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Abstract. In this study, we experimentally investigate large-scale vortex structures, fuel-air
mixing and reaction processes, which occur in a partially premixed swirl-stabilized ethylene/air
flame in a laboratory-scale gas turbine model combustor. Time-resolved stereo-PIV, OH-PLIF,
and acetone/PAH-PLIF systems with a repetition rate of 10 kHz are used to investigate the
flame behavior at 3 bar pressure and an equivalence ratio of ®=1.2. Transport of the fuel is
captured by the fluorescence of acetone, which is replacing 10%.o1 of ethylene used as fuel in
the reference case described in literature. For isothermal conditions, the results strongly indicate
that vortex-induced roll-up of fuel is a main driver of the mixing process. For the reacting case,
a precessing vortex core (PVC) and a double-helical vortex (DHV) occurring simultaneously
in the inner and outer shear layer, respectively, are identified by using proper orthogonal
decomposition (POD) and phase-averaging techniques. Acetone-PLIF measurements show that
the fuel exhibits a motion that resembles a strong axial flapping at the frequency of the DHV at
reacting conditions when considering the measurement plane. The measurements show that the
PVC and DHV cause a regular sequence of flame roll-up, mixture of burned and unburned
gases, and the subsequent ignition of this mixture. The pockets of rich burned gas formed by
mixing and reaction can eventually be oxidized by OH-rich lean burned gas regions that have
the potential to prevent soot formation; however, this process strongly depends on intermittent
motion within the inner recirculation zone. Based on the additional visualization of PAH-PLIF
distributions, the present study further reveals for the first time the complete sequence of
formation of rich burned gas, PAH and soot in a GT combustor. It is shown that soot forms only
in certain regions of the high-PAH rich burned gas pockets. This indicates that other factors,



such as the detailed composition of PAHs or local temperatures, which cannot be resolved here,
likely also play an important role in soot formation.
Keywords: Aero-engine combustor, turbulent swirl flame, soot formation, high-speed

laser measurements, mixing, precessing vortex core, PVC, double-helix vortices, PAH



1 Introduction

Aero-engine combustor design considers the efficiency, emissions, and durability
requirements of low- and high-power operations together with stable and reliable ignition [1].
In general, partially premixed swirl flames are used to flexibly control combustion regimes at
elevated pressure conditions. This implies continuous mixing of fuel and air and subsequently
of burned and unburned gas in the primary flame zone. Imperfect mixing can result in local
inhomogeneities in the reactant mixture, and eventually lead to the formation of soot [2-5].
Therefore, the improvement of our understanding of the physics of fuel-air mixing and reactions
is expected to help resolve the subsequent soot formation processes if studied in well-defined
model combustors.

Mixing of fuel with air, and burned with unburned gases, is caused by turbulence
fluctuations and frequently by large-scale coherent vortex structures such as a precessing vortex
core (PVC) [6]. Previous experimental and numerical studies have characterized several aspects
of these structures and have shown how combustion can greatly alter their behavior [7-10]. The
impact of a PVC on the flame structure due to flame roll-up, flame stretch effects, and non-
linear interaction with acoustic oscillations was shown for example in [7, 11-14]. Moreover,
heat release affects the frequency and shape of these structures in a complex manner, depending
on the thermal power, equivalence ratio, geometry, swirl number, method of fuel injection, and
other parameters yielding a complicated coupled phenomenon [15].

For a dual-swirl GT model combustor at atmospheric pressure, the time-dependent
behavior of a 10 kW partially pre-mixed, swirl-stabilized methane-air flame exhibiting self-
excited thermo-acoustic oscillations was studied in [11] using particle image velocimetry (PIV)
and planar laser-induced fluorescence (PLIF) of the OH radical. In this case, partial pre-mixing
is achieved by injection of fuel into the swirled air flow about 4.5 mm upstream of the injector
exit plan. Here, the authors showed that the spatial position of the reaction zone is significantly

affected by the local dynamics of both the PVC and the thermo-acoustic oscillation. The
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simultaneous effect of both on the shape and location of the reaction zone, together with the
stabilizing effect of local heat-release by the flame suggests that both are locally coupled near
the nozzle exit for the specific configuration under study. A phase-averaged analysis of the flow
field performed in [7] in the same GT model combustor showed that the PVC induces an
unsteady lower stagnation point. Near this point, burned and unburned gases collide and a
significant amount of heat is released from the resulting combustion. In general, the resolved
fluid dynamical effects in the inner shear layer (ISL) and at the stagnation point showed that
the PVC plays an essential role in the stabilization mechanism of turbulent swirl flames.

In this context, experimental information concerning the fuel distribution can provide
additional insight into how the PVC impacts mixing and burning. Since the fuel itself is
typically not easily accessible for laser-based imaging, the desired information can for example
be derived by using PLIF applied to acetone vapor seeded into the flow, to characterize the fuel-
air mixing and flame stabilization processes in gas turbine model combustors [16-18]. In the
paper [14], acetone PLIF measurements applied to the dual-swirl burner mentioned above
showed that fuel and air are largely separated at the inlet of the combustion chamber, but are
then strongly mixed by the PVC. A well-mixed zone involving unburned fuel and air is formed
around the vortex, and then ignited by recirculated burned gas. At the flame root, the PVC
induces periodic changes in the composition of the unburned gas, which varies between pure
air, separated from fuel, and well-mixed fuel and air. The reaction is locally quenched at the
lower stagnation point, when fresh air without fuel is present, and re-ignition takes place when
mixed fuel and air arrive at the boundary of recirculated burned gas. Generally, the results show
that the enhancement of fuel-air mixing induced by the PVC contributes significantly to the
stabilization of the flame, and that the flame dynamics can only be properly understood when
an analysis of transient mixing mechanisms is included.

Beyond the relevance for flame stabilization and dynamics, the mixing process is of utmost

importance for soot formation. As demonstrated in the recent time-resolved PIV and OH-PLIF
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study [5] on the same partially premixed dual-swirl aero-engine model combustor operated at
elevated pressures with ethylene as fuel, soot formation strongly depends on the time-history
of fuel rich pockets including their mixture characteristics, temperatures and residence times.
The combustor design is well-defined and has been proven suitable for model validation [19-
22], its flow properties were previously investigated by experimental [4, 5, 23, 24] and
numerical methods [5, 19, 25], and the suitability to support model validation is additionally
reflected by the choice as target flame at the International Sooting Flame (ISF) workshop series.
The cited studies indicated a possible influence of the PVC on soot formation.

This created the demand for adding experimental time-resolved information on fuel
injection and its mixture with air. The diagnostic system in [5] has now been extended by
including acetone/PAH-PLIF to visualize the fuel transport and mixing processes. To this end,
10%vo1 Of acetone is replacing part of the fuel using a bubble seeder similar to those described
in [13, 14, 26].

