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Abstract A gas turbine model combustor for partially
premixed swirl flames was equipped with an optical com-
bustion chamber and operated with CH, and air at atmos-
pheric pressure. The burner consisted of two concentric
nozzles for separately controlled air flows and a ring of
holes 12 mm upstream of the nozzle exits for fuel injection.
The flame described here had a thermal power of 25 kW,
a global equivalence ratio of 0.7, and exhibited thermo-
acoustic instabilities at a frequency of approximately
400 Hz. The phase-dependent variations in the flame shape
and relative heat release rate were determined by OH*
chemiluminescence imaging; the flow velocities by ste-
reoscopic particle image velocimetry (PIV); and the major
species concentrations, mixture fraction, and temperature
by laser Raman scattering. The PIV measurements showed
that the flow field performed a “pumping” mode with vary-
ing inflow velocities and extent of the inner recirculation
zone, triggered by the pressure variations in the combus-
tion chamber. The flow field oscillations were accompanied
by variations in the mixture fraction in the inflow region
and at the flame root, which in turn were mainly caused by
the variations in the CH, concentration. The mean phase-
dependent changes in the fluxes of CH, and N, through
cross-sectional planes of the combustion chamber at differ-
ent heights above the nozzle were estimated by combining
the PIV and Raman data. The results revealed a periodic
variation in the CH, flux by more than 150 % in relation to
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the mean value, due to the combined influence of the oscil-
lating flow velocity, density variations, and CH, concentra-
tion. Based on the experimental results, the feedback mech-
anism of the thermo-acoustic 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 the fuel injector to the flame zone. The com-
bustor and the measured data are well suited for the valida-
tion of numerical combustion simulations.

Abbreviations

CC Combustion chamber
1P Inner plenum

op Outer plenum

CL Chemiluminescence
IRZ Inner recirculation zone
ORZ Outer recirculation zone
PIV Particle image velocimetry
PVC Precessing vortex core
RMS  Root mean square

List of symbols

D Diameter

ID Inner diameter

oD Outer diameter

f Frequency

f Focal length

V4 Aperture

/ Length

L Air mass flow ratio outer/inner nozzle
m Mass flow

r, h Radial, axial position

S Swirl number

T Temperature

Py Thermal power
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Pressure

v, w Axial, radial, tangential velocity component
Mole fraction
Mass fraction

~ MRS

Greek symbols

Phase angle
Wavelength
Density

Flux
Equivalence ratio
Mixture fraction
Time

AV S QD >R

Mathematical

) Phase-averaged mean

) Time average

{-} Property integrated across the field-of-view width
(r) at a particular &

) Instantaneous fluctuation

)’ RMS fluctuation

Index

i Inner

0 Outer

m Mass

\% Volume

stoich.  Stoichiometric

1 Introduction

Most gas turbine (GT) combustors for power generation
are equipped with swirl burners and operated with lean
premixed or partially premixed flames. While such com-
bustors feature excellent emission levels, serious opera-
tional restrictions arise from their susceptibility to thermo-
acoustic instabilities (Huang and Yang 2009; Lieuwen and
Yang 2005), where the unsteady heat release couples with
one or more acoustic modes of the combustor. Different
feedback mechanisms for thermo-acoustic oscillations have
been reviewed in the literature (Candel 2002; Dowling and
Stow 2003; Lieuwen and Yang 2005; Lieuwen 2012), such
as flame surface density variations (Candel 2002; Schuller
et al. 2003), periodic vortex shedding (Schadow and Gut-
mark 1992), or equivalence ratio fluctuations at the com-
bustor inlet (Lieuwen and Zinn 1998). Equivalence ratio
fluctuations can occur in combustors, where fuel is injected
close to or inside the swirl generators. Here, pressure fluc-
tuations in the combustion chamber can cause unsteady
fuel and air flow rates. If the fuel and air feed systems
respond differently to pressure waves generated by unstable
combustion, not only the total flow rate fluctuates, but also
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the equivalence ratio. Those mixture variations are con-
vected to the flame zone and can cause heat release fluctua-
tions. If the convection time is in resonance with an acous-
tic eigenmode of the combustor, the fluctuations lead to
self-sustained pressure oscillations. This coupling presents
a major excitation mechanism in flames with inhomogene-
ous fuel/air mixtures (Huang and Yang 2009). Further feed-
back mechanisms include fuel feed line—acoustic coupling
and interaction of incident acoustic waves with the swirler
(Huang and Yang 2009; Lieuwen and Yang 2005).

Despite significant research effort and progress in this
field, reliable prediction of frequencies and amplitudes of
thermo-acoustic oscillations remains a challenging task.
The main reason for this lies in the complex nature of the
interaction between heat release, flow field, and acoustic
modes of the combustion system. Frequently, minor geo-
metrical modifications of the combustor or small changes
in the operating or boundary conditions lead to drastic
changes in the stability of the system, such as transition
from attached to detached flames or flames with and with-
out precessing vortex cores (Allison et al. 2012; Arndt et al.
2010; Biagioli et al. 2008; Fritsche et al. 2007; Hermeth
et al. 2014; Oberleithner et al. 2015). In addition, under-
standing and predicting combustor thermo-acoustic behav-
ior is complicated by significant effects of turbulence—
chemistry interaction (Bulat et al. 2013; Gicquel et al.
2012; Liickerath et al. 2011; Meier et al. 2006; Rebosio
et al. 2010), and spatially and temporally varying degrees
of premixing (Bade et al. 2014; Masri 2015; Meier et al.
2007; Stopper et al. 2013). The occurrence of hydrody-
namic instabilities like precessing vortex cores, vortex
shedding, or other shear layer instabilities (Candel et al.
2014; Caux-Brisebois et al. 2014; Kim et al. 2014; Moeck
et al. 2012; Stohr et al. 2012, 2015; Stohr and Meier 2013b)
further complicates the situation. For example, precessing
vortex cores can influence the mixing (Stohr et al. 2015),
or can cause flame role-up and local extinction (Stohr et al.
2013).

Good progress toward understanding combustion
instabilities has been achieved in recent years by the use
of GT model combustors. These combustors can feature
many phenomena relevant to practical engines, such as
self-excited oscillations, swirl-induced vortex breakdown,
hydrodynamic instabilities, and time-dependent premix-
ing, while providing well-controlled operating and bound-
ary conditions at reasonable costs. Moreover, they can be
designed with good optical access to allow for the applica-
tion of optical and laser measurement techniques capable
of determining important quantities like velocity, tempera-
ture, and species concentrations with high spatial and tem-
poral resolution.

For the study of periodic combustion instabilities, phase-
correlated measurements, i.e., single-shot or short-exposure
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measurements recorded simultaneously with the phase
angle of the instability, have been applied to reveal the
changes in various quantities during an oscillation cycle.
Those measurements include OH* and CH* chemilumines-
cence to identify heat release variations, OH, CH,0, and
CH PLIF to determine fluctuations in the flame surface
density or local Rayleigh index and laser Raman measure-
ments to assess changes in the thermo-chemical state of the
flame (Bellows et al. 2007; Biagioli et al. 2008; Giezendan-
ner et al. 2003; Hubschmid et al. 2008; Ishino et al. 2001;
Lee and Santavicca 2003; Meier et al. 2007; Schildmacher
et al. 2006). More recently, high-speed imaging techniques
in combination with acoustic pressure tracing have been
applied to study thermo-acoustic instabilities in GT-rele-
vant combustors (Boxx et al. 2010, 2012; Caux-Brisebois
et al. 2014; Durox et al. 2013; Galley et al. 2011; Gounder
et al. 2014; Steinberg et al. 2010, 2012, 2013; Worth and
Dawson 2012), yielding deeper insight into the feedback
mechanisms.

