was measured by
chemiluminescence imaging, the flow field ppgrticle image velocimetryand thesimultaneousnajor
species concentrations, temperatared mixture fraction by laser Raman scattering. All

measurements were perfornaccombination with dynamic pressure prolresrder to offline

correlatethe single shot measurements withe phasan thethermaacoustic oscillationOnemain

goal of this studys the presentation of a novel gas turbine combustor for the analysis of thermo
acoustic instabilitieghat is particularly tractable for numericamulations, along with an extensive
experimental data set for simulation validation. Such a configuration/data set fills a significant gap in
turbulent combustion test cag@®NF Workshop2015. Moreover, a detailed analysis is presented of

the coupling btween the thermacoustic oscillations and flow/mixing behavior, with the aim of
understandinghe underlying feedback mechanidinincludes the phasgependent variation of the

fuel mass lix through axial planes of the combustor and specifies theetiffeontributions to it from

fuel mole fraction, axial velocity and gas temperature. It is shownthewequence oéactant

convective transparinixing, and reactioreventsduring an oscillation cycles related to the pressure
variation This feedbackmechanism is known as fuel flow rate aglivalence ratio oscillation

coupled with a convective time deJand was previouslgescribedn the literaturd Candel 2002,

Losi | Lieueeh 5998Lieuwen 208, Meier 2007, Sattelmayer 2003, Schiirmao84].This

analysis establishes a quantitative means of evaluating coupling mechanism predicted by simulations.
The results of this study will be used as basis for numerical simulations as well as for further, detailed

experimental studies of different@iomena in this combustor.



2. Experimental
2.1 Combustor

A schematic of the combustor is shown in.Higt consists of an inner nozzle (diameter @5mm)

and a concentric annular nozzle (IL5.2mm, OD =24 mm), which are fed with air at room
temperature from two separate plenusth flows areswirledin the same directioby separate
radialswirl generatorsThe separate air supplies allow controlled adjustment of the air spljt ratio

0 & [j& p,whered  andd f are the air mass flow rates through the outer and inner
nozzles, respectivel{rhe theoretical swirl number i¥ = 1.06for the outer swirler ant¥ = 0.73for

the inner swirlerFuel is suppliedo the inner nozzle through a feed system built into the splitter wall
betweenthe nozzls. The fuel flowghrougha circleof 60 holes with diameter &5 mm locatecbn

the inner wall surfac&2 mm below the nozzle exit. In this configuration, the fleanfi the inner

nozzle is partially premixed before the onset of combustion. Alternatively, or in addition, fuel can be
supplied far upstreamwf the air plenum#n order to operate premixed flames or partially premixed
flames with various degrees of premigitiowever thesdatter configuratios arenot studied here

The flames are enclosé@ta square combustion cham@€C) (893 89 mnT cross sectionl12mm

high) comprisedf four fused silica plates held by steel fram€ke frames are mountedftour posts

in the cornersand to the bottom and top of the combustion chamber. The unrestrictedf\rav

flame is 73mm wide and 12 mm high on each sid&he burner face plate has a slight conical shape,
such that the nozzle exit is elevated by with respect to theuteredge of the face plate. This
enable better optical access to the nozzle €Kkite coordinate systeorigin for all measurements is
the center of the nozzle exit € 0, r = 0).The exit of the verticalhpriented combustion chamber sva
conically shaped, leading to a short central exhaust pipe witmardiameter of 50nm. Two of the
four posts areeachequipped withthreeports for the installation of microphone probes.

The lower part of the combust@ontaining the air plenums and supply lire@sois shown in Figl.

The outehousingis machined fronasquare crossection stainless steelbewith inner dimensions

of 903 90 mn?. Air is supplied to the plenums from two tuk@ = 72 mm) ononeside.To yield
definedupstrearmacoustic boundées, sonic orifices are locategpproximately 20@nm upstream of
theinlet to the vertical plenum sectisrThe inner air plenuniP) extends ovethe completelength
(380mm) of the feed system round tubgOD = 50 mm) along théurneraxis forms the inner
boundary of thennerplenum.In the upper half of the burner, the outer boundary of the inner plenum
is a 76émm ID tube that separates the inner and outer plenum. In the lower half of the buroetethe
boundary of the inner plenum has a 90 @@ square cross section formed by the overall burner
geometry.Thevertical section of theuter air plenunfOP) has dengthof 200mm, around inner

surface with a diametaf 80 mm, and an outeboundaryof 903 90 mn¥. Fuel is fed through a sm

8



ID tube along the burner axis to a small fuel plenum at the nd2aits for microphone probes enable

the registration of acoustic oscillations in the plenufinir locations are indicated in Fib.

All flow rateswere meterethy electromechanicahass flowcontrollers(Brooks type 5851S fatH,
and type 5853S fazachair flow), and additionallymonitoredby calibratiorstandardCoriolis flow
meters (Siemens SITRANS F C MASS 2100 DI 3@bt, andSiemensSITRANS F C MASS 2100
DI 15 for eachair flow) with an accuracy of approwately 1.5 %.

For the results presented in this paper, the burner was oper#tedoartially premixed configuration
withd =451 andd  =282g/min of air in the outer and inner plenum respectively,éand

= 30g/min of CH,. The corresponding thermal power vilgas= 25 kW, the globalequivalence ratio
was %o = 0.7, and the global stoichiometric mixture fraction was = 0.0391 The mas$low
ratio of 0 = 1.6between outer and inner air is approximately the ratio of the nozzle exit @®atng
in similar bulk velocitieaand equal pressure drop across both swilllith these flow rates, but
without aflame in the combustion chambére pressure dropas A 1) = 14mbar (1.5%) across

the air swirlerand& n = 70mbar (7.3%) across the fuel injector

2.2 Pressuremeasuremens$

The pressure oscillations in the combustion chamber and in the two air plenums were mesasgyired
calibrated microphone probes (BrigeKjeer, type 4939)with a sampling rate of 5kHz. The
microphone probes were calibrated for frequencies up to B@08igher frequenciearenot studied
here The pressure signal in the combustion chamber was used as the reference signal for offline

phaseconditioning of the lasebased measurements as described below.

The pressure power spectrum at each locat@scomputed by slicing the longuration pressure
signal into one secorgkgments, calculating the spectrum for each segimediienaveraging the
results from each segnt No additional filtering or smoothing of tlmaw signals or th&requency

spectra was pormed.

As will be seerbelow,the dominant thermacoustic frequency was=f392Hz. Offline phase

correlation of the lasaneasurements (described below) therefore was performed to study the-thermo
acoustically coupled flow and flame behaviBressurand singleshot laser measurements were
recorded simultaneouslgnd each singlehot laser measurememéscorrelated with @ombustion
chamber pressurén postprocessing, the measured values were sorted with respect to thepblese

( UhHrough theoscillationand for phasecorrelated mean valugsveraged within 8 bins each

comprising 45° phase angle spBhaseangle 0° was defined as ttransition from negative to



positive pressure fluctuation in the combustion chamberordingly,phase 1 covedtherange
between22.5°< U +22.5°(termed phl)phase2 the range between 22.58° 67.5°(ph2),etc.

At the temperatures prevail iK),nfrequencydf8PBz ombusti on
corresponds t o m. Thws spatibl presgutelgradients vathinithe 2ombustion

chambemweresmall and are neglected in the following treatment.

2.3 Flow field measuremen$

Threecomponent velocity fields were measured using stereoscopic particle image velocimetry (PIV)
atarepetition rate of $1z. The system (FlowMaster, LaVision) consisted of a frequeiocyled
duathead Nd:YAG laser (NewWave Solo 120), two CCD cameras (LaVision Imager Intensé, 1376
1040 pixels)operated in doublrame modeand a programmable timingnit (PTU 9, LaVision).

The laser pulse energy was T80 at 5321m, and the separation time between two pulses was.11
The laser beam was expandetb a light sheet that covered the central verfitaheof the

combustion chamber. The thickness oflis®er sheet was aroundrin. The cameras were equipped
with a wideangle lens(= 16 mm, set td@) and a bandpass filter (532#Bn) in order to reduce the
influence of flame luminosity. Both cameras were mounted on Scheimpflug adapters in origer to al
their focal plane with the laser shelgath fields of view covered an are20 mm < r < 39mm and

0.5mm < h < 105mm. The distance between the camera lenses and the measurement plane was
200 mm, and theviewing angleof each camera with respect to the normal of the laser sheet was 20°.
An infrared filter was mounted between the combustor and the cameras in order to protaTietzes

from thermal radiation.