For isothermal conditions, the results strongly indicate that vortex-induced roll-up of fuel is
a main driver of the mixing process. For the reacting case, a precessing vortex core (PVC) and
double-helix vortices (DHV) occurring in the inner and outer shear layers are identified by
using proper orthogonal decomposition (POD) and phase-averaging techniques. Acetone-PLIF
measurements show that the fuel exhibits a strong axial flapping at the shedding frequency of
the DHYV at reacting conditions. Flapping of the fuel jet near the injector has been predicted in
numerical simulations [53], and is expected to be an important source of intermittency in the
combustor.

With using analysis of simultaneously recorded vector fields, OH/acetone-PLIF
distributions, it is shown that the pockets of rich burned gas formed by mixing and reaction can
eventually be oxidized by OH-rich lean burned gas regions that have the potential to prevent
soot formation; however, this process strongly depends on intermittent motion within the inner

recirculation zone. Based on the additional visualization of PAH-PLIF distributions, the present
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study reveals for the first time the complete sequence of formation of rich burned gas regions,

PAH and soot in a GT combustor.



2 Experimental Setup

2.1 Burner and operation conditions

The burner used in the current study is shown in Fig. 1; its geometry has been described in
previous publications [4, 24]. The injector consists of a pair of annular air swirl nozzles
separated by a ring of 60 fuel channels (0.5 x 0.4 mm?) for the introduction of ethylene. The
central air outlet has a diameter of 12.3 mm, and the outer air nozzle measures 19.8 mm. The
combustion chamber has a square cross section of 68 x 68 mm? and is 120 mm long. The 3-
mm-thick quartz chamber walls provide good optical access. Four separately controlled
oxidation air jets (5 mm inner diameter) are radially injected at a height of y=70 mm through
the posts holding the quartz windows and meet on the combustor axis. The water-cooled dome
of the combustion chamber has a cylindrical exhaust hole (diameter 40 mm, length 24 mm)

linked to the combustion chamber by a curvature.
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Fig. 1. Geometry of the burner.
The flows of central, annular and oxidation air as well as fuel are supplied by separate mass

flow controllers (Bronkhorst), which are calibrated in-house resulting in an accuracy of better
than 1.0% of the controllers’ maximum flow. For the present study, the combustor was operated
with ethylene/acetone fuel at a pressure of 3 bars, ® = 1.2 in the primary combustion zone, with
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40% additional oxidation air injected downstream. About 30% of the main combustion air
passes through the central air nozzle and 70% through the annular air passage. A fraction of the
ethylene flow was bubbled through a temperature-controlled reservoir (T=25° C, 298° K) filled
with acetone, which provided an acetone-saturated flow of ethylene. This was then combined
with the remaining flow of pure ethylene such that the combined flow of ethylene contains the

desired ratio of 10%y0i acetone.

2.2 Measurement techniques

Time-resolved stereo-PIV, OH-PLIF, and acetone-PLIF were applied simultaneously with a
repetition rate of 10 kHz to capture flame/vortex/fuel interaction. Run duration was 1 s in the
partially premixed ethylene/air swirl flame stabilized in the model of the model combustor as

described above.

2.2.1 Particle Image Velocimetry

The stereo-PIV system consisted of a dual-cavity, diode-pumped, solid state laser
(Edgewave, 1S200-2-LD, up to 9 mJ/pulse at 532 nm) and a pair of CMOS cameras (Phantom
V1212) mounted on opposite sides of the laser sheet, looking down into the combustor. PIV
image pairs were acquired at 10 kHz and 640 x 800 pixel resolution. The PIV measurement
domain includes a large field of view across most of the width of the combustion chamber
and thus allows for a comprehensive analysis of coherent flow structures (-27 mm < x <
27 mm, 5mm <y < 27 mm, Fig. 1). Interframe pulse separation (4¢) was set to 10 ps. The
beam was formed into a sheet using a pair of cylindrical lenses (f = -38 mm and 250 mm) and
thinned to a waist using a third cylindrical lens (f= 700 mm). The laser sheet has a thickness of
approximately 1 mm. Both combustion air flows were seeded with titanium dioxide (TiO2)
particles of a nominal diameter of 1 um. Image mapping, calibration, and particle cross-
correlations were completed using a commercial, multi-pass adaptive window offset cross-

correlation algorithm (LaVision DaVis 8.4). Final interrogation window and overlap were 24 x
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24 pixels and 50%, respectively, corresponding to a window size of 1.9 mm and vector spacing
of 0.95 mm. The uncertainty of instantaneous velocities based on the correlation statistics in
DaVis was estimated to be =~ 0.7 m/s for the in-plane components (x-y) and = 1.5 m/s for the
out-of-plane component (z axis).

Besides the Mie scattering signal from tracer particles, additional signal from line-of-sight
integrated soot luminosity and Rayleigh scattering from soot particles can appear in the PIV
camera images when soot is present in the FOV. In a previous study [4], an image processing
routine has been developed that separates the regions with Rayleigh scattering and thereby
derives the instantaneous soot distributions from the PIV frames. This is made use of in the

analyses in Sect. 3.6.

2.2.2 OH-/acetone- PLIF
The OH-/acetone-PLIF system consists of i) frequency-doubled, Q-switched, diode-

pumped solid state Nd:YAG laser (Edgewave 1S400-2-L, delivering up to 150 W at 532 nm,
though output was limited to ~135 W), ii) a frequency-doubled dye laser (pumped by the YAG
laser), and iii) a pair of intensified CMOS camera systems.

The dye laser system (Sirah Credo) produced 5.3 — 5.5 W at 283 nm and 10 kHz repetition
rate (i.e. 0.53-0.55 mJ/pulse). The dye laser was tuned to excite the Q1(9) and Q2(8) lines of the
AZZH-X?T (v'=1,v"=0) band. These transitions merge at high pressure due to increased collisional
line broadening, which mitigates to some degree fluorescence signal loss due to collisional line
broadening. The laser wavelength was monitored continuously using a setup consisting of i) a
laminar reference flame, ii) a photomultiplier tube coupled to a 0.1-m monochromator for
fluorescence detection, and iii) a digital oscilloscope; in this way we maintained accurate
wavelength tuning. The 283-nm PLIF excitation beam is formed into a sheet approximately
40 mm (high) x 0.2 mm (thick) using three fused-silica, cylindrical lenses (all anti-reflective
coated to maximize transmission), and the OH-PLIF and PIV laser sheets are overlapped by

passing the PI1V sheet through the final OH-PLIF turning mirror.
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The same laser was used to excite fluorescence signal in both the OH- and the acetone-PLIF
imaging systems. For acetone-PLIF, fluorescence signal was imaged via a CMOS camera
(LaVision HSSB8), an external two-stage intensifier (LaVision HS-IRO), equipped with 85 mm
focal length, f/1.2 (Canon) objective and a band pass interference filter. The filter (LOT,
450FS40-50) was centered at 450 nm for detection of the acetone fluorescence and had a
bandpass of + 20 nm. The OH-PLIF signal was imaged using a similar intensified camera
(LaVision HSS-8, with external, lens-coupled intensifier), albeit with a 64 mm focal length, f/2
objective (Halle). The OH/acetone-PLIF measurement domain provides a larger field of view
in comparison with PIV (-27 mm< x < 27 mm, 0 mm<y < 30 mm, Fig. 1).