In addition to revealing causality of the oscillations,
an important role of measurements in GT model combus-
tors is to supply experimental data for simulation valida-
tion. Important data include sufficient definition of bound-
ary conditions, along with temperature, major species, and
velocity distributions. However, such information often is
not provided in GT model combustor studies due to chal-
lenges in applying the required diagnostics to complex con-
fined flames. Particularly, the application of laser Raman
scattering for single-shot species and temperature measure-
ments in such combustors is demanding, and there are only
few data sets available for model validation comprising
multispecies concentrations, temperature, and velocity field
data. So far, the most comprehensive experimental data sets
from GT model combustors are from the DLR Dual Swirl
Burner (Giezendanner et al. 2003; Weigand et al. 2006)
and the Turbomeca Burner (Meier et al. 2007). They have
been operated with gaseous fuels at conditions with and
without thermo-acoustic instabilities. In both cases, the
instabilities were identified as Helmholtz oscillations at fre-
quencies around 300 Hz. The Turbomeca Burner has been
conceived for lean premixed combustion with fuel injected
into the air flow within the swirler (Lartigue et al. 2004).
In this premixing mode, often referred to as technical pre-
mixing, a certain degree of unmixedness is 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 chemistry (Dem et al. 2015), but that technically pre-
mixed flames were more susceptible to thermo-acoustic
instabilities (Im 2012). The DLR Dual Swirl Burner has
been designed for partially premixed flames and exhib-
ited some characteristics of aero-engine combustors. The
fuel is injected between two co-swirling air flows that are

fed from a common plenum through two concentric noz-
zles. During the transition from thermo-acoustically stable
to unstable states, the flame shape changed from conical
to flat, i.e., burning close to the burner plate (Stohr et al.
2013). This behavior was associated with the shape of the
outer air nozzle that was contoured with a quarter circle at
the exit, so that the air flow was guided radially outward.
The contour posed a certain problem for the numerical
simulation because the exact location of the detachment
of the flow from the quarter circle was difficult to predict
correctly (Reichling et al. 2013; See and Thme 2014, 2015;
Widenhorn et al. 2009). Further, the ratio of the mass flows
through the two swirlers could not be controlled or meas-
ured and thus was a source of uncertainty in the boundary
conditions.

Based on this experience, a new generic “standard”
burner for gas turbine thermo-acoustics research has been
defined within the framework of the German Research
Foundation Collaborative Research Center 606. The design
is based on the previously studied Dual Swirl Burner
configurations, but features several improvements to the
boundary conditions. In contrast to the previous combus-
tors, the burner features two swirlers with separate plenum
chambers. The air flow to each plenum can be controlled
and monitored independently, such that the air split ratio
between the inner and outer nozzle can be set exactly.
The exit of the outer air flow is a sharp edge instead of a
curved profile to achieve a well-defined separation point
of the flow. Also, the separation wall between the two air
flows was extended to the combustor dump plane in order
to achieve better optical access to this region. The burner
can be operated either partially or perfectly premixed. The
combustion chamber offers very good optical access, and
it is equipped with several ports for pressure probes. The
combustor described in this paper is operated in the par-
tially premixed mode at atmospheric pressure with gaseous
fuel (CH,). However, a nearly identical setup is available
for liquid fuels (Bédrow et al. 2013). Further, the design
allows for several identical burners to be combined into a
combustor array, in order to investigate cross-flame interac-
tions (Kraus and Bockhorn 2013).

The current paper focuses on a detailed experimental
characterization of an operating condition where the flame
undergoes self-excited thermo-acoustic oscillations. The
flame shape was measured by chemiluminescence imaging;
the flow field by particle image velocimetry; and the simul-
taneous major species concentrations, temperature, and mix-
ture fraction by laser Raman scattering. All measurements
were taken in combination with dynamic pressure probes
in order to off-line-correlate the single-shot measurements
with the phase in the thermo-acoustic oscillation. One main
goal of this study is the presentation of a novel gas turbine
combustor for the analysis of thermo-acoustic instabilities
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that is particularly tractable for numerical simulations, along
with an extensive experimental data set for simulation vali-
dation. Such a configuration/data set fills a significant gap
in turbulent combustion test cases (TNF Workshop 2015).
Moreover, a detailed analysis is presented for the coupling
between the thermo-acoustic oscillations and flow/mix-
ing behavior, with the aim of understanding the underlying
feedback mechanism. It includes the phase-dependent vari-
ation in the fuel mass flux through axial planes of the com-
bustor and specifies the different contributions to it from
fuel mole fraction, axial velocity, and gas temperature. It is
shown how the sequence of reactant convective transport,
mixing, and reaction events during an oscillation cycle is
related to the pressure variation. This feedback mechanism
is known as fuel flow rate and equivalence ratio oscillation
coupled with a convective time delay, and was previously
described in the literature (Candel 2002; Cosi¢ et al. 2015;
Lieuwen and Zinn 1998; Lieuwen and Yang 2005; Meier
et al. 2007; Sattelmayer 2003; Schiirmans et al. 2004). This
analysis establishes a quantitative means of evaluating cou-
pling 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
phenomena in this combustor.

2 Experimental
2.1 Combustor

A schematic of the combustor is shown in Fig. 1. It consists
of an inner nozzle (diameter D = 15 mm) and a concen-
tric annular nozzle (ID = 15.2 mm, OD = 24 mm), which
are fed with air at room temperature from two separate ple-
nums. Both flows are swirled in the same direction by sepa-
rate radial swirl generators. The separate air supplies allow
controlled adjustment of the air split ratio, L = fitgir.o/Mair.is
where 71,5 o and 1, ; are the air mass flow rates through the
outer and inner nozzles, respectively. The theoretical swirl
number is S, = 1.06 for the outer swirler and S; = 0.73
for the inner swirler. Fuel is supplied to the inner nozzle
through a feed system built into the splitter wall between
the nozzles. The fuel flows through a circle of 60 holes
with diameter of 0.5 mm located on the inner wall surface
12 mm below the nozzle exit. In this configuration, the flow
from the inner nozzle is partially premixed before the onset
of combustion. Alternatively, or in addition, fuel can be
supplied far upstream of the air plenums in order to operate
premixed flames or partially premixed flames with various
degrees of premixing. However, these latter configurations
are not studied here.

The flames are enclosed in a square combustion cham-
ber (CC) (89 x 89 mm? cross section, 112 mm high)
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Fig. 1 Schematic drawing of the burner with combustion chamber
and the air and fuel supplies. Mic. means microphone, CC combus-
tion chamber, OP outer plenum, and /P inner plenum

comprised of four fused silica plates held by steel frames.
The frames are mounted to four posts in the corners and
to the bottom and top of the combustion chamber. The
unrestricted view of the flame is 73 mm wide and 112 mm
high on each side. The burner face plate has a slight conical
shape, such that the nozzle exit is elevated by 2 mm with
respect to the outer edge of the face plate. This enables bet-
ter optical access to the nozzle exit. The coordinate system
origin for all measurements is the center of the nozzle exit
(h = 0, r = 0). The exit of the vertically oriented combus-
tion chamber was conically shaped, leading to a short cen-
tral exhaust pipe with an inner diameter of 50 mm. Two of
the four posts are each equipped with three ports for the
installation of microphone probes.

The lower part of the combustor, containing the air ple-
nums and supply lines, also is shown in Fig. 1. The outer
housing is machined from a square cross-sectional stainless
steel tube with inner dimensions of 90 x 90 mm?. Air is
supplied to the plenums from two tubes (ID = 72 mm) on
one side. To yield defined upstream acoustic boundaries,
sonic orifices are located approximately 200 mm upstream
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of the inlet to the vertical plenum sections. The inner air
plenum (IP) extends over the complete length (380 mm) of
the feed system. A round tube (OD = 50 mm) along the
burner axis forms the inner boundary of the inner plenum.
In the upper half of the burner, the outer boundary of the
inner plenum is a 76 mm ID tube that separates the inner
and outer plenum. In the lower half of the burner, the outer
boundary of the inner plenum has a 90 x 90 mm? square
cross section formed by the overall burner geometry. The
vertical section of the outer air plenum (OP) has a length of
200 mm, a round inner surface with a diameter of 80 mm,
and an outer boundary of 90 x 90 mm?. Fuel is fed through
a 4 mm ID tube along the burner axis to a small fuel ple-
num at the nozzle. Ports for microphone probes enable the
registration of acoustic oscillations in the plenums. Their
locations are indicated in Fig. 1.

All flow rates were metered by electromechanical mass
flow controllers (Brooks type 5851S for CH, and type
5853S for each air flow) and additionally monitored by cal-
ibration-standard Coriolis flow meters (Siemens SITRANS
F C MASS 2100 DI 3 for CH, and Siemens SITRANS F C
MASS 2100 DI 15 for each air flow) with an accuracy of
approximately 1.5 %.

For the results presented in this paper, the burner was
operated in the partially premixed configuration with
Tairo = 451 and 7itair; = 282 g/min of air in the outer and
inner plenum, respectively, and ricy, = 30 g/min of CH,.
The corresponding thermal power was P, = 25 kW, the
global equivalence ratio was ¢globar = 0.7, and the global
stoichiometric mixture fraction was &gjobat = 0.0391. The
mass flow ratio of L = 1.6 between outer and inner air is
approximately the ratio of the nozzle exit areas, result-
ing in similar bulk velocities and equal pressure drop
across both swirlers. With these flow rates, but without
a flame in the combustion chamber, the pressure drop
was Ap,ir = 14 mbar (1.5 %) across the air swirlers and
Apsuel = 70 mbar (7.3 %) across the fuel injector.