The air flow was seeded with Ti@articles with a nominalidmeter of Jum, which have a relaxation

ti meds1®sFor the condition tested, thad0sisrongest
occur over a length scale cillOmm. The resul ti ng 8S002kmedthusnumber i s
velocity erros due to particle slip are considered negligibB00 single shot particle pairs were

recorded and velocitijelds were evaluated from theparticle image pairs using a commercial PIV

software (LaVision Davis 8.0). A mulicale crosgorrelation algorithm was used with a final

interrogation window size of 1% 16 pixel, corresponding to an-plane spatial resolution of 135

1.5mn7, and awindow overlap of 58%. Based on the +0dixel uncertainty of the pedinding

algorithm, the maximum random uncertainty opiane instantaneous velocities is +h&. With the

camera angle of 20°, the uncertainty of theaplane velocity is abouhree times highethanin-

plane uncertainty [Lawson 1997].
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24 Laser Raman measuremerd

Singleshot laser Raman scattering was applied for the pointwise quantitative measurement of the
major species concentrations,(®,, CH,, H,, CO, CQ, H,0O) and theéemperature. The measurement
system has been described previously [Keck 2002, Meier 2007] and only a short summary is given
here. The radiation of a flashlarmppmped dye laser (Candela LFDL 20, wavelengthi@9pulse

ener gy ,a pu.l & e nd pulsarepetition ratelzBwas focused into the combustion

chamber and the Raman scattering emitted from the measuresnenivme  ( d.6enm,gliarheted

4 0.6 mm) was collected by an achromatic lens (D 80, Q= 160mm) and relayed to the entrance

slit of a spectrograph (SPEX 1802= 1 m, slit width2mm, d i s @.8nmmérimp Tihe dispersed

and spatially separated signals from the different species were detected by individual photomultiplier
tubes (PMTSs) in théocal plane of the spectrograph and sampled using boxcar integrators. The species
number densities were calculated from these signals using calibration measurements and the
temperature was deduced from the total number density via the ideal gas lawndlkensious

detection of all major species with each laser pulse also enabled the determination of the instantaneous
mixture fraction [Bergmann 1998]. The mixture fractiocddculated following the method by Bilger

et al. [Bilger 1990] and is defined #® ratio of the mass in a sample originating from the fuel stream
(here: all C and H atoms) to the total mass

Raman measurement®&reperformedata total of 70 measurement locationfeights h= 8, 15, 20,
25, 40, 50, 60, 70 and 80m above the burnerozzleat various radial locations between {3=and

27 mm. Measurement locations with h <n8m and r > 27nm were not accessible due to clipping of
the solid angle of the detection optiE®r 38 locations at heights from 8 to #in, measurements
wereperformed with simultaneous pressure recorsliogallow for offline phaseorrelation with the
pressure signal. Further downstrefirh ~ @m)5pBlasedependent variations in the thermochemical
statein the measurement regigvere insignificantForh = 8,20, 25, and 40nm, 2,500 singleshot
measurements were performed at each radial locapprpximately 175easurements were taken
at each value of r fdn = 15mm. This resulted in approximately 310 measurem@miy 220 at h =
15mm)in each of the jpaseangle ranges used for conditional averaging. At the locatwthsut
conditional averaging?00 singleshot measurements were obtairfeéidure 12a shows the locations of
the Raman measurements, with closed symbols indicating locations of the¢suhsed

measurements and open symbols indicatingpt@seresolved locations.

With respect to measurement uncertainties, it must be distinguished between systematic errors arising
from, for example, uncertainties in the calibration procedure, and stdtestiors which are mainly
caused by the statistics (shot noise) of the detected Raman phatpimsgNingleshot measurement.
Systematic uncertainties were typically +8% for the temperature and mixture fraction,-43% for
the mole fractions 0D,, H,O, CQ, and CH. Because of the low concentrations gfddd CO in the
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flames investigated, the uncertainty is relatively large for these spEbe=se are@stimated to be
around +20% at a mole fraction of 0.01. The statistical uncertainties wenezjmately 30% larger
than stated in a previous study [Meier 2007] due to a lower pulse energy applied in the current
measurements. Typical statistical uncertainties (for a single shot measurement} @& 3or the
temperature and mixture fractioh% for HO and % for O, and CQ in the exhaust gas. More
details are given in referersuan2005,Meier 2007].

2.5 Chemiluminescence measuremest

OH* chemiluminescencé€CL) was recorded with an intensifiéigh speed CMOS camefiaaVision
HSS 5 with LaVision HSRO, active array 512 512 pixel), equipped with dast UV lens =
45mm, "@1.8, Cerco) and aigh-transmissiorbandpass filterTransmissior> 80% at 310nm). The
recorded imagehad a field of view 0f39 mm < r < 39mm and0 mm < h < 75mm. 8200 individual
images were recorded aframe rateof 10 kHz with an exposure time db us. Afterdarkfield and
whitefield correctios, thelargest remainingerrorwas due taeflections of OH*chemiluminescence
radiation at the combtien chambewvalls andbottom andthermal radiation from the combustion

chamber

OH* chemiluminescence intensities from lean premixed flaanesegarded am indicator for the

heat release ratélpber2003,Hardalupa01(, but the correlation between OH* chemiluminescence
and heat release rate may be influenceddwerakffectslike e.g.turbulence level [Ayoola 2006] or

signal trappingBrockhinke 2012Sadananda®011]. Thus in the current studynly qualitative
informationis derived from the chemiluminescence imagesh aphasedependent variations in

heat release and the location and extension of the flame/Aitmaughthis techniqueields line-of-

sight integratedignals spatially resolved information cdre gained by deconvolution, taking
advantage of thetatisticar ot at i onal symmetry of t-Dei maagen@ . ofl hi
center planewhere the local distribution of ttehemiluminescencean be identified more clearly than

in the intgyral view.lIt is noted that the deconvoluted images inherently average over any periodic
asymmetries in the flame associated with, e.g. precessing vortex cores, and therefore do not capture
these effects. Nevertheless, they are very insightful for elucidating treeroustically coupled

convective processes.
2.6 Numerical modelling of the acoustieigenmodes of the combustor

Detailed acoustic characterization of the combustor geometry was performed using the Comsol
software package [Reu2d13]. A 3D finiteelement mdel solving the acoustic Helmholtz equation
was applied. The geometry included the entire combustor except the fuel supply and was discretized

with a mesh of 930,000 tetrahedrons. The upstream end of the model domain is a sound hard boundary
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at the positn of the sonic orifices at the plenum inlet. At the downstream exit of the combustion
chamber, a perfectly matched layer was attached, which absorbs pressure waves independent of their
frequency or incident angle. This provides an easy way to model areagevithout the need to

simulate a large domain outside the combustor. In the combustion chamber, the spatial distribution of
density and sound velocity was modeled based on the Raman measurements. For the excitation of the
acoustic modes, a flow poinbgrce was included in the model at the position of the fldine.

numerical model allowed the determination of the acoustic eigenmodes of the system, such that an
assignment of measured frequencies to gearnmawdesof the combustor was possible.

3. Results and discussion
3.1 General flame behavior and acousts

In addition to the primary test case descrilve8ection2.1, which was studied in detail, the basic
combustor behavior was tested over thgeaR, = 10kW to 35kW and%o 0.551t0 0.94
[Severin2012]. Foroe @ vthe flame was near blow off and the heat release was distributed
across a large axial distance in the combustor%kor @ ythe flame had aghape that is
typical for many swirtstabilized flames. The \shape of the flame did not fundamentally change with
either%o or Ry, but did increase in overall size and intensity with thermal polvansition from

a V-shape to an Mhape, often associated with a stéangencrease irthermoeacoustic amplitude
[Arndt 2010, Renau@015], wasnot observed at any tested condititmstead, the sound pressure
level increased essentially linearly frafee = 140Pa (137dB, RMS of the combustion chamber
pressureat R, = 15 kW and%o X tonae = 400Pa (146dB) at R, = 35 kW and%o

T8

Detailed analysis of the flame therraooustic behavior was performed using the laser and optical
measurements for the case described in Section g4 ZBkW, %o T, , T8t o QU p
Thepressurespectraor this case, recorded in the combustion charabdrthe twair plenuns (OP
and IP) are shown in Fig2. The dominant pedfior all measurement locatioms at392Hz. The
frequency spectrurftom the combustion chamber further exhibisharppeak a785Hz,

corresponding to the secohdrmonicand broadr peaksaround535Hz and 684Hz.