Detailed characterization of using acetone as fuel tracer in a dual-swirl GT model combustor
has been shown in [13, 14]. The presented work indicated that replacement of 10%.o of the
original fuel by acetone did not significantly change the flame shape in the studied methane/air
flame, based on OH* measurements. As for those reported measurements in methane/air
flames, acetone is also considered a good marker for ethylene in the unburned gas prior to
combustion; however, use under sooting conditions is expected to add challenges. The main
problem is that broad-band soot luminosity along the line-of-sight of the camera can also be
captured by the detector, despite the employed filter.

In the following, we have tried to separate the signal of different origins based on location
and shape to focus on the distinct acetone-PLIF. However, the emphasis of the presented work
is to describe the dynamics of vortex structures, mixing and reacting patterns, and a possible
scenario of soot formation rather than providing detailed, quantitative validation data for
numerical simulations. While the peak acetone signal at the combustor inlet can be well related
to a mixture fraction of 1, disappearance of signal can be caused by mixture and decomposition,
which is not exactly occurring at the same conditions as that of the primary fuel ethylene. Given
the penetration of acetone slightly into hot zones prior to decomposition described by
[Alexandre Bresson, Techniques d’imagerie quantitatives: fluorescence induite par laser
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appliquée aux écoulements et aux combustions, PhD thesis, Rouen (2000)] and the steep
temperature gradients at flame fronts (i.e. short residence times at significantly increased
temperature), the derived acetone distributions are expected to be a good qualitative proxy for
fuel in comparison with model calculations. Further, it has to be noted that replacing part of the
ethylene by acetone slightly reduces the sooting propensity of the mixture due to oxygen

presence in the fuel. Effects on fuel-air mixing, however, are not expected.

2.2.3 Post-processing

For this work, we used the azimuthal vorticity and the 2D S-criterion also known as the
swirling strength criterion for the identification of vortical structures in turbulent flows [27].
Unlike vorticity, the swirling strength field does not include regions of high shear and hence
produces clearer locations of vortex cores. It is noted that the intersection of a helical vortex in
a 2D measurement plane results in the staggered pattern of vortices, which appear as nearly
circular regions of high swirling strength in the figure. It is mathematically defined as the
imaginary component of the eigenvalues of the gradient tensor of the velocity field

S =Im(EigenVval(Vu)) and high values are associated with high vorticities. The swirling

strength criterion is useful in identifying the shape and the intensity of a vortex core.

In addition, we have employed the method of the principal components, or Proper
Orthogonal Decomposition (POD), which is a mathematical procedure for the expansion of
instantaneous velocity fields according to their contributions to the total energy of the flow [28,
29].

The POD method is based on finding the optimal orthogonal basis of eigenmodes ¢,(X) for

a given set of N instantaneous velocity fields:

u(x,t) =0(x) +u'(x,t) =0(x) + iai (t) -9, (%),
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where & (t) is a projection of the instantaneous velocity field on the i-th POD mode. According

to the method of snapshot POD [29], the correlation matrix Re, = Ag, is introduced, and its

eigenvectors (time modes) a =[a;(t,),..., & (t,)] and eigenvalues 4 are determined. After that,

1 N
— > a(t)-u'(x,t). These
Nl;.(k) t)

the POD modes are obtained as the linear combination ¢;(X) =

POD maodes are optimal with respect to the maximum content of turbulent kinetic energy in the
first modes.

A comparative analysis of velocity fields using POD and the phase-averaging procedure by
averaging with the aid of a reference signal was performed in [30] and showed that both
methods yield similar results. It has been proved that the POD analysis is able to identify
periodic structures in the flow and obtain the underlying stochastic turbulence field for various

turbulent reacting and isothermal flows [7, 31-36].

3 Results and discussion

The flow field of this combustor and operating condition has already been characterized in
[4, 5], and is typical for confined swirl flames. The mean velocity field obtained in the present
study in the reacting case is shown in Fig. 2a. Vortex breakdown occurs much lower than the
PIV measurement region (y <5 mm) and leads to the formation of an inner recirculation zone
(IRZ) and strong velocity gradients in the inner shear layer (ISL) between the inflowing annular
jet and the IRZ, where also the PVC is located [37]. In addition, the flow reverses in the
periphery of the nozzle and forms an outer recirculation zone (ORZ) and outer shear layer
(OSL) due to the chamber walls. The OH-PLIF mean distribution (Fig. 2b) shows two reacting
zones with high OH concentration located in the IRZ (1 — inner reacting zone and 3 — flame
root), and another near the OSL (2 — outer reacting zone). Previous research on this burner [38]

has shown the ORZ to also be an important contributor to flame stabilization.
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Fig. 2. Baseline mean flow: velocity distribution (the white circle is the monitor point) (a); and mean OH-
PLIF distribution (b) (1 - inner reacting zone, 2 - outer reacting zone, and 3 - flame root); the outer edge of the
injector’s air injection is at about 10 mm; (c) a semi-log plot of the tangential velocity spectrum at the monitor
point (x=0 mm, y=8 mm); and (d) a semi-log plot of the axial velocity spectrum at the whole measurement
domain.

A PVC associated with the dominant frequency (442 Hz) can be identified in the spectrum
of tangential components of the velocity at a monitor point in the IRZ plotted in Fig. 2c, where
the power spectral density (PSD) was obtained by fast Fourier transform (FFT). The maximum
uncertainty for the measured fundamental frequency in the spectrum is not larger than 1 Hz for
the recorded velocity signal trace of 1s duration. The high level of tangential turbulent
fluctuations near the centerline, inside the recirculation zone, is induced by the PVVC as shown
in the papers [39-41]. The evident peak values corresponding to a pulsation of the tangential
component in this point have to be attributed primarily to the inviscid pulsations of the PVC
and far less to the stochastic turbulence as the shear in this region is low and turbulence is also
damped due to flow rotation in the stable mode [12, 40]. Another feature of the regime is that
the PVC frequency is not the single dominant frequency in this swirl flow. The spectra of axial
velocity pulsations (Fig. 2d) summarized for the whole measurement domain shows a dominant
frequency of pulsation at 874 Hz, which can be characterized by an oscillation induced by
another origin than the PVC. To distinguish these two sources of dominant pulsations we

carried out POD analyses of the velocity distributions.
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3.1 Analysis of vortical structures

3.1.1 Spectral analysis using POD

A standard snapshot POD analysis of the velocity field in the measurement domain has been
carried out. For this case, 10000 instantaneous SPIV snapshots were used for a duration of 1 s.
The corresponding energy distribution of the POD modes is plotted in Fig. 3. There are POD
modes with considerably greater amplitudes than that of the other modes. In this study, we
consider the first six POD modes, as they represent 32% of the total turbulent kinetic energy

(TKE) of the flow.