2.2 Pressure measurements

The pressure oscillations in the combustion chamber and in
the two air plenums were measured using calibrated micro-
phone probes (Briiel & Kjear, type 4939), with a sampling
rate of 50 kHz. The microphone probes were calibrated
for frequencies up to 2000 Hz; higher frequencies are not
studied here. The pressure signal in the combustion cham-
ber was used as the reference signal for off-line phase-
conditioning of the laser-based measurements as described
below.

The pressure power spectrum at each location was com-
puted by slicing the long-duration pressure signal into one-
second segments, calculating the spectrum for each seg-
ment, and then averaging the results from each segment.

No additional filtering or smoothing of the raw signals or
the frequency spectra was performed.

As will be seen below, the dominant thermo-acoustic
frequency was f = 392 Hz. Off-line phase correlation of
the laser measurements (described below) therefore was
performed to study the thermo-acoustically coupled flow
and flame behavior. Pressure and single-shot laser meas-
urements were recorded simultaneously, and each single-
shot laser measurement was correlated with a combustion
chamber pressure. In post-processing, the measured values
were sorted with respect to the phase angle («) through the
oscillation and, for phase-correlated mean values, aver-
aged within eight bins each comprising 45° phase angle
span. Phase angle 0° was defined as the transition from
negative to positive pressure fluctuation in the combustion
chamber. Accordingly, phase 1 covered the range between
—22.5° < a < 422.5° (termed phl), phase 2 the range
between 22.5° < a < 67.5° (ph2), etc.

At the temperatures prevailing in the combustion cham-
ber (T ~ 1800 K), a frequency of 392 Hz corresponds to
a wavelength of A =~ 2 m. Thus, spatial pressure gradi-
ents within the combustion chamber were small and are
neglected in the following treatment.

2.3 Flow field measurements

Three-component velocity fields were measured using ste-
reoscopic particle image velocimetry (PIV) at a repetition
rate of 5 Hz. The system (FlowMaster, LaVision) consisted
of a frequency-doubled dual-head Nd:YAG laser (New-
Wave Solo 120), two CCD cameras (LaVision Imager
Intense, 1376 x 1040 pixels), operated in double-frame
mode, and a programmable timing unit (PTU 9, LaVision).
The laser pulse energy was 120 mJ at 532 nm, and the
separation time between two pulses was 11 ps. The laser
beam was expanded into a light sheet that covered the cen-
tral vertical plane of the combustion chamber. The thick-
ness of the laser sheet was around 1 mm. The cameras were
equipped with a wide-angle lens (f = 16 mm, set to f/2)
and a band-pass filter (532 £ 5 nm) in order to reduce the
influence of flame luminosity. Both cameras were mounted
on Scheimpflug adapters in order to align their focal plane
with the laser sheet. Both fields of view covered an area
—39 mm < r < 39 mm and 0.5 mm < A < 105 mm. The
distance between the camera lenses and the measurement
plane was 200 mm, and the viewing angle of 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 protect the cameras from thermal
radiation.

The air flow was seeded with TiO, particles with a
nominal diameter of 1 um, which have a relaxation time of
75 x 107%s. For the condition tested, the strongest local
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velocity differences of Av ~ 40 m/s occur over a length
scale of [ &~ 10 mm. The resulting Stokes number is (7
Av)/l = 0.02, and thus, velocity errors due to particle slip
are considered negligible. 1200 single-shot particle pairs
were recorded, and velocity fields were evaluated from
these particle image pairs using a commercial PIV software
(LaVision Davis 8.0). A multiscale cross-correlation algo-
rithm was used with a final interrogation window size of
16 x 16 pixel, corresponding to an in-plane spatial reso-
lution of 1.5 x 1.5 mm?, and a window overlap of 50 %.
Based on the £0.1 pixel uncertainty of the peak-finding
algorithm, the maximum random uncertainty of in-plane
instantaneous velocities is £0.8 m/s. With the camera angle
of 20°, the uncertainty of the out-of-plane velocity is about
three times higher than in-plane uncertainty (Lawson and
Wu 1997).

2.4 Laser Raman measurements

Single-shot laser Raman scattering was applied for the
pointwise quantitative measurement of the major species
concentrations (O,, N,, CH,, H,, CO, CO,, H,0O) and the
temperature. The measurement system has been described
previously (Keck et al. 2002; Meier et al. 2007), and only a
short summary is given here. The radiation of a flashlamp-
pumped dye laser (Candela LFDL 20, wavelength 489 nm,
pulse energy ~ 1.8 J, pulse duration ~ 3 s, pulse repetition
rate 5 Hz) was focused into the combustion chamber, and
the Raman scattering emitted from the measurement volume
(Iength ~ 0.6 mm, diameter ~ 0.6 mm) was collected by an
achromatic lens (D = 80 mm, f = 160 mm) and relayed to
the entrance slit of a spectrograph (SPEX 1802, f = 1 m, slit
width 2 mm, dispersion ~ 0.5 nm/mm). The dispersed and
spatially separated signals from the different species were
detected by individual photomultiplier tubes (PMTs) in the
focal 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 law. The simultaneous detection of all major
species with each laser pulse also enabled the determina-
tion of the instantaneous mixture fraction (Bergmann et al.
1998). The mixture fraction is calculated following the
method by Bilger et al. (1990) and is defined as the ratio of
the mass in a sample originating from the fuel stream (here:
all C and H atoms) to the total mass.

Raman measurements were taken at a total of 70 meas-
urement locations at heights 4 = 8, 15, 20, 25, 40, 50, 60,
70, and 80 mm above the burner nozzle at various radial
locations between r = —3 and 27 mm. Measurement loca-
tions with 2 < 8 mm and r > 27 mm were not accessible
due to clipping of the solid angle of the detection optics.
For 38 locations at heights from 8 to 40 mm, measurements
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were taken with simultaneous pressure recordings to allow
for off-line phase correlation with the pressure signal. Fur-
ther downstream (2 > 50 mm), phase-dependent variations
in the thermo-chemical state in the measurement region
were insignificant. For 4 = 8, 20, 25, and 40 mm, 2,500
single-shot measurements were taken at each radial loca-
tion; approximately 1750 measurements were taken at each
value of r for &~ = 15 mm. This resulted in approximately
310 measurements (only 220 at # = 15 mm) in each of the
phase-angle ranges used for conditional averaging. At the
locations without conditional averaging, 400 single-shot
measurements were obtained. Figure 12a shows the loca-
tions of the Raman measurements, with closed symbols
indicating the locations of the phase-resolved measure-
ments and open symbols indicating non-phase-resolved
locations.

With respect to measurement uncertainties, it must be
distinguished between systematic errors arising from, for
example, uncertainties in the calibration procedure, and
statistical errors which are mainly caused by the statis-
tics (shot noise) of the detected Raman photons (NP) in a
single-shot measurement. Systematic uncertainties were
typically £3—-4 % for the temperature and mixture fraction,
and £3-5 % for the mole fractions of O,, H,0, CO,, and
CH,. Because of the low concentrations of H, and CO in
the flames investigated, the uncertainty is relatively large
for these species. These are estimated to be around £20 %
at a mole fraction of 0.01. The statistical uncertainties were
approximately 30 % larger than stated in a previous study
(Meier et al. 2007) due to a lower pulse energy applied in
the current measurements. Typical statistical uncertainties
(for a single-shot measurement) were 3-3.5 % for the tem-
perature and mixture fraction, 4 % for H,0, and 9 % for O,
and CO, in the exhaust gas. More details are given in refer-
ences (Duan et al. 2005; Meier et al. 2007).

2.5 Chemiluminescence measurements

OH#* chemiluminescence (CL) was recorded with an
intensified high-speed CMOS camera (LaVision HSS 5
with LaVision HS-IRO, active array 512 x 512 pixels),
equipped with a fast UV lens (f = 45 mm, f/1.8, Cerco) and
a high-transmission band-pass filter (transmission >80 %
at 310 nm). The recorded images had a field of view of
-39 mm < r < 39 mm and 0 mm < & < 75 mm. 8200 indi-
vidual images were recorded at a frame rate of 10 kHz with
an exposure time of 15 ps. After darkfield and whitefield
corrections, the largest remaining error was due to reflec-
tions of OH* chemiluminescence radiation at the combus-
tion chamber walls and bottom, and thermal radiation from
the combustion chamber.