As can be seen in Fig, the frequency spectra of the air plenums contain multiple peaks, which were
found to correspond to resonances with length scales of the combustor. For better comparison, the
computedeigenmodes of the inner plenum are shown in Fig.2 as grey vertical lines. The Helmholtz
mode between the combustion chamber and the inner plenum, wdddiound to be the dominant

thermoeacoustic mode in previously described setups [Giezend@008tMeier 2007 Weigand
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2006] was found to be at 86&. The Helmholtz mode of the combustion chamber with the outer
plenum (13%Hz, black vertical line) also shownin Fig. 2 Neither Helmholtz modgeneratd

dominant acoustic modestine measured frequency spectra;peak is visible for the inner plenum
Helmholtz mode and only a minor peak for the outer plenum Helmholtz mode. In the present setup,
the dominat thermeacoustic mode was at 38, which is a resonance mode witk 21 (based on

the speed of sound in cold aiwherel s is the length of the inner plenum (380n). The computed
correspondingigenmode was at 4(Hz. The difference in frequepcan be explained by slight
temperature and thus speed of sound differences between the simulation and the actual experiment.
Figure 3 shows the computed pressure phases for this mode. In the lower parr@rblenum, a

node can be seen (interfdoetween the orange and blue colored sections of the inner ptethem

upper and the lower half of the plenum are out of phase, thus resembling a half wave of the inner

plenum.

The392Hz modeand its harmonigvere also identified in the spectral analy#i©OH*
chemiluminescence signdlmeasured at 1KHz repetition ratg and can thus be categorized as
thermoacoustic oscillationdt thereforecan be concluded that the dominant modgo2iHz
corresponds to a thermawoustic instability triggered by tlteraction betweethe flame and the

inner plenum

Figure4 showsthe pressure fluctuation§ 1) recorded in the combustion chamber and the plenum
chambersas well as théluctuationof the 10 kHz OH* chemiluminescence signald O

0 "O 70 "0, that demonstrate this madehe highesRMS pressurescillation(] =287P3

occurredn the combustion chamber. The corresponding values from the inner and outer plemams
n @ d ¢andn w @ respectivelyWhile the pressure from the outer plenfotiowed the
pressure variation in the combustion chanthete closelythepressure irthe inner plenuntagged

the pressure in the combustion chaniiean average value approximately12C .

3.2Flame shapeoscillations

The flame shape and its periodic variation were visualized by @Hmaging.Theinstantaneous CL
images were recorded simultaneously with the pressure in the combustion chamber and sorted with
respect to the acoustic phase as describ&dation2.1. Figure5 showsthe phasecorrelated mean

(Fig. 58 anddeconvolutedFig. 5b) values of the OHTL distribution forthe eightphaseangle

ranges usedn thedeconvolutecCL distributions, the high intensities seen at the combustor walls
mostly stem from the combustion chamber posts and reflections at the windows. These features are
exaggerated by thdeconvolutiorprocedureThe spots of increased intensity on the centisraso

are artefacts of theeconvolution
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The distributions demonstrate the conical shape of the mean flame zone. The flame was lifted from the
nozzle by approximately &m, with the liftoff height moving slightly in axial direction over an
acoustic cgle. However, the change in litiff height is very small in comparison to other studies
[Biagioli 2008].The apex angle of the flame zone was roughly 90° with small glegsEndent
variations.The flame zonextended o h1 68 mmb dhdcoveredthe whole width of the
combustion chamber. The size and intensity ofhtkean chemiluminescenegariedduring an
oscillation cycle with the maximumand minimunmoccurringat ph4andph8 respectivelyAccording
to the definition olJ, the maximurand mininum pressursin the combustion chamberereat ph3 U
=90° andph7 U= 2709. Thus, pressure and heat releaseillationswereout of phase by
approximately 45°but still in the range of positive acoustic energy transfer according Retyleigh
criterion [Poinsot 20112

Figure 6 shows aummation of the chemiluminescence intensity over horizontal pixel lines for each
downstream location and phase arufsed on the distributions shown in Fig. Bhis yielded the
chemiluminescence integrated oweoss sectional planes as a function of h. The maximum intensity
was found at an averagelof 35 mm with a phaselependent variation of245 mm. The axial
movement of the mean flame zone was thus quite sAmlkas seen in Fida, the maximum heat

release is reached in ph4 at h =r@f.

3.3 Flow field oscillations

Figure7 shows twedimensional distributions of the mean (averaged over all phases) axial and radial
velocity. The arrows indicate the streamlines and the colors the magnitude of tH{é ariaframe)

and radial §, bottomframe) velocity componentthe tangential component ) is not depicted in

these imagesThe white lines indicate the boundaries of the recirculation zones, i.anearaxial
velocity. The mean flow field is typal for swirl flames exhibiting a conical inflow region with high
velocities, a pronounced inner recirculation zdRZJ, outer recirculation zos€ORZ2), and the

corresponding shear layers.

It must be kept in mind that the averaged flow fields are significantly differenttiremstantaneous
velocity distributions. To illustrate this, Fi§ displays an example distribution from a singhet PIV
measurement. It is seémat the instantanes flow field is dominated by turbulent structurébe

IRZ, for exampledoes not resemble a large toroidal vortex as in the mean distribution, but is
comprised of several smaller unsteady vortices and flow struclurese add up ta large

recirculation bubblein the average flow fieldThe zigzag pattern of vortices in the inner shear layer is
a twodimensional cut through the 3&ructure of delicalprecessing vortex core (PVC), which is
often observed in swidtabilized flames [Galle®011,Moeck2012,Steinberg?2013,St6hr2012,

15



Terhaar2015]. The signature of the PVC can be seen in the frequency spectrunpoéskere in the
combustion chamber and the outer pler{trig. 2), ata precession frequency @f,c = 1177Hz. The
presence of the PVCag further confirmed by proper orthogonal decomposition of the velocity fields,
according to the method by Stohr et al. [St&bt2] (not shown hereJhe analysi®f the therme
acoustic oscillatiopresented here averages over the motiadhePVCand therefor¢he zigzag

vortex pattern does not appear in the prasraged flow fields.

Becauseunsteady vortices artdrbulence obscure the phagependent changes of the flow field
phasecorrelatednean valueareconsidered to reveal the effecf the thermeacoustic oscillation.
During an oscillation cycle, the most prominent variations were observed for the radial velocity
component. An overview of tBevariations is given in Fig, where 2D distributions of the phase
correlated mean valueseatisplayed fofour phase (phl ph3 ph5 ph7). Approximatelyl50single
shot imagesave beemveragedor each phas@he white lineagainrepresents the boundary of the
recirculation zones (zero axial velocitit)is seen that the IR¥ariedsignificantly in sizewith a
maximum extent arounghland a minimum extent aroumths The inflowing jet undulated and the
magnitude of the radial velocityaswell correlated with this undulatigtike awave thatraverses
through the lower half of theombustion chamber. Corresponding movements are also seen in the
ORZ.

Details of the flow field behavior are better seen in the radial profiles of the-pbiastated mean
velocities(OMDfD . The heights h = 8 and IBm, shownin Fig. 10 matchaxial positionsat which
Raman measurements have been performed. At these h#igttews from the two nozzldsad
largely mergedOnly the tangential velocity at h =rfBm still exhibited a cleainfluence of the two air
flows. The IRZwaswell pronouncegwith amaximum backflow velocity on the axis 6fa -26 m/s

around ph3 and ph4.

Theradialextents of the inflowing jet and the IRZ chadgensiderably during an oscillation cycle

driven by the phasdependent pressure changes at the nokhkeradial velocity component

exhibitedthe strongest phagkependent variations, however, not in phase with the axial velocity (out

of phase by roughly 90°The phase angle at which the maximum and minimum velouviges
reachedchangedvith increasingheight.This reflects the wavkke motion in the combustion chamber

that wasreviouslyseeninFigd. A c¢cl oser analysis of this Apumpi |

presentation of the species and temperature profiles.

Figure 9 showed thathe shapeof the IRZvariedonly slightly in the lower part of theombustor I <
20 mm) during an oscillation cycléut changedsignificantly within(20 mm <h < 50mm) and above
(h>50mm) themain heat release zankis plausible thathesephasedependent variations are
related to the thermal expansion within the flame zone and the corresponding decsedte

number because the establishment of an IRZ is connected to the swirl number 1G844thilley
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1977. The swirl number is defirtkas the ratio of the axial flux of angular momentum to the axial flux
of axial momentunjSyred1974. With increasing axial position, the variations in tangential velocity
with phase numbetecreased; fan ~ Ommd 1Bo clear phasdependencyasobservednot shown)
However, the axial velocity compondrmehavedifferently. Figure11 displays radial profiles of the
phasecorrelated mean axial velocity lat 25, 40 and 5@nm. For clarity, results from only 4 phase

are shownUp toh & 40 mm, thephase dependent variations of the maxima of the profiles decrease
with increasing downstream position; this trend however is reversed at mmp@here a significant
variation of the maxima of the profiles can be observed. Hezgrofileat ph4 exhilits the highest
mean axial velocitywhereaghe profileat ph8exhibitsthe lowesimean axial velocityThis reflects

the phaselependent variation of the heat release, as showns$n3=&mnd 6 Thus, the variation of the

t her mal e x p anmseads 10 a eéhangehin aial Mmonentum and swirl nunatseexpected.