10.0
17 \
75-M=2)
171

32% of TKE

Fig. 3. Energy distribution representing the contributions of the POD modes to the total TKE.

The first six POD modes are considered in terms of distributions of the azimuthal
component of vorticity based on spatial POD modes ¢i.6 and the PSD of the temporal
coefficients ai.s to distinguish vortices of different types (Fig. 4). The first two modes @12
represent a regular arrangement of alternating vortices located in the ISL (Fig. 4a) and are
associated with the PVC as identified in [30, 33, 36, 42, 43]. The dominant frequency measured
from the spectra of a1 or az is 442+1 Hz (Fig. 4b) and agrees with the PVVC frequency derived
from evaluation of the monitor point used above (Fig. 2c). That confirms that the PVC is a

dominant energetic structure in this flow.
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Fig. 4. The first six POD modes of the velocity field: azimuthal vorticity distributions based on the spatial
POD modes 1.5 (2) and spectra of temporal POD modes ai¢ (b).

Following the attribution of the first two POD modes as PVC motion, the 41, 5t and 6
POD modes can be interpreted as a vortex structure propagating near the OSL (Fig. 4a, (4-6)
with a frequency of 874 Hz (Fig. 4b, as-). In contrast to the lateral symmetry of the PVC modes
1 and 2, the vorticity distribution of the POD modes 4-6 exhibits an anti-symmetric structure.
This type of structure can either represent the shedding of toroidal vortices or the rotation of
two coherent helical vortices.

In order to understand the nature of vortices appearing in the OSL, we consider the spatial
distributions of the POD modes of the tangential velocity component (Fig. 5a) and scatter plots
(Lissajous figures) as visualization of correlations of temporal POD coefficients (Fig. 5b).
Again, the first two modes @12 represent a regular arrangement of alternating sign of tangential
component of velocity located in the ISL and are associated with the PVC. A scatter plot of a:
versus az is shown in Fig. 5b. To remove noise caused by turbulent flame dynamics a bandpass
filter is used around the PVC frequency (400-500 Hz). Along the ellipse, the contributions of
18t POD mode and 2" POD mode are changing such that the vortices coherently move along

the ISL, as it would be expected for a PVC (e.g. [30]).
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For the 4, 51 and 61" POD mode, the tangential component of velocity exhibits patterns of
positive and negative values along the OSL (Fig. 5a, ¢a4-6). If the vortex structure would be
toroidal, it would be characterized by near-zero distributions of the tangential velocity
component. Therefore, the patterns of non-zero tangential velocities reveal that the vortex axes
are tilted with respect to the vertical plane of measurement. This indicates the formation of a
double-helical vortex structure (DHV), i.e., two helical vortices on the opposite sides of the
OSL. Similar to the above discussion of the PVC, scatterplots of the mode coefficients as, as
and as representing the DHYV are depicted in Fig. 6 (a bandpass filter around the DHV frequency
with a range of 800-900 Hz was applied to remove noise). The resulting ellipses show that the
4t 5t and 6 POD modes are coupled and represent the dynamics of the DHV.

A scatterplot of a» (representing the PVC) versus as (representing the DHV) is shown in
Fig. 5b. If the DHV would be the first harmonic of the single-helical PVC, the scatterplot should
exhibit a pronounced U-shaped or figure-of-eight-like Lissajou curve (depending on the phase
difference). The plot of a2 versus as in Fig. 5b, however, exhibits a broad distribution that
reveals only a slight U-shaped form. This indicates that the PVVC and the DHV are two separate,

mostly independent structures.
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Fig. 5. The first six POD modes of the velocity field: azimuthal velocity distributions based on the spatial
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Fig. 6. The Lissajous figures of the 4th, 5th, and 6th temporal POD modes (for temporal POD coefficients
bandpass filter on 800-900 Hz was used).

A similar combination of a single-helical PVC and a DHV in a swirling jet flow has been
observed recently by Vanierschot et al. [44]. Like in the present case, it was found that the DHV

has the double frequency of the PVC, and that the PVC and DHV are largely independent.
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Using a linear stability analysis of the mean flow, the study found that the PVC and the DHV
are two independent global modes of hydrodynamic instability. The strong similarity between
the present characteristics of PVC and DHV and those found by Vanierschot et al. [44] suggests
that the present vortex structures result from similar global hydrodynamic instabilities.

For the 3" POD mode, the dominant frequencies are found in the range around 37 Hz (Fig.
4b, as) and the region of highest kinetic energy roughly corresponds to the IRZ (Fig. 5a, ¢3). A
recent numerical study by Grader et al. [45] found that this low-frequency alternation of the
backflow velocity in the IRZ is mostly caused by fluctuations of the secondary air injection
further downstream. So far unpublished results from the computations presented in [45] confirm
the existence of an independent DHV structure, benefitting from the 3D character of

simulations, and therefore support our interpretation.

3.1.2 Phase-averaging of velocity distribution

To better visualize the two different vortex structures introduced above (PVC and DHV)
we employed a phase-averaging representation of the velocity field. This representation was
chosen as a more useful procedure compared to the low-order POD reconstruction, which can
only capture sinusoidal motion [30, 46].

As reference signal of phase-averaging with respect to the DHV the a4 temporal coefficient
was used with a dominant frequency of 874 Hz in the corresponding spectra. Phase-averaging
of 10 000 velocity distributions was performed with a resolution of A¢ =+16° and using
approximately 900 snapshots per each phase step (totally 11 phases are considered); a window

. 874
size of
10000

-360° = 32° for a phase angle of ¢ = 0°, for instance, refers to A¢ = +16°. Figure

7 shows the S-criteria distributions (“swirl strength™) that visualize the vortex structures for
only four phase steps with approximately 94° phase shift in clockwise rotation (¢ = 0+16°, ¢ =
94+16°, ¢ = 189+16° and ¢ = 283+16°). Other phase steps are not displayed for brevity. At the

first step ¢ = 0°, the lower parts of the DHV start to propagate along the OSL away from the
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fuel nozzle and the upper parts of the DHV already have reached a distance of 18 mm from the
nozzle. Vortices completely leave the PIV domain at a distance of y > 20 mm (¢ = 94°). In
addition, weak vortex cores can be identified in the ISL (Fig. 7, ¢ = 94, 189°), but their energy
content is significantly lower than that of those in the OSL.

Figure 7b shows the distribution of the coherent part of the tangential velocity component,
i.e. the mean field is subtracted from the phase-averaged distributions (
<V, >.,=<V, >, —<V,>). As can be seen, distinct regions of positive and negative
tangential velocity are present around the vortices in the OSL. This further confirms that the
vortices are inclined with respect to the vertical plane, and therefore they represent a DHV and

not a toroidal vortex structure (cf. Sect. 3.1.1).
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Fig. 7. Phase-averaging S-criteria distributions (a) and phase-averaging distributions of coherent part of
tangential component of velocity (b) at DHV frequency (874 Hz).