OH* chemiluminescence intensities from lean premixed
flames are regarded as an indicator for the heat release rate
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(Haber and Vandsburger 2003; Hardalupas et al. 2010),
but the correlation between OH* chemiluminescence and
heat release rate may be influenced by several effects,
e.g., turbulence level (Ayoola et al. 2006) or signal trap-
ping (Brockhinke et al. 2012; Sadanandan et al. 2012).
Thus, in the current study, only qualitative information
is derived from the chemiluminescence images, such as
phase-dependent variations in heat release and the location
and extension of the flame zone. Although this technique
yields line-of-sight integrated signals, spatially resolved
information can be gained by deconvolution, taking advan-
tage of the statistical rotational symmetry of the flame. This
results in a “quasi 2D image” of the center plane, where
the local distribution of the chemiluminescence can be
identified more clearly than in the integral view. It 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 elucidat-
ing thermo-acoustically coupled convective processes.

2.6 Numerical modelling of the acoustic eigenmodes
of the combustor

Detailed acoustic characterization of the combustor geom-
etry was performed using the Comsol software pack-
age (Reuer 2013). A 3D finite-element model 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 bound-
ary at the position of the sonic orifices at the plenum inlet.
At the downstream exit of the combustion chamber, a per-
fectly matched layer was attached, which absorbs pressure
waves independent of their frequency or incident angle.
This provides an easy way to model an open end without
the need to simulate a large domain outside the combustor.
In the combustion chamber, the spatial distribution of den-
sity and sound velocity was modeled based on the Raman
measurements. For the excitation of the acoustic modes, a
flow point source was included in the model at the position
of the flame. The numerical model allowed the determina-
tion of the acoustic eigenmodes of the system, such that an
assignment of measured frequencies to geometric modes of
the combustor was possible.

3 Results and discussion

3.1 General flame behavior and acoustics

In addition to the primary test case described in Sect. 2.1,
which was studied in detail, the basic combustor

Helmholtz modes
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Fig. 2 Acoustic spectra of the standard case measured in the com-
bustion chamber (CC), the outer plenum (OP), and inner plenum (IP).
The vertical lines are the computed eigenmodes of the inner plenum
(gray vertical lines) and the Helmholtz mode of the outer plenum
with the combustion chamber (black vertical line)

behavior was tested over the range Py, = 10 kW to 35 kW
and ¢global =0.55 t0 0.94 (Severin 2012). For ¢gjobar < 0.65,
the flame was near blow off, and the heat release was dis-
tributed across a large axial distance in the combustor. For
@global = 0.65, the flame had a V-shape that is typical for
many swirl-stabilized flames. The V-shape of the flame did
not fundamentally change with either ¢giobar or Py, but did
increase in overall size and intensity with thermal power.
Transition from a V-shape to an M-shape, often associated
with a step-change increase in thermo-acoustic amplitude
(Arndt et al. 2010; Renaud et al. 2015), was not observed
at any tested condition. Instead, the sound pressure
level increased essentially linearly from p{,, = 140 Pa
(137 dB, RMS of the combustion chamber pressure) at
Py, = 15 kW and ¢giopar = 0.7 to pf = 400 Pa (146 dB)
at Py, = 35 kW and ¢gjoba1 = 0.9.

Detailed analysis of the flame thermo-acoustic behav-
ior was performed using the laser and optical measure-
ments for the case described in Sect. 2.1 (P = 25 kW,
Gglobal = 0.7, Eglobal = 0.0391). The pressure spectra for
this case, recorded in the combustion chamber and the two
air plenums (OP and IP), are shown in Fig. 2. The domi-
nant peak for all measurement locations is at 392 Hz. The
frequency spectrum from the combustion chamber further
exhibits a sharp peak at 785 Hz, corresponding to the sec-
ond harmonic and broader peaks around 535 and 684 Hz.

As can be seen in Fig. 2, the frequency spectra of the air
plenums contain multiple peaks, which were found to cor-
respond to resonances with length scales of the combustor.
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For better comparison, the computed eigenmodes of the
inner plenum are shown in Fig. 2 as gray vertical lines. The
Helmholtz mode between the combustion chamber and the
inner plenum, which was found to be the dominant thermo-
acoustic mode in previously described setups (Giezendan-
ner et al. 2003; Meier et al. 2007; Weigand et al. 2006), was
found to be at 86 Hz. The Helmholtz mode of the combus-
tion chamber with the outer plenum (139 Hz, black verti-
cal line) also is shown in Fig. 2. Neither Helmholtz mode
generated dominant acoustic modes in the measured fre-
quency spectra; no peak is visible for the inner plenum
Helmholtz mode and only a minor peak for the outer ple-
num Helmholtz mode. In the present setup, the dominant
thermo-acoustic mode was at 392 Hz, which is a resonance
mode with A = 2 [}, (based on the speed of sound in cold
air), where /[p is the length of the inner plenum (380 mm).
The computed corresponding eigenmode was at 407 Hz.
The difference in frequency can be explained by slight tem-
perature 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 part
of the inner plenum, a node can be seen (interface between
the orange- and blue-colored sections of the inner plenum);
the upper and the lower half of the plenum are out of phase,
thus resembling a half wave of the inner plenum.

The 392-Hz mode and its harmonic were also identified
in the spectral analysis of OH* chemiluminescence signals
(measured at 10 kHz repetition rate) and can thus be cat-
egorized as thermo-acoustic oscillations. It therefore can be
concluded that the dominant mode at 392 Hz corresponds
to a thermo-acoustic instability triggered by the interaction
between the flame and the inner plenum.

Figure 4 shows the pressure fluctuations (p' —p)
recorded in the combustion chamber and the plenum cham-
bers, as well as the fluctuation of the 10 kHz OH* chemi-
luminescence signal OH* — OH* /W , that dem-
onstrate this mode. The highest RMS pressure oscillation
(p/(/jC = 287 Pa) occurred in the combustion chamber. The
corresponding values from the inner and outer plenums
were pip = 69 Pa and p,p = 93 Pa, respectively. While the
pressure from the outer plenum followed the pressure vari-
ation in the combustion chamber quite closely, the pressure
in the inner plenum lagged the pressure in the combustion
chamber by an average value of approximately 120°.

3.2 Flame shape oscillations

The flame shape and its periodic variation were visualized
by OH* CL imaging. The instantaneous CL images were
recorded simultaneously with the pressure in the combus-
tion chamber and sorted with respect to the acoustic phase
as described in Sect. 2.1. Figure 5 shows the phase-corre-
lated mean (Fig. 5a) and deconvoluted (Fig. 5b) values of
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Fig. 3 Computed pressure phases of the 407-Hz eigenmode of the
inner plenum

the OH* CL distribution for the eight phase-angle ranges
used. In the deconvoluted CL distributions, the high inten-
sities seen at the combustor walls mostly stem from the
combustion chamber posts and reflections at the windows.
These features are exaggerated by the deconvolution pro-
cedure. The spots of increased intensity on the center axis
also are artefacts of the deconvolution.

The distributions demonstrate the conical shape of the
mean flame zone. The flame was lifted from the nozzle
by approximately 8 mm, with the lift-off height moving
slightly in axial direction over an acoustic cycle. However,
the change in lift-off height is very small in comparison
with other studies (Biagioli et al. 2008). The apex angle of
the flame zone was roughly 90° with small phase-depend-
ent variations. The flame zone extended to & ~ 50-60 mm
and covered the whole width of the combustion chamber.
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Fig. 4 Example of an extract from the pressure traces measured in
the combustion chamber (CC), the outer plenum (OP), and inner ple-
num (IP) together with the chemiluminescence signal

The size and intensity of the mean chemiluminescence
varied during an oscillation cycle, with the maximum and
minimum occurring at ph4 and ph8, respectively. Accord-
ing to the definition of o, the maximum and minimum pres-
sures in the combustion chamber were at ph3 (¢ = 90°) and
ph7 (e = 270°). Thus, pressure and heat release oscilla-
tions were out of phase by approximately 45°, but still in
the range of positive acoustic energy transfer according to
the Rayleigh criterion (Poinsot and Veynante 2012).

Figure 6 shows a summation of the chemiluminescence
intensity over horizontal pixel lines for each downstream
location and phase angle based on the distributions shown
in Fig. 5a. This yielded the chemiluminescence integrated
over cross-sectional planes as a function of 4. The maxi-
mum intensity was found at an average of 4 = 35 mm with
a phase-dependent variation of £2.5 mm. The axial move-
ment of the mean flame zone was thus quite small. As was
seen in Fig. 5a, the maximum heat release is reached in ph4
at h =36 mm.

3.3 Flow field oscillations

Figure 7 shows two-dimensional distributions of the mean
(averaged over all phases) axial and radial velocity. The
arrows indicate the streamlines and the colors the magni-
tude of the axial (%, top frame) and radial (v, bottom frame)
velocity components; the tangential component (w) is
not depicted in these images. The white lines indicate the
boundaries of the recirculation zones, i.e., zero mean axial
velocity. The mean flow field is typical for swirl flames,
exhibiting a conical inflow region with high velocities, a
pronounced inner recirculation zone (IRZ), outer recircula-
tion zones (ORZ), and the corresponding shear layers.