At phases with low axial velocityghe swirl number is high and consequently, the IRZ is rather large
and exhibits maximum backflow velocities. The changes in size of the IRZ are thuly divegied to

the changes in heat release. Similar observations of swirl number waves have previously been made in
thermoeacoustically oscillating swilames [CauxBrisebois 2014Komarek 2010Palies201Q Palies
2011.

3.4 Variations of mixture fraction and temperature

Because the flomwdbmthe central nozzle was partially premixaad the flow from the annular nozzle
waspure air, significant spatial and temporal variagionmixture fractionareexpectecpurely due to
turbulence Furthermorethe thermeacoustic oscillations amexpectedo cause cyclical variations in
themixture fractionstatistics as was seen in previous studieso s i | Fran@elli 3012] ieuwen
1998, Meier2007, Sattelmayer 20Q3To presentan overview of the phasmrrelated Reynolds
averaged values of the mixture fraction distribution, the reBolts the point measurements were
interpolated tg/ield two-dimensional plots usintpes o f t wa r 8.10 B&zauseghe grid pattern
of measurement locations waedatively coarsewith only 38 locations of phaseorrelated
measurements, the spatial structures are not finely resolved. However,ithagidyield a good

overview.

In Fig. 123, the results are displayed for theear = 071 27 mm and h =8 60 mm. At h = 8mm, the
values of the phaseonditionedReynoldsaveraged mixture fractian, [ across all radial locations and
phase anglespameda range from [= 0.0126to, [= 0.0838 which corresponds to equivalence ratios
of %= 0.22t0 %o= 1.57, respectivelyThe variationsvererapidly mixed,so that at h = 4énm, , [
variedonly between @41and 0044 across the radiugét h = 80mm, the mixture fraction averaged

over all phase angles and radial locativas, T8t T ¢ wmhichis larger than thenixture fraction

17



deduced from the flowates(, T8t 0 ) Bince the 2D mixture fraction plots indicate lower

values of, lwith increasing r, this deviation is probably caused by richer mixtures in the Raman
me asur e mentmmithaa i th¢ area flom2 F 27m to r = 44.5mm. The mixture fraction
distributions clearly evidenceyclic variations with richer mixtures pteiing the combustion chamber
aroundphl. During the following phase anglgbe regions of richer mixtures expand downstream
while being diluted by turbulent mixing.

The variationsn mixture fractionarelargelycorrelated with those of the Gldistribution, shownin
Fig.12b, at | e a smm Thedistrilutiohseflécttize @enetration depth of the fuahd yield
an impression ats dilution and consumptiormhe highest mean Chinole fractiorowas® =0.127
and occurred at h = 8 miihe decrease @  with downstream distanamrrelates well with the

shape of the flame zone measured by @H*(see Fig4), in the sense that the regions of decreasing

fuel mole fractions coincide with the regions of chemiluminescence

Figurel12c shows the correspondingmperature distribution¥he temperature of the inflowing jet
graduallyincreasedvith height and reaction progress. The highest mean temperatawgsedn the

I RZ atmnhPhased@®6ndent variations occad predominantlyclose to the nozzjavhere the
shape and extent of regions with relatively cold mixtatemngedbe y o n d mm, \@riatbsvere
smalker. However, it must be kept in mind that the Raman measurements cover only the radial range
up to r = 27mm. The O,, CO, and HO mole fractiondistributionsare in accordance with the

temperature distributions and are not shown here.

A more detailed view of the phadependent variations is gained from the radial profiles of the phase
correlated mean values of the mixdraction and temperature at h mé displayed in Figl3. In
addition, the bars in the top left corner indicate the pdapendent radial extent of the flame zone as
determined from Figs. The mean mixture fractiois larger than the global mixtureafttion

(; T8t 0 Qyp to r=11- 14mmand larger than the stoichiometric mixture fraction (g

T8t L)wp to r=10- 12 mm (depending on the phas@his region corresponds to the IRZ and the
inflow from thecentralnozzlethatcarries the fuell-or comparisontheaverage equivalence ratio
deduced from the mass flow rates in the central noz2%e+sl1.8 | T T)The adjacent region, r

a 1 20mm, corresponds to the flow from thaternozzle. Here, the mixtures are relatively lean,

with, [, : B e y o nmim isrthe &egidh @f the OR@egative radial velocity, see Fityl)

where, lis only slightly smaler than,

Whereas lis hardly influenced by the therrazoustic oscillatioin the ORZ the phaselependent

variations arevell pronouncedn the central region. At phl and ph&nd the radial extent of the

fuel-rich region werat their respective maximaheminima werereached around phZhe

comparison with the radial spread of the flame zone may suggest that the extent of the flame zone is
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larger when fis close tq g However, a more detailed inspection is needed to associate the
presence of a flame withe local thermachemical state and flow field (see beloWwhe RMS values
(not shownYoughly followedthetrendof the mean valuebut the phasedependent variationsere

notaspronounced.

The profiles of the phasmsorrelated mean temperaturééshowthe largest variations in th®Z. The
RMS temperaturezalues(not shown heredf up to 66K reflect the large fluctuations the flame
zone.Thus, the observapshasedependentemperature variations can be caused by eithermittent

combustioror by transport and mixing of burned and unleargas.

Figure X4 shows the profiles of the mean values of the mixture fraction and temperature atrins 15
Similar to h = 8nm, mixtures with I, were observed for r < 1i621 mm (depending othe

phase) andl , gat least for some phases and some radial locations. For all pliasgsse to

, gu p t omm. THis rehién corresponds well with the radial spread of the flame zone
indicated by the bar&ike at h = 8mm, largeRMS values of the temperature of up to 5@are

encountered within the flame zonégificant phasalependent temperature variations are present,
particularly in the IRZ and the shear layer between the IRZ and the inflow, i.e. the regiofiarhthe

zone. At this height the maximum heat release is at ph5 and ph6, the minimum at ph1 and ph2. There
are relationships between the phdspendent profiles ofland”Yand the size and intensity of the

flame, however, the situation is complex aagnot be fully answered by mean values. Therefore,

correlations between temperature and mixture fraction are considered in the following section.

3.5 Variations of thermo-chemical states

In partially premixed turbulent combustion, the stabilization of mdldront requires thermchemical
conditions that enableffias flame chemistry and a flow field with locally low strain rates. With
respect to chemistry, neatoichiometric mixtures and elevated mixture temperatures are favorable for
flame stabilizatio. To assess the therrobemical state of the flame investigated, Fgstiows
scatterplots of temperature versus mixture fraction at h = 8 amahiL3Here, the samples from all
phases and radial measurement locations have been combined in one pls¢-¢apbkated analysis
of singleshot resultss beyond the scop# this paper). Each dot represents the result of a sagle
measurement, and results from different radial locations are marked by different colors. For
comparison, the solid line repezds the thermahemical state at adiabatic equilibrium. The vertical
dashed lines indicate and, g Itis noted that due to the turbulent fluctuations, the
attribution of the samples to certain flow regions is not sffiot sarples from the outer radial

| ocat i ommforhhrE8mdn, 2 2 mnfor & 4 15mm, green dots) are predominantly from the

ORZ. They are close to and the observed scatter in mixture fraction is largely caused by the
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measurement precisiofihe measured temperatures are slightly below the adiabatic flame

temperature. An inspection of the species concentrationssshatthe flame isearchemical

equilibrium in this regionthe temperature decreas#ative to the adiabatequilibriumis most likely

caused by heat loss of the combustion gases at the burner plate and the combustor walls during the
transport in the ORZ. The samples in the adjacent radial region present mixtures of the gas from the

ORZ and the air from the outer nozzlee(b er shear | ayer, orange dots) .
6 and 1I0nmforh=8mm and r ndmf@ h =alinm rdpeesent the inflowing fresh gas and

its shear layer with the IRZ (blue dots). Here, the scatter in mixture fraction is partitangey

Finally, the samples from the radial region around man® stem mostly from the IRZ (red dots).

Their mixture fraction lies between and, gand the temperatures are @ds the adiabatic

temperature.

Many samples exhibihtermediatéemperatures between room temperature and adiabatic flame
temperatureand mixture fractions between and, & O The Borresponding distributions of
species concentrationsvealed that these samples contain,Glit and exhast gas. The majority of
them represent mixtures of exhaust gas from the IRZ and fresh fuel/air mixtures from the inner nozzle,
which have not reacted yet due to ignition delay. Such behavior has often been observed in flames
with recirculating burned ga&fegor 2009, Kojima 2013/asri 2004, Meier 20Q65topper 2013
Sweeney 2012Nehr 2007] and an estimation of the ignition delay times with the time scale of the
flow field in a similar burner supports this interpretation [Meier 2006]. The thehremicalstates of
these samples with elevated temperatures anesh@ahiometric compositions provide optimal
conditions for flame stabilization. Thus it is not surprising that their radial locations coincide with
those of the flame zones for the respe heidts.