As reference signal of phase-averaging with respect to the PVC motion the a; temporal
coefficient was used with a dominant frequency 442 Hz in the corresponding spectra. Here,
phase-averaging was performed with a resolution of A¢ =+8° and using approximately 450 PIV
images per phase step. Figure 8 shows the S-criteria distributions for again only four phase steps
with approximately 82° phase shift in clockwise rotation (4 =0+8°, A¢ =82+8°, A¢ =163+8°
and A¢ =245+8°). The well-known «zig-zig» vortex arrangement in the ISL is shown (as
marked by the dashed line). as in numerous previous works [30, 33, 34, 47]. The PVC is known

to be located in the flame zone and affected by the flame through mixing and further flame roll-
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up, increases in heat release, and might interact with the soot distribution as shown in our

previous studies [4, 7, 14].

20 -10 0 10 20 -20 -10 O _10 20
x [mm] x [mm]

Fig. 8. Phase-averaging S-criteria distributions at PVC frequency (442 Hz), PVC are labelled by dashed lines.

Numerous previous studies have shown a PVC to be a three-dimensional helical vortex
structure precessing around the axis of a swirl injector: by phase-averaging of the LDV signal
and assumption of temporal-azimuthal symmetry [47], low-order POD modeling of the velocity
field [30, 33, 34, 36], and tomographic-PIV [43, 48].

If the hypothesis about the formation of PVC in the ISL, as well as a DHV in the OSL is
accepted (cf. Sect. 3.1.1), then by using a phase averaging procedure it is possible to reconstruct
the spatial helical geometry of the coupled vortices. The 2D distributions were captured by
phase-averaging S-criteria distributions with the same procedure as presented in Fig. 7a and
Fig. 8. With this we can reconstruct the 3D geometry of the helical vortices by using the vortex
phase angle ¢ as the azimuth angle of a cylindrical system. Phase-averaging of PVC and DHV
motions was performed at the PVC frequency (442 Hz) and the DHV frequency (874 Hz),
respectively. Figure 9 shows the superposition of three iso-surfaces obtained from the 3D
reconstruction of the PVC in the ISL and the DHV in the OSL. For the geometric reconstruction
of the DHV, the right and left sides of the S-criterion distributions (Fig. 7a) were used. For the
PVC geometry reconstruction, the right side was used from Fig. 8. As can be seen from the 3D
reconstruction, the PVC is formed in the inner flow, as well as two secondary helical vortex

structures are formed in the OSL. The formation of secondary structures as part of a primary
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PVC motion is already well-documented for different combustor systems [30, 33, 34]. In our
case, we observe the formation of two secondary coherent helical vortices. While a similar
combination of helical vortices has recently been reported for a swirling water flow [xx] as
discussed in Sect. 3.1.1, to our knowledge the present case is the first record for a reacting
gaseous swirl flow. As will be shown below, it is the double-helical vortex structure that has

the main impact on flame dynamics.

Fig. 9. Superposition of three types of vortices obtained by use of phase-averaging of the velocity field at
PVC and DHYV frequencies (here isosurfaces of S-criteria are shown, the PVC is labelled with yellow color, the
first vortex of the DHV is labelled red color, the other DHV is labelled with blue color).

To gain insight into how the two types of vortex motion influence the fuel dynamics, we
next evaluate the acetone-PLIF signals both separately and in correlation with the velocity field
analysis described above. In the first instance, we make use of acetone PLIF measurements
applied to the isothermal case to study how fuel and surrounding air are mixed and to explore

the role of the PVC in this process.
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3.2 Acetone-PLIF applied to the isothermal case

Figure 10a,b shows mean and standard deviation acetone-PLIF distributions for the non-
reacting case. The mean fuel concentration is highest in two streaks at the bottom entering from
the exit of the fuel injectors underneath. The fuel mixes with air and the mixed fluid is then
transported to the IRZ, which forms for isothermal conditions [4]. Due to the lack of fuel
consumption, non-zero fuel concentrations are present throughout the domain. The standard
deviation image reveals that the maximum variations of fuel concentration occur in two distinct
branches for each side of the injector positions, which are probably related to vortical motions
of the PVC causing lateral displacement and roll-up of the fuel. When a vortex appears in the
plane of the laser sheet, a fuel jet bends towards the nozzle center, and during the movement of
the PVC outside the laser sheet, the position of the fuel jet does not significantly change, which
is why the standard deviation distribution has two such distinct branches.

For a more detailed analysis of the mixing process in the isothermal case, a POD analysis
of the acetone-PLIF distributions was carried out for the region of interest (shown as white-
dashed rectangle in Fig. 10a). Figure 11 shows the energy distribution of the POD modes and
the power spectra of the first three temporal POD coefficients. The energy distribution of the
acetone-PLIF POD modes can be interpreted as the strength of the spatio-temporal dynamics
affecting the fuel distribution. The spectra of the temporal coefficients exhibit a dominant peak
at 384 Hz, which is the frequency of the PVC at isothermal conditions according to a POD
analysis of the velocity fields (not shown). This indicates that the PVC has a main impact on

the fuel dynamics for the isothermal case.
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Fig. 10. Acetone-PLIF distributions: (a) Fig. 11. POD analysis of non-reacting acetone-PLIF distributions:
mean, and (b) standard deviation for the energy distribution of the POD modes and power spectra of
non-reacting case (area of black dashed temporal POD coefficients based on the acetone-PLIF data.
rectangles was used for calculation of

cross-correlation functions shown in Fig.

11; the area of the grey-dashed rectangle

was used for the POD analysis).

For phase-averaging of the acetone-PLIF distributions in the case of isothermal flow, a
phase resolution of A¢g=27° corresponding to about 380 PLIF snapshots per phase was applied.
As reference signal for phase-averaging the a: temporal coefficient was used. Figure 12 shows
phase-averaged acetone distributions for angles ¢ = 0°, 55°, 111°, 166°, 221° and 277°. The
PVC motion causes periodic pulsations of the fuel-jets from left to right, i.e. left-right flapping.
For phase angle ¢ = 0°, the PVC appears near to the left and right side of the angular fuel jet
and induces a roll-up of fuel. At ¢ = 55°, the PVVC propagates further downstream and becomes
invisible on the right side. At ¢ = 111° the fuel jet starts to skew to the left side. At the next
time step ¢ = 166° the PV C starts to envelope the fuel jet in a roll-up motion. At ¢ =~ 221° and
¢ = 277°, the loop closes towards the starting point. Unlike for the flow field, the PVC

visualization by acetone PLIF terminates soon downstream due to progress of fuel-air mixing.
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Fig. 12. Phase-averaging of the acetone-PLIF distributions for isothermal conditions (frequency of phase-
averaging is 384 Hz).