It must be kept in mind that the averaged flow fields
are significantly different from the instantaneous velocity
distributions. To illustrate this, Fig. 8 displays an example
distribution from a single-shot PIV measurement. It is seen
that the instantaneous flow field is dominated by turbulent
structures. The IRZ, for example, does not resemble a large
toroidal vortex as in the mean distribution, but is comprised
of several smaller unsteady vortices and flow structures.
These add up to a large recirculation bubble in the average
flow field. The zigzag pattern of vortices in the inner shear
layer is a two-dimensional cut through the 3D structure
of a helical precessing vortex core (PVC), which is often
observed in swirl-stabilized flames (Galley et al. 2011;
Moeck et al. 2012; Steinberg et al. 2013; Stohr et al. 2012;
Terhaar et al. 2015). The signature of the PVC can be seen
in the frequency spectrum of the pressure in the combustion
chamber and the outer plenum (Fig. 2), at a precession fre-
quency of fpyc = 1177 Hz. The presence of the PVC was
further confirmed by proper orthogonal decomposition of
the velocity fields, according to the method by Stohr et al.
(2012) (not shown here). The analysis of the thermo-acous-
tic oscillation presented here averages over the motion of
the PVC, and therefore, the zigzag vortex pattern does not
appear in the phase-averaged flow fields.

Because unsteady vortices and turbulence obscure the
phase-dependent changes in the flow field, phase-correlated
mean values are considered to reveal the effects of the
thermo-acoustic oscillation. During an oscillation cycle,
the most prominent variations were observed for the radial
velocity component. An overview of these variations is
given in Fig. 9, where 2D distributions of the phase-corre-
lated mean values are displayed for four phases (phl, ph3,
phS, ph7). Approximately 150 single-shot images have
been averaged for each phase. The white line again repre-
sents the boundary of the recirculation zones (zero axial
velocity). It is seen that the IRZ varied significantly in size,
with a maximum extent around phl and a minimum extent
around ph5. The inflowing jet undulated, and the magnitude
of the radial velocity was well correlated with this undula-
tion, like a wave that traverses through the lower half of the
combustion chamber. Corresponding movements are also
seen in the ORZ.

Details of the flow field behavior are better seen in the
radial profiles of the phase-correlated mean velocities
(u,v,w). The heights 2 = 8 and 15 mm, shown in Fig. 10,
match axial positions at which Raman measurements have
been taken. At these heights, the flows from the two nozzles
had largely merged. Only the tangential velocity at z = 8 mm
still exhibited a clear influence of the two air flows. The IRZ
was well pronounced, with a maximum backflow velocity on
the axis of u &~ —26 m/s around ph3 and ph4.

The radial extents of the inflowing jet and the IRZ
changed considerably during an oscillation cycle, driven
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Fig. 5 Phase-correlated mean (a) and deconvoluted mean (b) OH* chemiluminescence distributions

by the phase-dependent pressure changes at the nozzle. The
radial velocity component exhibited the strongest phase-
dependent variations, however, not in phase with the axial
velocity (out of phase by roughly 90°). The phase angle at
which the maximum and minimum velocities were reached
changed with increasing height. This reflects the wave-like
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motion in the combustion chamber that was previously
seen in Fig. 9. A closer analysis of this “pumping mode”
will be given after the presentation of the species and tem-
perature profiles.

Figure 9 showed that the shape of the IRZ varied only
slightly in the lower part of the combustor (2 < 20 mm)
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Fig. 6 Phase-correlated axial intensity profiles of the OH* chemi-
luminescence distribution. For better discrimination between the
curves, symbols are only plotted for each 20th measurement point

during an oscillation cycle, but changed significantly within
(20 mm < & < 50 mm) and above (4 > 50 mm) the main
heat release zone. It is plausible that these phase-dependent
variations are related to the thermal expansion within the
flame zone and the corresponding decrease in swirl num-
ber, because the establishment of an IRZ is connected to the
swirl number (Gupta et al. 1984; Lilley 1977). The swirl
number is defined as the ratio of the axial flux of angular
momentum to the axial flux of axial momentum (Syred and
Beér 1974). With increasing axial position, the variations
in tangential velocity with phase number decreased; for
h > 40 mm, no clear phase dependency was observed (not
shown). However, the axial velocity component behaved
differently. Figure 11 displays radial profiles of the phase-
correlated mean axial velocity at & = 25, 40, and 50 mm.
For clarity, results from only four phases are shown. Up to
h ~ 40 mm, the phase-dependent variations in the maxima
of the profiles decrease with increasing downstream posi-
tion; this trend however is reversed at 4 = 50 mm, where
a significant variation in the maxima of the profiles can be
observed. Here, the profile at ph4 exhibits the highest mean
axial velocity, whereas the profile at ph8 exhibits the low-
est mean axial velocity. This reflects the phase-dependent
variation in the heat release, as shown in Figs. 5 and 6.
Thus, the variation in the thermal expansion at 4 > 40 mm
leads to a change in axial momentum and swirl number, as
expected. At phases with low axial velocity, the swirl num-
ber is high, and consequently, the IRZ is rather large and
exhibits maximum backflow velocities. The changes in size
of the IRZ are thus directly coupled to the changes in heat
release. Similar observations of swirl number waves have
previously been made in thermo-acoustically oscillating
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Fig. 7 Velocity distributions averaged over all phases. Streamlines
indicate flow direction. Top frame: Color-coded mean axial velocity.
Bottom frame: Color-coded mean radial velocity

swirl flames (Caux-Brisebois et al. 2014; Komarek and
Polifke 2010; Palies et al. 2010, 2011).

3.4 Variations in mixture fraction and temperature

Because the flow from the central nozzle was partially
premixed and the flow from the annular nozzle was pure
air, significant spatial and temporal variations in mixture
fraction are expected purely due to turbulence. Further-
more, the thermo-acoustic oscillations are expected to
cause cyclical variations in the mixture fraction statistics,
as was seen in previous studies (Cosi¢ et al. 2015; Fran-
zelli et al. 2012; Lieuwen and Zinn 1998; Meier et al.
2007; Sattelmayer 2003). To present an overview of the
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phase-correlated Reynolds-averaged values of the mixture
fraction distribution, the results from the point measure-
ments were interpolated to yield two-dimensional plots
using the software “Origin 9.1.” Because the grid pattern
of measurement locations was relatively coarse, with only
38 locations of phase-correlated measurements, the spatial
structures are not finely resolved. However, the 2D images
yield a good overview.

In Fig. 12a, the results are displayed for the area
r = 0-27 mm and 4 = 860 mm. At 7 = 8 mm, the val-
ues of the phase-conditioned Reynolds-averaged mix-
ture fractions, & across all radial locations and phase
angles, spanned a range from & = 0.0126-0.0838, which

|vel.| [m/s]

100 45

40
80| -

130

60
V 125

h [mm]

120
40 1

15

20 10

Fig. 8 Example of an instantaneous flow field from a single-shot PIV
measurement displayed as streamline plot

corresponds to equivalence ratios of ¢ = 0.22-1.57,
respectively. The variations were rapidly mixed, so that at
h = 40 mm, £ varied only between 0.041 and 0.044 across
the radius. At 7 = 80 mm, the mixture fraction averaged
over all phase angles and radial locations was £ = 0.0420,
which is larger than the mixture fraction deduced from the
flow rates (§globa = 0.0391). Since the 2D mixture fraction
plots indicate lower values of & with increasing r, this devi-
ation is probably caused by richer mixtures in the Raman
measurement area ( < 27 mm) than in the area from r = 27
to 44.5 mm. The mixture fraction distributions clearly evi-
dence cyclic variations, with richer mixtures entering the
combustion chamber around phl. During the following
phase angles, the regions of richer mixtures expand down-
stream while being diluted by turbulent mixing.

The variations in mixture fraction are largely correlated
with those of the CH, distribution, shown in Fig. 12b, at
least up to 2 =~ 20 mm. The distributions reflect the pene-
tration depth of the fuel, and yield an impression of its dilu-
tion and consumption. The highest mean CH, mole frac-
tion was YCH4 = 0.127 and occurred at 4 = 8§ mm. The
decrease in YCH4 with downstream distance correlates well
with the shape of the flame zone measured by OH* CL (see
Fig. 5), in the sense that the regions of decreasing fuel mole
fractions coincide with the regions of chemiluminescence.