With respect to the local flow field, it must be considered that it is not possible to perform Raman and
PIV measurements simultaneoyslye singleshot samples from the scatterplots cannot be assigned to
an instantaneous velocity. Therefore, the ma&ad RMS values of the velocity are examined. Within

the radial expansion of the flame zone, the mean axial velocity varies be&h&e@b m/s and 25n/s

(see Fig. 0) with RMS fluctuations in the range 6&=4.01 20 m/s (not displayed). Thusggions

with low velocity and low local strain rates are expected to be found in this region. This is confirmed

by the inspection of singlghot velocity distributions like the one displayed in Big.

During a cycle of the thermacoustic oscillatiojtheflow field and the scatterplots do not change
fundamentally, i.e. samples with elevated temperatures angtogziriometric mixtures are always
present in the radial region of the IRZ and the shear layer between the IRZ and the inflow from the
inner nozke. Thereforethe stabilization region and the flame shape do not change significantly during
an oscillation cycle. However, the total rate of heat release varies, particularly further downstream as
seen from Figb.
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Figurel6 displays radial profiles dhe phaseorrelated mean values (Reynchligeraged) 08  at
h = 8and15 mm. The phaselependent variatiompanifestin the maximum mole fractiortseing
reached at different phasesd in the radial extemtver which CH was found The phase at whickhe
maximumCH, mole fraction and radial extentere reachedhange with downstream distance
between h = 8 and I5m; whereaghe maximunwasreached at around ph8 and ghih = 8mm, it
shifted to approximately ph3 at h = &Bn. This reflects theonvective transport of fuel that was
already observed in the 2D plots of Fig8. Comparisorof the8  profileswith thoseof the axial
velocity (Fig. 10) shows that thgelocity maxima lieat higher than the8  maxima Thismight be
explained bythe influence of the air flow from thmuternozzle that contributes to the flow field but
not to the fuel concentration. At h = 8fim the peak mole fractions are reduced to approximately 0.04
(see Fig. 2b), mainly due tomixing and to a lesser extenby combustion because theajority of the
heat release takes place above h mgh

3.6 Variations of mass fbw

The change ifuel masdlow throughsuccessiverosssectional plangof the combustion chambar

the streamwise direction represents the ¢oelsumption distribution, and therefore the heat release
distribution; changes in these distributions over the thexonwstic cycle are important for
understanding the feedback lobfere, the combined results from the Raman and PIV measurements
can be ued to estimate thmass flowsand their variations. With the knowledge of the axial velgcity
density} , and mass fractiot of a species, the nassflux B (massflow perarea) through a cross
sectional planés definedasig " 303 " . For a correct calculation, the product should be
calculated on a singighot basisHowever the PIV and Raman measurements have not been
performed simultaneously and, thus, the mean flux is here approximated by a calculation based on the
phasedependenmean valuesMore precisely, the correct mean valudgofwithin a series of single

shot measurementshiis " 7 D T0,where the summation is over all single shots freni jto

N. The approximation ig "RhO0 10 " [, where” [[and6 are known from the Raman
andPIV measurements, respectively. The approximation can lead to an error in regions where
depends on the gas composition, i.e., wlbaard} are not statistically independehtowever, he

main contributiona the CH, fluxesthrough the plareath = 8 and15 mm isfrom the inflowwhere

the approximation shoulgeld reasonable resultSurthermore, cylindrical symmetry of the flame

was assumed for the determinatiorgof
Figurel7 shows radial profiles of the calculatpdasecorrelated meamassflux of CHy, "0

@ 3, through the plareat h=8 and 15mm. These profiles evidence the drastic variations of the

fuel flow during an oscillation cycland demonstrate the phadependent changaesa much clearer

way than the profiles of velocity and mole fractioih$s noted thathe total mass flow through a
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crosssectional plane of the combustor is obtained by integration of the flux over th& lzeesfore
the flux at a larger r contributes stronger to the total mass flow, while the mass flow close to the axis is

relatively small.

The total phasaveraged fuel fluxs defined asi3 B i Q1 Here, it wasapproximated by
summingover all values displayed in Fig. 1Higure 18 shows the normalized total phasesraged

flux ( B B 7B forh=8mm.In addition to the flux of Clj some additionahormalized
fluxesare displayed for comparisofihe normalizedpresentatiorenable a better comparison of the
modulation amplitudeThe volume flix, 0, (blue curv@is the calculateflux assuming constant
density of the gas, i.assuming thgphasedependent ariations are solely due tariatiors of the

axial velocity.It variesby +16 % during an oscillation cycle artde minimumand maximunvalueis
reached at phand ph8, respectiveliNext, the influence of the temperature variations is incliled
thepink curve whichrepresenta A riaxs, " [3; thisincludesphasedependent variations
of axial velocityand temperatur@and thus densi)yHowever, heré " “Y is a function of the
temperature onlyanddoes not include specific species concentratibhe masdglux has a similar
phase dependence as tldumeflux, buta greater oscillation amplitudbetween26 % and +2%%).
This means that high axial velocities are correlated with low temperatures. Negtedmeurve

shows the phasgependent variations of the lhass flix, 5 "[3d  b. It coincides almost with
thecurve of themasdluxz and varies betwee24 % and +26%. This is not surprising because the
N, flux is mainly driven by the phasiependent variations of the temperature and axial velocity, i.e.
by the bulk air flow rate. Finally, the red curve shows the @Hss fux, 5 " b1t

exhibits the same phase dependence as the other curvas,dadillation amplitude betwee®6 %
and+87 %. This means that the Glrhassflux is strongly influenced by the phadependent variation
of the CH, concentrations. The similarity of the curves indicates that the variations in axial velocity,
temperaturend CH concentrationnterfereconstructively and that the total variation in félak

cannot be attributed to a single quantity.

Figure19 shows the comparison of the (normalizedlaNd CH mass flxesat h=8 and h=15mm
as a function of the phasEhe strong variations of the GHux by dmost 90% at h=8 mm
diminished at h = 15hmto approximately 486, predominantly due to mixing. Similarly, the
variation of the Nflux also diminished at h = Ifm, however, the difference in fluxes at the two
heights for N is less pronouncetthanfor CH,, since the Bflux is less influenced by mixindt is
seen that the trasat h = 15mm areshiftedin phasecompared tdéhoseat h = 8mmand that the shift
is less duringhe increasindlux (positiveslopg thanduringthe decreasinfiux (negative slope For
CH,, the shift is approximately 3 phasesg 70°) for the increasing slop&@he shift is explained by
the convective transport of the alternating layers with low and high fuel concentrgtioms.

increasing downstream position the maximum of the ikt is shifted further along the phase axis.
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Unfortunately, the fluxes could not be calculated for h b%because phaserrelated Raman
measurements did not cover the complete relevant radiahreAn estimation of the CHlux at h =
25mm showed that the maximum is reached between ph3 and ph4. In Fig. 6 it was shown that the
maximum heat release occurred around ph4 at hmm6This is in good agreement with an
extrapolation of the maximumHg flux for this height and supports the concept tha convective
transport ofayerswith high CH, concentrationss directly coupled with the variation in heat release.

3.7 Feedback loop

In this section, a summary of the sequence of events duriogcdlation cycle and the feedback
mechanism of the thermacoustic instability will be presentedowever thisis only meant as a

gualitative description of the procegsquantity of decisive importance for the heat release is the
convective transpodf fuel to the flame zone. This, isowever not the only quantity that determines

the heat release rate and its cyclic variations. Fluctuations in the flame surface area can be induced by
periodic variations of the flow fieldas was found in perfectly gmixed configuratios[Balachandran
2005,CauxBrisebois2014]. Althoughthe fuel consumption remains the decigiuantity, phase
dependent characteristics of the flow field can tridgeal changes in the fuel consumption rateis

is usuallyaccompanied by a significant cyclic variation of the flame shape and pd8&iamioli
2008,Giezendanner 2003, Meier 2001 the flame considered here, the cyclic change in flame shape
wasmoderate and the axial movemerassmall. Thus, the influenaef velocity coupled heat release
variations is expected to be small, and the driving process for the observed heat release fluctuations

wasthe varying fuemass fluxand theassociated equivalence ratios.