To better characterize this type of mixing, a cross-correlation between the left and right fuel
jets is performed (Fig. 13). The correlation function evaluates the area-integrated acetone-PLIF
intensities in the two rectangles (i.e. left and right parts of the annular jet, Fig. 10a). The period
of the resulting cross-correlation function equals half of the PVC period at isothermal
conditions (Tpvc=2.6 ms), which once again indicates the main impact of the PVC on the
mixing process and the left-right flapping motion. These results strongly indicate that the PVC-

induced roll-up of fuel is the major mixing process occurring at isothermal conditions [49].
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Fig. 13. Cross correlation function of acetone-PLIF signal from left and right fuel jets (integration area
shown as black dashed lines in Fig. 10a) for the isothermal case.

3.3 Acetone-PLIF for the reacting case

Figure 14 shows the mean acetone-PLIF distribution and their standard deviation for the
reacting case. The main difference to the non-reacting case is visible in the plotted standard

deviation (Fig. 14b), which does not exhibit two distinct branches per injector side, in contrast
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with Fig. 10b. Here, a more diffuse standard deviation distribution was derived, indicative of

mixing and burning of fuel along with the outer boundary of the fuel jet.
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Fig. 14. Acetone-PLIF distributions (a) Fig. 15. POD analysis of acetone-PLIF distributions at reacting
mean, and (b) standard deviation for the conditions: energy distribution of the POD modes and power
reacting case (area of black-dashed spectra of temporal POD coefficients.

rectangles is used for calculation of the
cross-correlation functions in Fig. 14; the
area of the grey-dashed rectangles was
used for POD analysis).

When applying the POD analysis to the acetone distribution for the reacting flow (Fig. 15),
the spectra of the temporal POD coefficients are different from those shown in Fig. 11 for the
non-reacting case. In the spectra of the first and second modes, a peak at the frequency of
874 Hz is prominent. This is the frequency of the DHV, which has been previously described
based on the flow field data. As can be seen in the corresponding distribution of the POD energy
contribution, the two modes of the DHV have nearly the same contribution to the total energy
as those of the PVC for the isothermal case. The influence of the PVVC for the reacting case
appears only third of the temporal coefficients of the POD. Thus, fuel mixing effects in the
reacting case are governed primarily by the DHV dynamics at a frequency of 874 Hz and to a
lower extent by the PVC at a frequency of 442 Hz.

The same cross-correlation function between left and right jets that we considered for the

isothermal case is shown in Fig. 16 for the reacting case. The axial pulsations of the jet appear
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axisymmetric and affect the fuel distribution. Consequently, the maximum of the cross-
correlation function between left and right jets has a near-zero time shift. This indicates that the
apparent symmetric motion of the two branches of the DHV on the opposite sides of the OSL
rather than the PVVC govern the pulsations of the fuel jets in the reacting case.
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Fig. 16. Cross correlation function of acetone-PLIF signals between the left and right fuel jets for the
reacting case (area of integration shown as black-dashed lines in Fig. 14a).

Figures 17 and 18 show the phase-averaged distributions of acetone-PLIF at the dominant
frequencies of 874 Hz for the DHV and 442 Hz for the PVC, based on the temporal coefficients
as (DHV) and a1 (PVC) of the POD analysis of the velocity field (Fig. 4). Phase-averaging was
performed with a resolution of A¢ =+16° and using approximately 900 PIV images per phase
step for the 874 Hz frequency and with a resolution of A¢g =+8° and using approximately 450
PIV images per phase step for the 442 Hz frequency.

The phase-averaged distributions with respect to the 874 Hz frequency mainly exhibit an
axial pulsation of the fuel jets. During the pulsation, the tails of the fuel jets are bent outwards
by the vortices in the OSL (Fig. 7a). In this case, the probability of the mechanism of mixing
could be the DHV. This mixing process differs from the mixing processes under isothermal
conditions described above, where we did not observe any evidence of DHV structures and
their impact on the fuel distribution. It has to be noted that the planar representation and
apparent axial pulsation cover the existence of two coincident branches of the DHV structures

on opposite sides, which is also valid for the discussion in the following section.
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Fig. 17. Phase-averaging of the acetone-PLIF distributions at reacting conditions (frequency of phase-
averaging is 874 Hz).

At the same time, some influence of the PV C structure on the fuel distribution remains for
the reacting case. Phase-averaged distributions with respect to the 442 Hz frequency are shown
in Fig. 18. The influence of the PVC is clearly visible for ¢ = 98° and ¢ = 294°, where mixing

with surrounding air occurs on the left side as well as on the right side of the ISL.
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Fig. 18. Phase-averaging of the acetone-PLIF distributions at reacting conditions (frequency of phase-
averaging is 442 Hz).

3.4 Interaction of flow, mixing and reaction

The previous discussions have shown that the transport and mixing of fuel is largely
influenced by the DHV and the PVVC. In this section, the effects of the coherent vortex structures
and the associated fuel distributions on the flame will be studied using the OH-PLIF recordings.
Figures 19 and 20 show phase averages of OH-PLIF, acetone-PLIF and velocity field

determined with respect to oscillations at 874 Hz (DHV) and 442 Hz (PVC), respectively. The
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phase angles were calculated from the POD mode coefficients as and ai, respectively, of the
velocity fields.

The phase averages of the velocity field with respect to the PVC (Fig. 19, right column)
show the typical zig-zag arrangement of vortices in the ISL. The vortices cause a periodic,
alternating deflection of the fuel jets as seen in the acetone-PLIF images (middle column). The
OH-PLIF images (left column) show regions of unburned gas (dark blue), hot burned gas
(medium blue to green) and heat release (green to yellow). The OH-PLIF phase averages reveal
a zone of strong heat release at the flame base (|x|<10 mm, y<10 mm), which is subjected to a
periodic lateral displacement that is coupled to the motion of the PVC. In the regions beyond
the flame base (]x[>10 mm, y>10 mm), by contrast, the effects of the PVC on heat release are

apparently rather low. In these regions, effects of the DHV dominate instead as shown next.

OH-PLIF Acetone-PLIF Velocity
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Fig. 19. Phase averages of OH-PLIF (left), acetone-PLIF (middle) and velocity field (right) calculated for
the oscillation at f=442 Hz (reacting case).
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The phase averages of the velocity field with respect to the DHV (Fig. 20) show that the
DHV, which is located in the OSL, causes a periodic increase of the flow of unburned gas into
the chamber (red zones, marked by arrows). This causes a periodic pulsation of the jets of fuel
and air as seen in the images of acetone-PLIF and OH-PLIF, respectively. At the same time,
the jets of fuel and air are deflected outwards by the DHV (marked by dashed arrows). The OH-
PLIF images further show that the zones near the DHV (dashed arrows) in the OSL are
associated with an increased heat release. This indicates that the DHV causes an intense mixing

of fuel, air and burned gas from the ORZ, which enhances local rates of reaction.

OH-PLIF Acetone-PLIF Velocity
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Fig. 20. Phase averages of OH-PLIF (left), acetone-PLIF (middle) and velocity field (right) calculated for
the oscillation at f=874 Hz (reacting case).

To evaluate the mixing and reaction of fuel in the context of PVVC and DHYV structures in
more detail, time-series of simultaneous velocity, OH, and acetone-PLIF distributions are

discussed in the following section.