Figure 12c shows the corresponding temperature dis-
tributions. The temperature of the inflowing jet gradually
increased with height and reaction progress. The high-
est mean temperatures occurred in the IRZ at 2 ~ 20 mm.
Phase-dependent variations occurred predominantly close
to the nozzle, where the shape and extent of regions with
relatively cold mixtures changed; beyond 2 &~ 20 mm,
variations were smaller. However, it must be kept in mind
that the Raman measurements cover only the radial range
up to r = 27 mm. The O,, CO,, and H,0 mole fraction
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Fig. 9 Phase-correlated 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 axial velocity)
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Fig. 10 Radial profiles of the phase-correlated mean values of the axial, radial, and tangential velocity components at # = 8 and 15 mm above

the nozzle

distributions are in accordance with the temperature distri-
butions and are not shown here.

A more detailed view of the phase-dependent variations is
gained from the radial profiles of the phase-correlated mean
values of the mixture fraction and temperature at 7 = 8 mm
displayed in Fig. 13. In addition, the bars in the top left cor-
ner indicate the phase-dependent radial extent of the flame
zone as determined from Fig. 5b. The mean mixture fraction
is larger than the global mixture fraction (§gjoba1 = 0.0391)
up to r = 11-14 mm and larger than the stoichiometric

mixture fraction (Egpich. = 0.055) up to r = 10-12 mm
(depending on the phase). This region corresponds to the
IRZ and the inflow from the central nozzle that carries the
fuel. For comparison, the average equivalence ratio deduced
from the mass flow rates in the central nozzle is ¢; = 1.8
(& = 0.106). The adjacent region, r &~ 12-20 mm, corre-
sponds to the flow from the outer nozzle. Here, the mixtures
are relatively lean, with & < &global- Beyond r ~ 20 mm is
the region of the ORZ (negative radial velocity, see Fig. 11)
where é is only slightly smaller than &gjopal.
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Fig. 11 Radial profiles of the phase-correlated mean values of the
axial velocity components at 7 = 25, 40, and 50 mm above the nozzle

Whereas £ is hardly influenced by the thermo-acoustic
oscillation in the ORZ, the phase-dependent variations are
well pronounced in the central region. At phl and ph8, &
and the radial extent of the fuel-rich region were at their
respective maxima. The minima were reached around ph4.
The comparison with the radial spread of the flame zone
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may suggest that the extent of the flame zone is larger when
§ is close to &oich. However, a more detailed inspection is
needed to associate the presence of a flame with the local
thermo-chemical state and flow field (see below). The RMS
values (not shown) roughly followed the trend of the mean
values, but the phase-dependent variations were not as
pronounced.

The profiles of the phase-correlated mean temperatures,
T, show the largest variations in the IRZ. The RMS tem-
perature values (not shown here) of up to 660 K reflect the
large fluctuations in the flame zone. Thus, the observed
phase-dependent temperature variations can be caused by
either intermittent combustion or by transport and mixing
of burned and unburned gas.

Figure 14 shows the profiles of the mean values of the
mixture fraction and temperature at # = 15 mm. Similar
to 4 = 8 mm, mixtures with § > &gl0bal Were observed for
r < 16-21 mm (depending on the phase) and & > Epich.
at least for some phases and some radial locations. For all
phases, £ is close to Egpich. up to 7 A~ 15 mm. This region
corresponds well with the radial spread of the flame zone
indicated by the bars. Like at # = 8§ mm, large RMS values
of the temperature of up to 650 K are encountered within
the flame zone. Significant phase-dependent temperature
variations are present, particularly in the IRZ and the shear
layer between the IRZ and the inflow, i.e., the region of the
flame zone. At this height, the maximum heat release is at
ph5 and ph6, the minimum at phl and ph2. There are rela-
tionships between the phase-dependent profiles of £ and T
and the size and intensity of the flame; however, the situa-
tion is complex and cannot be fully answered by mean val-
ues. Therefore, correlations between temperature and mix-
ture fraction are considered in the following section.

3.5 Variations in thermo-chemical states

In partially premixed turbulent combustion, the stabiliza-
tion of a flame front requires thermo-chemical conditions
that enable a “fast” flame chemistry and a flow field with
locally low strain rates. With respect to chemistry, near-
stoichiometric mixtures and elevated mixture temperatures
are favorable for flame stabilization. To assess the thermo-
chemical state of the flame investigated, Fig. 15 shows
scatterplots of temperature versus mixture fraction at 7 = 8
and 15 mm. Here, the samples from all phases and radial
measurement locations have been combined in one plot (a
phase-correlated analysis of single-shot results is beyond
the scope of this paper). Each dot represents the result of a
single-shot measurement, and results from different radial
locations are marked by different colors. For comparison,
the solid line represents the thermo-chemical state at adi-
abatic equilibrium. The vertical dashed lines indicate &gjobal
and &gich.. It is noted that due to the turbulent fluctuations,
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Fig. 12 2D distributions of the phase-correlated mean values of a
mixture fraction, b CH, mole fraction, and ¢ temperature. The plots
have been generated from the Raman point measurements by interpo-

the attribution of the samples to certain flow regions is
not strict. The samples from the outer radial locations
(r > 22 mm for h = 8 mm, r > 24 mm for 7 = 15 mm,
green dots) are predominantly from the ORZ. They are
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lation. Open symbols in the plot of ph4 of subfigure (a) are the non-
phase-correlated measurement locations, and closed symbols are the
phase-correlated measurement locations

close to &gjopal, and the observed scatter in mixture fraction
is largely caused by the measurement precision. The meas-
ured temperatures are slightly below the adiabatic flame
temperature. An inspection of the species concentrations
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Fig. 13 Radial profiles of the phase-correlated mean values of the
mixture fraction and temperature for eight phases at 7 = 8 mm.
Shown in the upper left corner is the phase-averaged radial extent of
the reaction zone, determined from the deconvoluted OH* CL images
in Fig. 5b. As an additional guide to the eye, the gray-shaded areas
represent the flame zone: dark gray is the zone with a flame for all
phase angles, light gray is the zone with a flame only for certain
phase angles

shows that the flame is near chemical equilibrium in this
region; the temperature decrease relative to the adiabatic
equilibrium is most likely caused by heat loss of the com-
bustion gases at the burner plate and the combustor walls
during the transport in the ORZ. The samples in the adja-
cent radial region present mixtures of the gas from the
ORZ and the air from the outer nozzle (outer shear layer,
orange dots). The radial regions between r &~ 6 and 10 mm
for h = 8 mm and r ~ 9 and 15 mm for # = 15 mm rep-
resent the inflowing fresh gas and its shear layer with the
IRZ (blue dots). Here, the scatter in mixture fraction is par-
ticularly large. Finally, the samples from the radial region
around r = 0 mm stem mostly from the IRZ (red dots).
Their mixture fraction lies between &giobal and &sgoich., and
the temperatures are close to the adiabatic temperature.
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Fig. 14 Radial profiles of the phase-correlated mean values of the
mixture fraction and temperature for eight phases at 4~ = 15 mm.
Shown in the upper left corner is the phase-averaged radial extent of
the reaction zone, determined from the deconvoluted OH* CL images
in Fig. 5b. As an additional guide to the eye, the gray-shaded areas
represent the flame zone: dark gray is the zone with a flame for all
phase angles; light gray is the zone with a flame only for certain
phase angles

Many samples exhibit intermediate temperatures
between room temperature and adiabatic flame tempera-
ture, and mixture fractions between &gjoba and & ~ 0.15.
The corresponding distributions of species concentrations
revealed that these samples contain CH,, air, and exhaust
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 gas (Gregor et al. 2009; Kojima and
Fischer 2013; Masri et al. 2004; Meier et al. 2006; Stop-
per et al. 2013; Sweeney et al. 2012; Wehr et al. 2007) and
an estimation of the ignition delay times with the timescale
of the flow field in a similar burner supports this interpre-
tation (Meier et al. 2006). The thermo-chemical states of
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Fig. 15 Scatterplots of mixture fraction versus temperature for 7 = 8
and 15 mm. Color-coded is the radial position of the samples; the
orange vertical line corresponds to the global mixture fraction and

these samples with elevated temperatures and near-stoichi-
ometric compositions provide optimal conditions for flame
stabilization. Thus, it is not surprising that their radial loca-
tions coincide with those of the flame zones for the respec-
tive heights.

With respect to the local flow field, it must be considered
that it is not possible to perform Raman and PIV measure-
ments simultaneously; the single-shot samples from the
scatterplots cannot be assigned to an instantaneous veloc-
ity. Therefore, the mean and RMS values of the velocity are
examined. Within the radial expansion of the flame zone,
the mean axial velocity varies between u” ~ —25 and
25 m/s (see Fig. 10) with RMS fluctuations in the range of
u” = 10-20 m/s (not displayed). Thus, regions with low
velocity and low local strain rates are expected to be found
in this region. This is confirmed by the inspection of single-
shot velocity distributions like the one displayed in Fig. 8.