Figure20 illustrates the different phases durthg cycle with cartoons indicating the flaxglocityin

the central nozzle, the fuel distribution, and the flame Zbhis.feedback mechanism wasscribed
previously[Candel 2002, Dowling 2003 Huang 2009, Lieuwen 2G0%] was observed several

different swirl burner geometrig®uan 2005Lieuwen 1998 Meier 200T. A determining quantity for

this feedback mechanisia the pressure difference between the plenum and the combustion chamber.
Because the amplitude of the pressure oscillations in the combustion cheasbmrch larger than in

the air plenums, the pressure differeassentiallyfollowedthe pressure trace the combustion

chamber. At the maximum pressure in the combustionchampb&{ & 90A) the accel er
flow within the central nozzlerasat its minimumand hence the axial velocig the dump plane
reachedts smallest value shortly afterwardd the lowest available measurement position (h =
2.5mm), the velocity profiles (not shown here) had their minima at phi4.is also the phass

whichthe heat release reached its maximum. Because the fuel was injected with high momentum

(relativelylarge pressure drop) into the central air nozzle, the fuel mass flow was less affected by the
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pressure variations in the combustion chamber. Therefore, mixtitrekigh CH, mole fractionguilt

up in the central nozzle during the periodaf air velocties around ph4.

With decreasing heat release and pressure in the combustion chamber, the flow velocity in the central
nozzle increases. At h = 2nam (not shown}he maximumvelocities from the inner nozzle occur

around ph8. This is confirmed by tlaelocity profiles at h = 8m. Together with the air flow from

the central nozzle, the fuath mixtures are convected into the combustion chamber. Accordingly the

local CH, mole fraction and mixture fraction increase. At h m® the maximum values ofand

(chsas well agg  are reached at around ph8, or approximately h@%after the buildup of the fuel

rich mixtures at ph4 in the nozzlEhe corresponding mean convection velocity from-thZzto 8mm

isT 16 m/s and is in good agreement withthee vel of the axial wvelocity m
14 m/s).

Thelayers of high fuel concentratiomerefurther convected downstreamhile getting leaner due to

mixing, and finally burned in the flame zartdere,, lwas close to g0r below depending on the
downstream position (see Fig. 1Bwas shown that the decrease of ,CHrrelated well with the

shape of the flame zone measured by OH* chemiluminescBacausehe heat release rate reached

the maximum around phthe duration betwan the occurrence of maximum ¢idole fractions at h =

8 mm (ph8) and their arrival and consumption in the flame zone can be estimated to be approximately
180° phaseangleor1.25s.Consi dering that the axi al | ocati on
35mm, a convective time of 1.28ms between h = 8 ar8b mm corresponds to a mean axial velocity

of um/d THsalue of the velociggreesvell with the measuredxial velocity in this region

Finally, the increase of the heat releasscoupled tahe pressure increase in the combustion

chamber that reaches its maximum at ph3, and the lbgglenagain.

Thus, thefeedback mechanisobserved in the present seigpased om fuel flow rate and
equivalence ratio oscillation coupled with a convective delay aspreviouslydescribedn the
literature[L 0 s i | Lieu@ehZ06, Meier 2007 Sattelmayer 20035 chiirmans 20Q4lf the

convective time delay between the locations of the fuel injection and heat release is in (near)
resonance with the pedmf an acoustic mode of the combustion system, periodic pressure
oscillationscansustain themselves. It is noted that the characterization of the feedback mechanism
given here is not meant as a quantitative description. Details of the sequence cmyents
guantitative analysis are left to numerical simulations, which are able to characterize the mixing
process even at those locatidhat are not accessible for optical techniques, e.g., inside the central

nozzle.

4. Summary and Conclusions
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A gasturbine model combustor was designed and setup for the investigation of -thewastic
combustion instabilities withithe framework of the German Research Foundation Collaborative
Research Center 608. the current studythe dominant thermacoustic iistability at approximately
400Hz in a partially premixed flame with a global equivalence ration of 0.7 and a thermal power of
25kW was studied at atmospheric pressiites oscillation corresponded to a resonance of the system
where half the wavelengthatched the length of the inner plenuvieasurements of OH
chemiluminescence, flow fielanajor species concentrations, mixture fraction and temperature were

performedand offline phaseorrelatedo the presure oscillations in the combustion chamber.

Thepressure variations in the combustion chanalffected the flow fieldn different ways. In

addition to pronounced variations of the velocity of the inflowing jet, the inner recirculation zone
varied in sizeand strength, particularly downstream of trearfe zone. This variatiomas initiatedoy
the oscillating heat releasateandthe corresponding oscillating thermal expansion that caused a
variation of the axial momentum and swirl numbBére flame shape did not change much during an

oscillation cyclehowever, the O chemiluminescence intensity varied significantly.

At the lowest axial position of the Raman measurements (mJg the mixtures were on the average
fuel-r i ch i n the ¢ enmmantfuedeargfirtbenoutsigerhis spanr distéibutibrd

was caused by the nozzle arrangement anthtttehat only the central nozzle carried thel. The
region around t hmenwasuhe location vehare the flamte was anghdiéd.radial
spread of the flame zone at h = 8 &%dnm was compared to the therroleemical state of the gas
mixtures on the basis of singdot Raman results. The frequent occurrence ofsteahiometric

mixtures with elevated temperatures explained why the flame resided in the specific regions.

The thermeacoustic oscillationsiere accompanied by significant phatependent variations the
mixture fraction and fuel mole fraction in the inflowing jet and in the low part of the IRZ. Further up
in the IRZ and in the ORZ, the variations were spmatist likely because the residence time was long

enough to balance out the cyclic variations observed in the inflow.

The phaseorrelated mean fluxes of different molecular species through-seasi®nal planes of the
combustion chamber were approximaliydcombining the phassorrelated mean values of the axial
velocity and speciemassdensitiesAt h = 8mm the CH flux variedbetween66 % and +87x0,

while the corresponding Nlux variedbetween24 % and +26%. At h = 15mm, the variations were
redued mainly due tehe mixing progress. The observed phase shift of the fluxes between h = 8 and
15mm showed how the fuel stratification convected downstream. The cyclic variations of the fuel flux
and equivalence ratio were explained by the different respof the air and fuel flows to the pressure
variations in the combustion chamber. While the air flow was injected with a presspof oy T

1.5% across the nozzl¢hepressure drop of tHeel injectionwas significantly largefar) T

7.5%). In this way mixtures with high fuel concentratiobsiilt up in the central nozzle during phases
25



of a low air flow rate which subsequently entered the combustion chamber and convected towards the
flame zone. The experimental regsulvere combing to a qualitative description of the sequence of

events and the feedback loop that correspondsiiechanisnthat can be summarized eguivalence

ratio fluctuationswith convective delayThis finding was in agreement with previous studies that

observedhe same feedback mechanidnt was shown that the convectiywv

o

a 2ns)zorresponded to the oscillation period of a resonance of the combustor.

Acknowledgemens

The financial support by the German Research Council (D@ the Collaborative Research
Center 606 is gratefully acknowledgético Reuer is gratefully acknowledged for performing the

Comsol simulations of the acoustigenmodes of the combustor.

26



References

Allison PM, Driscoll JF, lIhme M (2012) Acousti@bavior of a partialspremixed gas turbine model
combustor. In: Proceedings of the 50th AIAA Aerospace Sciences Meeting: AIAAGEIKR

Arndt CM, Steinberg AM, Boxx IG, Meier W, Carter CD, Aigner M{®D) Flowfield and flame
dynanics of a gas turbine meticombustor during transition between theracoustically stablend
unstable states. In: Proceedings of the ASME Turbo Expo: GT22380

Ayoola BO, Balachandran R, Frank JH, Mastorakos E, Kaminski CF (2006) Spatially resolved heat
release rate measuremtin turbulent premixed flames. Combust Flame 1461

Bade S, Wagner M, Hirsch C, Sattelmayer T, Schuermans B (2014) Influence-aif fmeting on
flame dynamics of premixed swirl burners. In: Proceedings of the ASME Turbo Expo: GZ28382

Balachandan R, Ayoola BO, Kaminski CF, Dowling AP, Mastorakos E (2005) Experimental
investigation of the nonlinear response of turbulent premixed flames to imposed inlet velocity
oscillations. Combust Flame 143135

Barow E, Koch R, Bauer-H (2013) Comparison afscillation modes of spray and gaseous flames.
In: Proceedings of the Eighth Mediterranean Combustion Symposium: E€&GSC

Bellows BD, Bobba MK, Seitzman JM, Lieuwen T (2007) Nonlinear flame transfer function
characteristics in a swidtabilized combustod Eng Gas Turbines Power 129:0941

Bergmann V, Meier W, Wolff D, Stricker W (1998) Application of spontaneous Raman and Rayleigh
scattering and 2D LIF for the characterization of a turbulent CH4/H2/N2 jet diffusion flame. Appl
Phys B 66:480502

Biagioli F, Guthe F, Schuermans B (2008) Combustion dynamics linked to flame behaviour in a
partially premixed industrial burner. Exp Therm Fluid Sci 32:138%53