29



3.5 Vortex-induced mixing and reaction

Figure 21 shows an exemplary time-series of simultaneous measurements of velocity field,
OH-PLIF, and acetone-PLIF. The time duration of the series is around one axial flapping period
or near a half PVC period (t = 1 ms). In the figure, the OH distribution is represented by red
color of different intensity level. High OH intensities indicate regions with reaction and hot
burned gas. The green color depicts the smoothed PIV particle image that represents the
intensity of light scattered by tracer particles. The cold high-density unburned gas enters from
the nozzle, appearing above y = 5 mm due to height limitation of the PIV measurement domain.
The unburned gas regions are characterized by zero OH levels and a high seed particle density.
The hot gas in the IRZ, labeled as lean burned gas (LBG), corresponds to medium levels of OH,
while distinct regions without OH, yet separated from the cold in-flow by a flame front, are
labeled as rich-burned gas (RBG), following the analysis in [5]. It is noted that OH radicals are
depleted for @ > 1.5, according to [51], which is why those regions do not exhibit OH-PLIF
signal. The appearance of these regions can be explained by the incomplete combustion of the
primary fuel and air flows at equivalence ratio of ®=1.2, as analyzed in more detail in the recent
paper [5].

The acetone-PLIF signal in blue shows the distribution of fuel in the unburned gases.
Different intensities of blue and fragmentation of blue filaments within a black background
(pure air) indicate various levels of mixing between fuel and air. Near the injector, adjacent
regions of pure air (black) and pure fuel within the fuel jets (dark blue) are visible.

The studied experimental condition relates to the soot forming reference case (®=1.2,
p=3 bar) without acetone as shown in [4, 5]. Even if replacement of part of the ethylene used
in the reference case by acetone reduces the soot levels remarkably, soot luminosity along the
camera’s line of view can be captured in the acetone PLIF images despite the use of an
appropriate filter. Based on the hypothesis that fuel is rapidly consumed, absence of acetone

signal in regions downstream fromy > 25 mm can be expected. This is confirmed by the typical
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length of OH-free in-flow pockets, which are indicative for cold regions upstream of the flame
fronts, where acetone can survive. Therefore, we conclude that signal captured by the acetone-
PLIF detection system for those regions is not caused by fuel but rather by soot luminosity, and
accordingly treated the data by adequate filtering.

At t =0 ms, the mixing process is initialized. Fuel and surrounding air are released from the
nozzle, and the impact of the PVVC becomes visible in the ISL at the left bottom side of the jet.
At t = 0.2 ms, part of the PVC moves downstream and induces mixing and subsequently
reaction processes by rolling up in the ISL. Simultaneously, axial flapping of the fuel jet starts
from the injector. Att= 0.4 ms the fuel “tails” bend quite symmetrically towards the periphery
as we can see in the acetone-PLIF and OH-PLIF distributions. This is probably due to the DHV
vortex core starting to incorporate the fuel jet into the vortex roll-up. At t= 0.8 ms the further
development of this roll-up process occurs. At the same time, the PV C initiates roll-up mixing
in the ISL region on the right side of the jet. Then, att = 1 ms, the heat release takes place in a
large area around part of the PVC vortex and near the DHV on both sides of the fuel jets
following complete mixing. At t = 1.2 ms axial flapping starts to repeat once again.

Thus, the scenario of mixing and reaction differs completely from these processes in other,
yet similar, combustors [14], where at first a well-mixed zone of fuel and air forms around a
PVC vortex and then a vortex-induced roll-up takes place with increased heat release. The hot
zone at the flame root (at t= 0-0.2 ms on the left side of the ISL and at t= 1-1.2 ms on the right
side of the ISL) moves towards the unburned fuel jet and involves fresh ethylene gas in reacting
(pronounced OH activity in the observation plane at t=0.4 ms) without a long period of
premixing. However, mixing and reaction processes coexist and at t= 0.4-0.8 ms; the flame roll-

up continues in the inner and outer reaction zones.
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Fig. 21. Exemplary time series of simultaneous PIV, OH-PLIF, and acetone-PLIF (green color depicts the
seed particle density, PVC vortices are labelled by dashed lines).
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Those results show that the premixing time is an extremely short process (At = 0.2 ms) and
probably insufficient to provide a homogeneous ignitable mixture. To clarify the mixing
process and identify differences between the influence of PVC and DHV vortex structures more
closely, another zoomed time-series of simultaneous distributions is discussed in the following.

Figure 22 shows another time series of PIV, OH, and acetone-PLIF distributions for the
zoomed-in right side of the combustor. The figure illustrates a typical sequence of mixing and
reaction processes for the approximate duration of a PVC period (At = 1.9 ms). Att=0 ms, the
fuel jet and surrounding air are introduced from the bottom of the combustor and axial flapping
of the fuel jet is initiated. At t = 0.3 ms, the fuel jet starts to mix with surrounding swirled air

jets and the fuel/air interface becomes more indented. At t = 0.6 ms, the PVC appears from the
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bottom to y = 5 mm and mixing is initiated by the roll-up of two counter-rotating vortices in the

ISL region (PVC) and in the OSL (DHV).

RN
flapping '\increased

start —,, heat release roll-up by DHV

Fig. 22. Zoomed-in exemplary time series of PIV, OH-PLIF, and acetone-PLIF simultaneous measurements to
clarify mixing and reacting processes.

The scenario of mixing induced by the PVC is very similar to the situation observed in the
above-cited combustor of slightly different geometry [7], where regions with high OH
concentrations were identified in the center of the vortex due a positive radial pressure gradient
near the vortex core. It should be noted that the DHV itself is not visible in the plotted flow
field due to limitations of the PIV domain, and its existence is primarily claimed based on its
impact on the OH structures. At the next time step at t= 0.9 ms, the “mushroom-like” vortex
structure shows more distributed reduced acetone intensity, probably rather due to mixing than
thermal expansion or fuel decomposition. At the next time steps (t = 1.2 and 1.4 ms), the PVC
moves downstream and induces intensified reaction of well-mixed fuel/air. After that, a region
with high OH-PLIF concentration is detected near the ISL and the OSL regions. This can be
interpreted as increase of heat release in these regions. From t= 1.2 ms, the next axial flapping
starts from the nozzle as shown by the acetone-PLIF distribution. At steps t= 1.4-1.7 ms the
propagation of the DHV is shown. It should be noted, that in reference [7] the secondary helical
vortices have no direct effect on the flame since they are located outside the flame zone. This
differs completely from our situation, where the DHV appearing in the OSL has comparable

contribution to the flame stabilization as the PVC in the ISL. It should be noted that as a result
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of mixing and reaction in the IRZ, various scenarios of the formation of regions with low and
high concentration of OH can emerge. The PVC and DHV induce mixing and subsequent
reaction by flame roll-up, followed by downstream propagation of RBG pockets and expansion
of those pockets (t=1.9 ms). A further scenario for the development of these RBG pockets is
determined as the presence of a region of LBG with high OH concentration.