During a cycle of the thermo-acoustic oscillation, the
flow field and the scatterplots do not change fundamentally,
i.e., samples with elevated temperatures and near-stoichio-
metric mixtures are always present in the radial region of
the IRZ and the shear layer between the IRZ and the inflow
from the inner nozzle. Therefore, the 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 Fig. 6.

Figure 16 displays radial profiles of the phase-corre-
lated mean values (Reynolds-averaged) of Xcp, at h = 8
and 15 mm. The phase-dependent variations manifest in
the maximum mole fractions being reached at different
phases, and in the radial extent over which CH, was found.
The phase at which the maximum CH, mole fraction and
radial extent were reached changed with downstream dis-
tance between & = 8 and 15 mm; whereas the maximum

0.20 0.00 . . 0.20

mixture fraction

the cyan vertical line to the stoichiometric mixture fraction. Also
shown is the adiabatic equilibrium for 350 K fresh gas temperature
with a strain rate of 1/s at 1 bar

was reached at around ph8 and phl for # = 8 mm, it shifted
to approximately ph3 at # = 15 mm. This reflects the con-
vective transport of fuel that was already observed in the
2D plots of Fig. 12. Comparison of the Xcp, profiles with
those of the axial velocity (Fig. 10) shows that the velocity
maxima lie at higher r than the Xy, maxima. This might
be explained by the influence of the air flow from the outer
nozzle that contributes to the flow field but not to the fuel
concentration. At 2 = 25 mm, the peak mole fractions are
reduced to approximately 0.04 (see Fig. 12b), mainly due
to mixing and, to a lesser extent, by combustion because the
majority of the heat release takes place above & = 25 mm.

3.6 Variations in mass flow

The change in fuel mass flow through successive cross-sec-
tional planes of the combustion chamber in the streamwise
direction represents the fuel consumption distribution and
therefore the heat release distribution; changes in these dis-
tributions over the thermo-acoustic cycle are important for
understanding the feedback loop. Here, the combined results
from the Raman and PIV measurements can be used to esti-
mate the mass flows and their variations. With the knowl-
edge of the axial velocity, density p, and mass fraction Y; of
a species i, the mass flux @; (mass flow per area) through a
cross-sectional plane is defined as @; =p-Y;-u = p; - u
For a correct calculation, the product should be calculated
on a single-shot basis. However, the PIV and Raman meas-
urements have not been taken simultaneously, and thus, the
mean flux is here approximated by a calculation based on
the phase-dependent mean values. More precisely, the cor-
rect mean value of @; within a series of single-shot meas-
urements is @; = (Xpij - uj)/N, where the summation is
over all single shots from j = 1—N. The approximation is
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Fig. 16 Radial profiles of the phase-correlated mean values: the
CH, mole fraction for eight phases at 4 = 8 and 15 mm

@; ~ (Xp;j- Zuj)/N? = p; - i, where p; and it are known
from the Raman and PIV measurements, respectively.
The approximation can lead to an error in regions where u
depends on the gas composition, i.e., where u and p are not
statistically independent. However, the main contribution to
the CH, fluxes through the planes at # = 8 and 15 mm is from
the inflow where the approximation should yield reasonable
results. Furthermore, cylindrical symmetry of the flame was
assumed for the determination of @;.

Figure 17 shows radial profiles of the calculated phase-
correlated mean mass flux of CH,, écm =p -YCH4 - U,
through the planes at 4 = 8 and 15 mm. These profiles evi-
dence the drastic variations in the fuel flow during an oscil-
lation cycle and demonstrate the phase-dependent changes
in a much clearer way than the profiles of velocity and
mole fractions. It is noted that the total mass flow through a
cross-sectional plane of the combustor is obtained by inte-
gration of the flux over the area. Therefore, the flux at a
larger r contributes stronger to the total mass flow, while
the mass flow close to the axis is relatively small.
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Fig. 17 Radial profiles of the phase-correlated CH, flux through the
cross-sectional planes at # = 8 and 15 mm

The total phase-averaged fuel flux is defined as
{QSCH4} = f <f>CH4 (r)dr. Here, it was approximated
by summing over all values displayed in Fig. 17.
Figure 18 shows the normalized total phase-averaged flux
g{qs} - 5})/ @ ¢ for h = 8 mm. In addition to the

ux of CH,, some additional normalized fluxes are dis-
played for comparison. The normalized presentation ena-
bles a better comparison of the modulation amplitude. The
volume flux, @y = it (blue curve), is the calculated flux
assuming constant density of the gas, i.e., assuming that
phase-dependent variations are solely due to variations in
the axial velocity. It varies by =16 % during an oscillation
cycle, and the minimum and maximum value is reached at
ph4 and ph8, respectively. Next, the influence of the tem-
perature variations is included in the pink curve, which
represents a “mass flux,” @,, = / - i; this includes phase-
dependent variations in axial velocity and temperature (and
thus density). However, here p = p(T) is a function of the
temperature only and does not include specific species



Exp Fluids (2015) 56:69

Page 19 of 23 69

1.0 4

normalized flux [a.u.]

Fig. 18 Total fluxes of CH, and N, through the cross-sectional
planes at # = 8 mm during an oscillation cycle. The blue curve
(termed @y) corresponds to the flux based on the axial velocity mag-
nitude and represents the volume flux; the pink curve (termed @,,)
includes the influence of the gas temperature and thus represents a
“mass flux.” The green curve (termed ®y,) includes the influence of
the gas temperature and composition and represents the N, mass flux.
Additionally, the red curve (termed ®cp,) represents the CH, mass
flux

concentrations. The mass flux has a similar phase depend-
ence as the volume flux, but a greater oscillation amplitude
(between —26 and +29 %). This means that high axial
velocities are correlated with low temperatures. Next, the
green curve shows the phase-dependent variations in the
N, mass flux, @N, = 5 - Y, - it. It coincides almost with
the curve of the mass flux @,, and varies between —24 and
426 %. This is not surprising because the N, flux is mainly
driven by the phase-dependent variations in the temperature
and axial velocity, i.e., by the bulk air flow rate. Finally, the
red curve shows the CH, mass flux, <1_5CH4 =p -YCH4 - U.
It exhibits the same phase dependence as the other curves,
but an oscillation amplitude between —66 and +87 %. This
means that the CH, mass flux is strongly influenced by the
phase-dependent variation in the CH, concentrations. The
similarity of the curves indicates that the variations in axial
velocity, temperature, and CH, concentration interfere con-
structively, and that the total variation in fuel flux cannot be
attributed to a single quantity.

Figure 19 shows the comparison of the (normalized) N,
and CH, mass fluxes at # = 8 and 15 mm as a function of
the phase. The strong variations in the CH, flux by almost
90 % at h = 8 mm diminished at # = 15 mm to approxi-
mately 48 %, predominantly due to mixing. Similarly, the
variation in the N, flux also diminished at # = 15 mm; how-
ever, the difference in fluxes at the two heights for N, is less
pronounced than for CH,, since the N, flux is less influ-
enced by mixing. It is seen that the traces at & = 15 mm

normalized flux [a.u.]

Fig. 19 Total fluxes of CH, and N, through the cross-sectional
planes at 7 = 8 and 15 mm during an oscillation cycle. The fluxes
include the influence of gas temperature and composition

are shifted in phase compared to those at # = 8 mm, and
that the shift is less during the increasing flux (positive
slope) than during the decreasing flux (negative slope). For
CH,, the shift is approximately 1.5 phases (*70°) for the
increasing slope. The shift is explained by the convective
transport of the alternating layers with low and high fuel
concentrations. With increasing downstream position, the
maximum of the CH, flux is shifted further along the phase
axis. Unfortunately, the fluxes could not be calculated for
h > 15 mm because phase-correlated Raman measure-
ments did not cover the complete relevant radial region. An
estimation of the CH, flux at # = 25 mm 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 h = 36 mm. This is in good agreement with an extrapola-
tion of the maximum CH, flux for this height and supports
the concept that the convective transport of layers with high
CH, concentrations is directly coupled with the variation in
heat release.