Bilger RW, Starner SH, Kee RJ (1990) On reduced mechanisms for methane air combustion in
nonpemixed flames. Combust Flame 80:1389

Boxx I, Stohr M, Carter C, Meier W (2010) Temporally resolved planar measurements of transient
phenomena in a partially praixed swirl flame in a gas turbine model combustor. Combust Flame
157:15101525

Boxx I, Arndt CM, Carter CD, Meier W (2012) Highspeed laser diagnostics for the study of flame
dynamics in a lean premixed gas turbine model combustor. Exp Fluids 626555

Brockhinke A, Kriger J, Heusing M, Letzgus M (2012) Measurement and simulation of ralflgtion
resolved chemiluminescence spectra in flames. Appl Phys B 105539

Bulat G, Jones WP, Marquis AJ (2013) Large Eddy Simulation of an industritirase
combustion chamber using the syiiid PDF method. Proc Combust Inst 34:31%5HE54

Candel S (202) Combustion dynamics and control: progress and challenges. Proc Combust Tnst 29:1
28

Candel S, Durox D, Schuller T, BourgoukfrJMoeck JP (2014) Dynamics of swirling flames. Ann
Rev Fluid Dyn 46:14i7173

CauxBrisebois V, Steinberg AM, Arndt CM, Mei&¥ (2014) Thermeacoustic velocity coupling in a
swirl stabilized gas turbine model combustor. Combust Flame 161:3186

Losil B, Ter haar S, Moeck JP, -sthilzadfametei t CO (201
simultaneous perturbations in equivaleraiorand velocity at high oscillation amplitudes. Combust
Flamel162:10461062

27



Dem C, Stéhr M, Arndt CM, Steinberg AM, Meier W (2015) Experimental study of turbulence
chemistry interactions in perfectly and partially premixed cwdiswirl flames. Z Phys Chem.
doi:10.1515/zpct20140583

Dowling AP, Stow SR (2003) Acoustic analysis of gas turbine combustors. J Propuls Power 19:751
764

Duan XR, Meier W, Weigand P, Lehmann B (2005) Phaselved laser Raman scattering and laser
doppkr velocimetry applied to periodic instabilities in a gas turbine model combustor. Appl Phys B
80:389 396

Durox D, Moeck JP, BourgouinrB, Morenton P, Viallon M, Schuller T, Candel S (2013) Flame
dynamics of a variable swirl number system and instalaititytrol. Combust Flame 160:1725742

Franzelli B, Riber E, Gicquel LYM, Poinsot T (2012) Large Eddy Simulation of combustion
instabilities in a lean partially premixed swirled flame. Combust Flame 153821

Fritsche D, Furi M, Boulouchos K (2007) An exipeental investigation of thermoacoustic
instabilities in a premixed swidtabilized flame. Combust Flame 151:28

Galley D, Ducruix S, Lacas F, Veynante D (2011) Mixing and stabilization study of a partially
premixed swirling flame using laser inducéabfescence. Combust Flame 1581551

Gicquel LYM, Staffelbach G, Poinsot T (2012) Large Eddy Simulations of gaseous flames in gas
turbine combustion chambers. Prog Energy Combust Sci 3B182

Giezendanner R, Keck O, Weigand P, Meier W, Meier U, StridkeAigner M (2003) Periodic
combustion instabilities in a swirl burner studied by pHasked planar lasenduced fluorescence.
Combust Sci Technol 175:72141

Gounder JD, Boxx I, Kutne P, Wysocki S, Biagioli F (2014) Phase resolved analysis oftflachers
in lean premixed swirl flames of a fuel staged gas turbine model combustor. Combust Sci Technol
186:421434

Gregor MA, Seffrin F, Fuest F, Geyer D, Dreizler A (2009) Msttalar measurements in a premixed
swirl burner using 1D Raman/Rayleigh seahg. Proc Combust Inst 32:1713946

Gupta AK, Lilley DG, Syred N (1984) Swirl flows. Abacus Press, Kent

Haber LC, Vandsburger U (2003) A global reaction model for OH* chemiluminescence applied to a
laminar flatflame burner. Combust Sci Technol 175:18B5%91

Hardalupas Y, Panoutsos CS, Taylor AMKP (2010) Spatial resolution of a chemiluminescence sensor
for local heatrelease rate and equivalence ratio measurements in a model gas turbine combustor. Exp
Fluids 49:888909

Hermeth S, Staffelbach G, GicqueYM, Anisimov V, Cirigliano C, Poinsot T (2014) Bistable
swirled flames and influence on flame transfer functions. Combust Flame 1619684

Huang Y, Yang V (2009) Dynamics and stability of lgaemixed swirstabilized combustion. Prog
Energy Combust S@5:293 364

Hubschmid W, Bombach R, Inauen A, Glthe F, Schenker S, Tylli N, Kreutner W (2008)
Thermoacoustically driven flame motion and heat release variation in ssgatiilized gas turbine
burner investigated by LIF and chemiluminescence. Exp Fluid645182

Im SH (2012) Caractérisation des instabilités thermoacoustiques dans les chambres de combustion a
gaz, Master Thesis, Ecole Centrale Paris

Ishino Y, Hasegawa T, Yamaguchi S, Ohiwa N (2001) Optical analysis of pulse combustion using
shadowgraph anplanar CHLIF imaging technique. J Energy Resour Technol 12339

28



Keck O, Meier W, Stricker W, Aigner M (2002) Establishment of a confined swirling natural gas/air
flame as a standard flame: temperature and species distributions from laser Raman re&surem
Combust Sci Technol 174:110751

Kim M-K, Yoon J, Oh J, Lee J, Yoon Y (2014) An experimental study of &iretnixing section on
unstable combustion in a dump combustor. Appl Therm Eng 626662

Kojima JJ, Fischer DG (2013) Multiscalar analysebigh-pressure swirktabilized combustion via
singleshot dualSBG Raman spectroscopy. Combust Sci Technol 185t 1783

Komarek T, Polifke W (2010) Impact of swirl fluctuations on the flame response of a perfectly
premixed swirl burner. J Eng Gas Turbifswver 132:061503

Kraus C, Bockhorn H (2013) Experimental and numerical investigation of combustion instabilities in
swirl-stabilized flames operated in partiafyemixed mode. In: Proceedings of the European
Combustion Meeting: P36

Lartigue G, Meier UBérat C (2004) Experimental and numerical investigation ofeselited
combustion oscillations in a scaled gas turbine combustor. Appl Therm Eng 24t%823

Lawson NJ, Wu J (1997) Threfimensional particle image velocimetry: experimental error analysis
of a digital angular stereoscopic system. Meas Sci Technol 8:1465

Lee JG, Santavicca DA (2003) Experimental diagnostics for the study of combustion instabilities in
lean premixed combustors. J Propuls Power 19735

Lieuwen TC (2012) Unsteady congiar physics. Cambridge University Press, New York

Lieuwen TC, Yang V (2005) Combustion instabilities in gas turbine engines: operational experience,
fundamental mechanisms, and modeling. American Institute of Aeronautics and Astronautics Inc,
Reston

Lieuwen T, Zinn BT (1998) The role of equivalence ratio oscillations in driving combustion
instabilities in low NOx gas turbines. Symp (Int) Combust 27:188%6

Lilley DG (1977) Swirl flows in combustion: a review. AIAA J 15:108878

Lickerath R, Lammel O, 8ibr M, Boxx |, Stopper U, Meier W, Janus B, Wegner B (2011)
Experimental investigations of flame stabilization of a gas turbine combustor. In: Proceedings of the
ASME TurboExpo: GT201145790

Masri AR (2015) Partial premixing and stratificatiortimbulent flames. Proc Combust Inst 35:1i115
1136

Masri AR, Kalt PAM, Barlow RS (2004) The compositional structure of sstabilised turbulent
nonpremixed flames. Combust Flame 13371

Meier W, Duan XR, Weigand P (2006) Investigations of swirl flamesgas turbine model
combustor Il. Turbuleneehemistry interactions. Combust Flame 1441223

Meier W, Weigand P, Duan XR, Giezendaniiioben R (2007) Detailed characterization of the
dynamics of thermoacoustic pulsations in a lean premixed swirl fl@orabust Flame 150i26

Moeck JP, Bourgouin-B, Durox D, Schuller T, Candel S (2012) Nonlinear interaction between a
precessing vortex core and acoustic oscillations in a turbulent swirling flame. Combust Flame
159:26502668

Oberleithner K, Stéhr M, Im SHyrndt CM, Steinberg AM (2015) Formation and flasineluced
suppression of the precessing vortex core in a swirl combustor: experiments and linear stability
analysisCombust Flamedoi: 10.1016/j.combustflame.2015.02.0(@ib pres$