Figure 23 shows a sequence of measurements where the IRZ is initially filled with RBG. In
the second frame, a region of LBG is observed to enter the IRZ from downstream and then
propagates towards the nozzle. In the process it displaces, or consumes the region of RBG. This
is consistent with observations presented in [5], where the authors concluded that this scenario
of occupation of the IRZ region by LBG thereby provides unfavorable conditions for soot
formation. However, the intermittent upstream flow of LBG in the IRZ is predominantly
introduced by the secondary air supply and probably does not link to mixing and reacting

processes induced by PVC and DHV low in the combustor.

Fig. 23. Exemplary time series of PIV, OH-PLIF, and acetone-PLIF simultaneous measurements to illustrate
propagation of the LBG region.

34

Kommentiert [GKP1]: What are the white arrows
pointing at?




3.6 Formation of PAH as a precursor of soot

The camera for imaging of acetone-PLIF also captures signals from other sources such as
LIF of PAH and luminosity of soot (cf. Sect. 2.2.2). While acetone as a marker of fuel is only
encountered in the jets of unburned gas, the other sources mainly appear in the IRZ. In the
following image, a method for separating the signals from the three sources is described. The
ability to separate the PAH signals will then be used to investigate the role of PAH in the
formation of soot.

Figure 24 shows three selected image pairs labelled A, B and C, which represent typical
situations regarding presence of soot and PAH. Each pair includes an image obtained from the
acetone-PLIF camera (left) together with the corresponding image from the first PIV camera
(right). First of all, each acetone-PLIF image reveals the two fuel jets at the bottom, and in the

PIV images the regions with highest density of tracer particles (red) represent the unburned gas.

PIV Camera 1

Soot
luminosity

g | Low signal
in IRZ

Mainly PAH
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Fig. 24. Pairs of acetone-PLIF (left) and PIV camera (right) images shown for three situations A, B and C
representing different occurrences of PAH and soot.
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The PIV image A further reveals regions of moderate intensity that originate from line-of-
sight integrated luminosity of soot (cf. Sect. 2.2.1). A similar region of moderate intensity is
seen in the corresponding acetone-PLIF image on the left. It is thus concluded that this also
mainly represents the soot luminosity. Due to the intermittent nature of soot formation as
discussed in a previous study [5], longer periods without soot in the FOV are observed, as is
the case in the PIV images B and C. The signal in the acetone-PLIF image B is therefore low
throughout the IRZ. For the acetone-PLIF image C, by contrast, notable signals are observed in
the IRZ despite the absence of soot as evidenced in the corresponding PIV image. Based on a
previous analysis of PAH-PLIF in this combustor [52], it is thus concluded that this signal is
caused by fluorescence of PAH excited by the UV laser. In the discussion below, an image
sequence has been taken from a period where soot is absent (except at the end), in order to
ensure that signals in the IRZ are caused by PAH-PLIF and not by soot luminosity.

Figure 25 shows a time-series of images that reveals intermediate steps of the formation of
soot. In a previous work [5], it has been shown that in repeating phases, RBG accumulates in
the IRZ, and after a certain residence time, soot can form in some zones of RBG. The present
study now enables the additional visualization of PAH during this process. The images in the
left column of Fig. 25 are a combination of OH-PLIF (red), acetone-PLIF (blue) and soot
Rayleigh scattering (green, cf. Sect. 2.2.1). The right column shows the acetone-PLIF images

alone with an increased color scale in order to highlight the presence of PAH.
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Fig. 25. Time-series of combined OH-PLIF (red), acetone-PLIF (blue) and soot (green) images (left column)
and acetone-PLIF images with increased color scale (right column).

Att =0 ms, aregion of RBG is present in the IRZ. The low signal of acetone-PLIF in the
IRZ indicates that neither soot nor PAH are present. At t = 0.4 ms, the zone of RBG is enlarged
and a low signal from PAH appears in this zone. At t = 0.8 and 1.2 ms, the PAH signal in some
parts of the RBG increases significantly. In some parts of the RBG with high PAH signal, soot
appears at t = 1.6 ms. Att = 2 ms, LBG enters the IRZ from the top, and subsequently (not

shown) leads to oxidation of soot as described previously [5].
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Based on the additional visualization of PAH, the present study reveals for the first time the
complete sequence of formations of RBG, PAH and soot in a GT combustor. The discussed
example indicates roughly that (for the present conditions) the PAH level in the RBG increases
continuously over a period of about 1 ms until soot can form. It is noted, however, that soot
forms only in certain regions of the high-PAH RBG. This indicates that other factors, such as
the detailed composition of PAHSs or local temperatures, which cannot be resolved here, likely

also play an important role in soot formation.

4 Conclusions

The present work experimentally investigated the temporal dynamics of large-scale vortex
structures, fuel-air mixing, and reaction processes, which occur in a partially premixed swirling
ethylene/air flame in an aero-engine model combustor at increased pressure. Time-resolved
stereo-P1V, OH-PLIF, and acetone-PLIF systems with a repetition rate of 10 kHz were used to
investigate the sooting flame at 3 bar pressure and an equivalence ratio of ®=1.2 prior to
addition of the secondary oxidation air further downstream. Transport of fuel is captured by the
fluorescence of acetone, which is replacing 10% by volume of ethylene. The PLIF system
further enabled the detection of PAH signals.

A precessing vortex core (PVC) in the inner shear layer and double-helix vortices (DHV)
in the outer shear layer were identified using proper orthogonal decomposition (POD) and
phase-averaging techniques. The results strongly indicate that the vortex-induced roll-up of fuel
is the main mixing process occurring at isothermal conditions. Co-existence and interaction of
PVC and DHYV structures are found for the reacting case. The DHV in the OSL induced a
periodic axial flapping of the fuel jet at reacting conditions

The measurements show that the PVC and DHV cause a regular sequence of flame roll-up,
mixing of burned and unburned gases, and subsequent ignition of the mixture not only in the
ISL but also similarly in the OSL. Thus, the results indicate that the mixing time can be an

extremely short process (At = 0.2 ms) and mixing and reaction processes coexist. Reacting
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processes give rise to pockets of rich-burned gas (RBG) propagated downstream. These pockets
can subsequently be oxidized by lean-burned gas (LBG) fluid, propagated upstream to the IRZ.
LBG regions have the potential to prevent soot formation; however, this process depends
strongly on the intermittent motions in the inner recirculation zone. Based on the additional
visualization of PAH, the present study further reveals for the first time the complete sequence
of formation of RBG, PAH and soot in a GT combustor. It was seen that the formation of PAH
in the RBG takes about 1 ms until soot starts forming. The soot, however, forms only in certain
regions of the high-PAH RBG. This indicates that other factors, such as the detailed
composition of PAHSs or local temperatures, which could not be measured here, probably also
play an important role in soot formation. The presented data complement an existing validation
data set which is already serving for soot model validation in the framework of the International

Sooting Flame (ISF) workshop, thereby satisfying the demand from modelers.
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