3.7 Feedback loop

In this section, a summary of the sequence of events dur-
ing an oscillation cycle and the feedback mechanism of the
thermo-acoustic instability will be presented; however, this
is only meant as a qualitative description of the process. A
quantity of decisive importance for the heat release is the
convective transport of fuel to the flame zone. This is, how-
ever, not the only quantity that determines the heat release
rate and its cyclic variations. Fluctuations in the flame sur-
face area can be induced by periodic variations in the flow
field, as was found in perfectly premixed configurations

@ Springer



69 Page 20 of 23

Exp Fluids (2015) 56:69

(Balachandran et al. 2005; Caux-Brisebois et al. 2014).
Although the fuel consumption remains the decisive quan-
tity, phase-dependent characteristics of the flow field can
trigger local changes in the fuel consumption rate. This is
usually accompanied by a significant cyclic variation in the
flame shape and position (Biagioli et al. 2008; Giezendan-
ner et al. 2003; Meier et al. 2007). In the flame consid-
ered here, the cyclic change in flame shape was moderate,
and the axial movement was small. Thus, the influence of
velocity-coupled heat release variations is expected to be
small, and the driving process for the observed heat release
fluctuations was the varying fuel mass flux and the associ-
ated equivalence ratios.

Figure 20 illustrates the different phases during the cycle
with cartoons, indicating the flow velocity in the central
nozzle, the fuel distribution, and the flame zone. This feed-
back mechanism was described previously (Candel 2002;
Dowling and Stow 2003; Huang and Yang 2009; Lieuwen
and Yang 2005) and was observed in several different swirl
burner geometries (Duan et al. 2005; Lieuwen and Zinn
1998; Meier et al. 2007). A determining quantity for this
feedback mechanism is the pressure difference between the
plenum and the combustion chamber. Because the ampli-
tude of the pressure oscillations in the combustion chamber
was much larger than in the air plenums, the pressure dif-
ference essentially followed the pressure trace in the com-
bustion chamber. At the maximum pressure in the combus-
tion chamber (ph3, @ ~ 90°), the acceleration of the flow
within the central nozzle was at its minimum, and hence,

large heat release + large pressure in combustion chamber
ph3 ph4

max. press. v max. heat rel.

mixtures with high CH,
reduced
inflow

mole fractions reach
CH, 1 Air

flame zone '/'
phsi CH, | i

max. CH, flux Air
ath=8mm

AT d
increased
inflow w
Air

low heat release + Iow pressure in combustion chamber

Fig. 20 Schematic presentation of the feedback loop. The mecha-
nism observed in the present measurements is consistent with the
one described in the literature (Lieuwen and Zinn 1998; Licuwen and
Yang 2005)
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the axial velocity at the dump plane reached its small-
est value shortly afterward. At the lowest available meas-
urement position (A = 2.5 mm), the velocity profiles (not
shown here) had their minima at ph4. This is also the phase
at which the heat release reached its maximum. Because
the fuel was injected with high momentum (relatively large
pressure drop) into the central air nozzle, the fuel mass flow
was less affected by the pressure variations in the combus-
tion chamber. Therefore, mixtures with high CH, mole
fractions built up in the central nozzle during the period of
low air velocities around ph4.

With decreasing heat release and pressure in the com-
bustion chamber, the flow velocity in the central noz-
zle increases. At A = 2.5 mm (not shown), the maximum
velocities from the inner nozzle occur around ph8. This is
confirmed by the velocity profiles at # = 8§ mm. Together
with the air flow from the central nozzle, the fuel-rich mix-
tures are convected into the combustion chamber. Accord-
ingly, the local CH, mole fraction and mixture fraction
increase. At 4 = 8 mm, the maximum values of & and Xy
as well as QSCH4 are reached at around ph8, or approxi-
mately 1.25 ms after the buildup of the fuel-rich mixtures
at ph4 in the nozzle. The corresponding mean convection
velocity from 4 = —12 to 8 mm is 16 m/s and is in good
agreement with the level of the axial velocity measured at
h = 2.5 mm (14 m/s).

The layers of high fuel concentration were further con-
vected downstream, while getting leaner due to mixing,
and finally burned in the flame zone. Here, § was close to
&stoich. Or below, depending on the downstream position (see
Fig. 13). It was shown that the decrease in CH, correlated
well with the shape of the flame zone measured by OH*
chemiluminescence. Because the heat release rate reached
the maximum around ph4, the duration between the occur-
rence of maximum CH, mole fractions at # = 8 mm (ph8)
and their arrival and consumption in the flame zone can
be estimated to be approximately 180° phase angle or
1.25 ms. Considering that the axial location of the maxi-
mum heat release was & ~ 35 mm, a convective time of
1.25 ms between & = 8 and 35 mm corresponds to a mean
axial velocity of u ~ 22 m/s. This value of the velocity
agrees well with the measured axial velocity in this region.
Finally, the increase in the heat release was coupled to the
pressure increase in the combustion chamber that reaches
its maximum at ph3, and the cycle began again.

Thus, the feedback mechanism observed in the pre-
sent setup is based on a fuel flow rate and equivalence
ratio oscillation coupled with a convective time delay, as
previously described in the literature (Cosi¢ et al. 2015;
Lieuwen and Yang 2005; Meier et al. 2007; Sattelmayer
2003; Schiirmans et al. 2004). If the convective time delay
between the locations of the fuel injection and heat release
is in (near) resonance with the period of an acoustic mode
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of the combustion system, periodic pressure oscillations
can sustain themselves. It is noted that the characterization
of the feedback mechanism given here is not meant as a
quantitative description. Details of the sequence of events
and a quantitative analysis are left to numerical simula-
tions, which are able to characterize the mixing process
even at those locations that are not accessible for optical
techniques, e.g., inside the central nozzle.

4 Summary and conclusions

A gas turbine model combustor was designed and set up for
the investigation of thermo-acoustic combustion instabili-
ties within the framework of the German Research Foun-
dation Collaborative Research Center 606. In the current
study, the dominant thermo-acoustic instability at approxi-
mately 400 Hz in a partially premixed flame with a global
equivalence ration of 0.7 and a thermal power of 25 kW
was studied at atmospheric pressure. This oscillation cor-
responded to a resonance of the system where half the
wavelength matched the length of the inner plenum. Meas-
urements of OH* chemiluminescence, flow field, major
species concentrations, mixture fraction, and temperature
were taken and off-line phase-correlated to the pressure
oscillations in the combustion chamber.

The pressure variations in the combustion chamber
affected the flow field in different ways. In addition to pro-
nounced variations in the velocity of the inflowing jet, the
inner recirculation zone varied in size and strength, par-
ticularly downstream of the flame zone. This variation was
initiated by the oscillating heat release rate and the corre-
sponding oscillating thermal expansion that caused a vari-
ation in the axial momentum and swirl number. The flame
shape did not change much during an oscillation cycle;
however, the OH* chemiluminescence intensity varied
significantly.

At the lowest axial position of the Raman measure-
ments (h = 8 mm), the mixtures were on the average fuel-
rich in the central region up to r & 10 mm and fuel-lean
further outside. This spatial distribution was caused by the
nozzle arrangement and the fact that only the central noz-
zle carried the fuel. The region around the burner axis at
h ~ 8 mm was the location where the flame was anchored.
The radial spread of the flame zone at # = 8 and 15 mm
was compared to the thermo-chemical state of the gas
mixtures on the basis of single-shot Raman results. The
frequent occurrence of near-stoichiometric mixtures with
elevated temperatures explained why the flame resided in
the specific regions.

The thermo-acoustic oscillations were accompanied by
significant phase-dependent variations in the mixture frac-
tion 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 small, most likely because the residence
time was long enough to balance out the cyclic variations
observed in the inflow.

The phase-correlated mean fluxes of different molecular
species through cross-sectional planes of the combustion
chamber were approximated by combining the phase-cor-
related mean values of the axial velocity and species mass
densities. At 4 = 8 mm, the CH, flux varied between —66
and +87 %, while the corresponding N, flux varied between
—24 and 426 %. At h = 15 mm, the variations were reduced
mainly due to the mixing progress. The observed phase shift
of the fluxes between 4 = 8§ and 15 mm showed how the fuel
stratification convected downstream. The cyclic variations
in the fuel flux and equivalence ratio were explained by the
different response of the air and fuel flows to the pressure
variations in the combustion chamber. While the air flow
was injected with a pressure drop of Ap,i; ~ 1.5 % across
the nozzle, the pressure drop of the fuel injection was signif-
icantly larger (Apgyel = 7.5 %). In this way, mixtures with
high fuel concentrations built up in the central nozzle during
phases of a low air flow rate, which subsequently entered
the combustion chamber and convected toward the flame
zone. The experimental results were combined to a qualita-
tive description of the sequence of events and the feedback
loop that corresponds to a mechanism that can be sum-
marized as equivalence ratio fluctuations with convective
delay. This finding was in agreement with previous studies
that observed the same feedback mechanism. It was shown
that the convective delay of the fuel transport (t & 2.5 ms)
corresponded to the oscillation period of a resonance of the
combustor.
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