Palies P, Durox D, Schet T, Candel S (2010) The combined dynamics of swirler and turbulent
premixed swirling flames. Combust Flame 157:1698L7

29



Palies P, Schuller T, Durox D, GicqueMM, Candel S (2011) Acoustically perturbed turbulent
premixed swirling flames. Phys Flui@8:037101

Poinsot R, Veynante D (2012) Theoretical and numerical combustion, 3rd edn

Rebosio F, Widenhorn A, Noll B, Aigner M (2010) Numerical simulation of a gas turbine model
combustor operated near the lean extinction limit. In: Proceedings of the ASNE& Expo:
GT2010622751

Reichling G, Noll B, Aigner M (2013) Numerical simulation of the fieactive and reactive flow in a
swirled model gas turbine combustor. In: Proceedings of the 21st AIAA Computational Fluid
DynamicsConference: AIAA20132434

Renaud A, Ducruix S, Scouflaire P, Zimmer L (2015) Flame shape transition in a swirl stabilised
liquid fueled burnerProc Combust Inst 35:3363372

Reuer N (2013) Numerische Simulation der Akustik eines GasturMioelellbrenners, Bachelor
Thesis, Universityf Stuttgart

Sadanandan R, Meier W, Heinze J (2012) Experimental study of signal trapping of OH laser induced
fluorescence and chemiluminescence in flames. Appl Phys B 106247

Sattelmayer T (2003) Influence of the combustor aerodynamics on combustalilities from
equivalence ratio fluctuations. J Eng Gas Turbines Power 12211

Schadow KC, Gutmark E (1992) Combustion instability related to vortex shedding in dump
combustors and their passive control. Prog Energy Combust Sci 183P17

SchildmacheK-U, Koch R, Bauer HI (2006) Experimental characterization of premixed flame
instabilities of a model gas turbine burner. Flow Turbul Combust 761877

Schuller T, Durox D, Candel S (2003) Silfluced combustion oscillations of laminar premixed
flamesstabilized on annular burners. Combust Flame 135525

Schirmans B, Bellucci V, Githe F, Meili F, Flohr P, Paschereit CO (2004) A detailed analysis of
thermoacoustic interaction mechanisms in a turbulent premixed flame. In: Proceedings of the ASME
TurboExpo: GT200453831

See YC, Ihme M (2014) LES investigation of flow field sensitivity in a gas turbine model combustor.
In: Proceedings of the 52nd AIAA AerospdaaencedMeeting: AIAA 20140621

See YC, Ihme M (2015) Large eddy simulation of a partipdgmixed gas turbine model combustor.
Proc Combust Inst 352251234

Severin MJ (2012) Experimentelle Untersuchung der Verbrennungsinstabilitdten eines Gasturbinen
ModellbrennersDiploma Thesis, University of Stuttgart

Steinberg AM, Boxx I, Stohr M, Cart&@D, Meier W (2010) Flowllame interactions causing
acoustically coupled heat release fluctuations in a the@oastically unstable gas turbine model
combustor. Combust Flame 157:2P3066

Steinberg AM, Boxx I, Stéhr M, Meier W, Carter CD (2012) EffedtBaw structure dynamics on
thermoacoustic instabilities in swastabilized combustion. AIAA J 50:95967

Steinberg AM, Arndt CM, Meier W (2013) Parametric study of vortex structures and their dynamics
in swirl-stabilized combustion. Proc Combust Inst334 7 3125

Stéhr M, Meier W (2013b) Experimental and numerical study of dayite thermoacoustic
oscillations in a gas turbine model combustor. In: Proceedings Blttepean Combustion Meeting:
P427

Stohr M, Boxx I, Carter CD, Meier W (2012) Experin@rstudy of vortexlame interaction in a gas
turbine model combustor. Combust Flame 159:2@889

30



Stéhr M, Arndt CM, Meier W (2013) Effects of Damkdhler number on voftame interaction in a
gas turbine model combustor. Proc Combust Inst 3413105

Stéhr M, Arndt CM, Meier W (2015) Transient effects of fial mixing in a partiallypremixed
turbulent swirl flame. Proc Combust Inst 35:3B2335

Stopper U, Meier W, Sadanandan R, Stohr M, Aigner M, Bulat G (2013) Experimental study of
industrial gas twine flames including quantification of pressure influence on flow field, fuel/air
premixing and flame shape. Combust Flame 160:22083

Sweeney MS, Hochgreb S, Dunn MJ, Barlow RS (2012) The structure of turbulent stratified and
premixed methane/air flaradl: Swirling flows. Combust Flame 15829122929

Syred N, Beér JM (1974) Combustion in swirling flows: a review. Combust Flame 22043

Terhaar S, Oberleithner K, Paschereit CO (2015) Key parameters governing the precessing vortex core
in reacting flows An experimental and analytical study. Proc Combust Inst 35i33564

Wehr L, Meier W, Kutne P, Hassa C (2007) Singlese 1D laser Raman scattering applied in a gas
turbine model combustor at elevagg@ssure. Proc Combust Inst 31:3¢HD6

Weigand PMeier W, Duan XR, Stricker W, Aigner M (2006) Investigations of swirl flames in a gas
turbine model combustor I. Flow field, structures, temperature, and species distributions. Combust
Flame 144:206224

Widenhorn A, Noll B, Aigner M (2009) Numerical studfa nonreacting turbulent flow in a gas
turbine model combustor. In: Proceedings of the 47th AIAA Aerospace Sciences Meeting: AIAA
2009647

TNF Workshop (2015) International Workshop on Measurement and Computation of Turbulent
Flames, http://www.ca.saralgov/TNF/abstract.html

Worth NA, Dawson JR (2012) Cinematographic-®HF measurements of two interacting turbulent
premixed flames with and without acoustic forcing. Combust Flame 159:11P8

31



Fuel Injection
Inner Swirler

Outer Swirler

* Fuel

Outer Air Mic. OP

OQuter
Air

Sonic

Nozzles Mic. IP

f Fuel

Fig. 1: Schematic drawing of the burner wettmbustion chamber and the air and fuel supplies. Mic.

means microphone, CC combustion chamber, OP outer plenum and IP inner plenum.
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Fig. 2: Acoustic spectra of the standard case measured in the combustion chamber (CC), the outer
plenum (OP) and inngslenum (IP).The vertical lines are the computgdenmodes of the inner

plenum (grey vertical lines) and the Helmheaiiode of the outer plenum with the combustion
chamber (black vertical line).
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Fig. 5: Phasecorrelated mearg( anddeconvolutednean ) OH* chemiluminescence distributions
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Fig. 6: Phasecorrelated axial intensity profiles of the OH* chemiluminescence distribution. For better

discrimination between the curves, symbols are only plotted for each 20th measurentent poin
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Fig. 7: Velocity distributions averaged over all phases. Streamlines indicate flow dirdatjpflame:
Color coded meaaxial velocity. Bottomframe: Colorcoded meamadial velocity.
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Fig. 9: Phasecorrelated mean values of the flow field at phases 1, 3, 5 and 7. The radial velocity is
color coded. The white lines represent the shape of the recirculation zones (zero @oitg).vel
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Fig. 10: Radial profiles of the phasmrrelated mean values of the axial, radial and tangential velocity
components at h = 8 and 15 mm above the nozzle.
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a) Mixture Fraction
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Fig. 12: 2D distributions of the phase correlated mean valua¥rofxture fractionb) CH, mole

fraction and c) temperaturéhe plots have been generated from the Raman point measurements by
interpolation. Open symbols in the plot of ph4 of subfigure a) are themasecorrelated

measurement locations and closed symbols are the-pbaséated measurement locations.
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Fig. 13: Radial profiles of the phasmrrelated mean values the mixure fraction and tempature

for 8 phases at h = 8 mi@hown in the upper left corner is the phaseraged radial extent of the
reaction zone, determined from the deconvoluted OH* CL images ibligs an additional guide to
the eye, the grey shaded areas represent the flame zone: dark grey is the zone with a flame for all
phase angledight grey is the zone with a flame only for certain phase angles.
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Fig. 14: Radial profiles of the phasmrrdated mean values of the mixture fraction and temperature
for 8 phases at h = 15 mm. Shown in the upper left corner is the-ghersged radial extent of the
reaction zone, determined from the deconvoluted OH* CL images ibligs an additional guid®

the eye, the grey shaded areas represent the flame zone: dark grey is the zone with a flame for all
phase angledight grey is the zone with a flame only for certain phase angles.
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Fig. 15: Scatterplots of mixture fraction vs. temperature for hand15mm. Color coded is the radial
position of the samples; tlweangevertical line corresponds to the global mixture fraction and the
cyanvertical line to the stoichiometric mixture fraction. Also shown is the adiabatic equilibrium for
350K fresh gagemperature with atrain rate of 1/s at lar.
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