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Abstract We report on a study of the impact of coherent helical vortex structures on the shape of
the reaction zone and heat release in swirling methane/air flames in regimes with a vortex
breakdown. Three kinds of atmospheric flames are considered, viz., fuel-lean and fuel-rich premixed
flames and a partially premixed fuel-rich lifted flame. Based on the measurements of the velocity
fields by a stereo P1V in combination with the OH PLIF and HCHO PLIF, the impact of the coherent
flow structures on large-scale corrugations of the reaction zone is evaluated. Helical vortex
structures, detected in both the non-reacting and reacting high-swirl flows by using proper
orthogonal decomposition, are found to promote combustion both in the lean premixed and fuel-rich
partially premixed flames. In the first case, based on the phase-averaged intensity of the HCHOXOH
signal and the location of the helical vortex structure in the inner mixing layer, it is concluded that
the vortex locally increases the heat release rate by enlarging the flame front and enhancing the mass
exchange between the combustion products inside the recirculation zone and the fresh gases. The
events of the local flame extinctions are detected in the instantaneous PLIF snapshots for the lean
mixture, but they do not cause extinction of the entire flame or a blow-off. In case of the lifted flame,
the outer helical vortex structure promotes combustion by locally intensifying the mass exchange

between the fuel-rich jet with the surrounding air.

Keywords: swirling flame, coherent structures, precessing vortex core, vortex
breakdown, stereo PIV, OH PLIF, HCHO PLIF, conditional sampling

Abbreviations

CCD: charge-coupled device;

CH PLIF: methylidyne planar laser-induced fluorescence;
FWHM: full width at half maximum;

HCHO PLIF: formaldehyde planar laser-induced fluorescence;



LDA: laser Doppler anemometer;

LES: large eddy simulation;

OH PLIF: hydroxyl planar laser-induced fluorescence;
PIV: particle image velocimetry;

PLIF: planar laser-induced fluorescence;

POD: proper orthogonal decomposition;

PVC: precessing vortex core;

YAG: Yttrium aluminium garnet.

1 Introduction

Swirling motion is often imposed on the flow inside burners, combustion chambers
and furnaces to ensure stable combustion in the compact zone. This is usually
achieved in a low-velocity region and is formed in the core of the swirling flow
after passing through an expansion [1-3]. When the swirl is strong enough, the
vortex core undergoes a breakdown, resulting in the formation of a low-pressure
wake and an abrupt change of the flow pattern [4-8]. A further increase in the swirl
strength causes local flow recirculation inside the wake. During combustion, hot
products concentrate in the low-pressure region of the vortex core and become
trapped within the recirculation zone [9-12]. Thereby, the heat and mass exchange
between the fresh mixture issuing from the swirler and gases inside the recirculation
zone provides favourable conditions for the successful ignition of the flame and
stable combustion [13,14]. Cheng et al. (e.g., [15-17]) reported achieving a stable
flame for a low-swirl burner without a central recirculation zone. The flame
stabilization was provided by a low-velocity wake produced by a swirler with a
perforated centre-body. The absence of the central recirculation zone and a short
residence time for such burner geometry resulted in a decrease in the NOXx
concentration in the combustion products for fuel-lean mixtures. This context
emphasizes the importance of aerodynamics optimization when designing swirl
burners.

Another phenomenon in swirling flows is a precession of the vortex core [4,5,18].
In some cases, the precessing is weak, whereas in others, it is coupled with strong
velocity and pressure fluctuations [7,19-27]. The phenomenon of the precessing

vortex core (PVC) has been studied extensively for different swirling flow
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configurations, including swirling jets. Based on laser Doppler anemometry (LDA)
measurements in a turbulent swirling jet, Cala et al. [28] averaged the local velocity
with respect to the phase of the quasi-periodic pressure fluctuations monitored by a
pressure probe placed near the nozzle exit. By assuming that the pressure
oscillations were induced by a rotating coherent structure, the authors reconstructed
a 3D shape of the structure. It was found to consist of a PVC and two secondary
helical vortices. One secondary vortex was induced in the inner mixing layer around
the central recirculation zone, whereas the other was found in the outer mixing
layer.

Similar coherent structures were later detected in other studies of swirling jets with
a vortex breakdown using pointwise LDA and planar particle image velocimetry
(PIV) measurements [29-31]. Oberleithner et al. [29] phase-averaged the velocity
fields measured in a high-swirl jet with a vortex breakdown by PIV by using a
snapshot method for proper orthogonal decomposition (POD) [32]. The observed
coherent structure consisted of PVC, spiralling inside the central recirculation zone,
and a secondary helical vortex in the outer mixing layer. Later, based on the direct
measurements of 3D velocity fields by tomographic PIV and POD processing,
Alekseenko et al. [33] verified the assumption that quasi-periodic velocity and
pressure fluctuations were caused by the rotation of the coherent structure. This
assumption was used in previous studies for deducing the 3D field from the 2D PIV
data [29,30]. Alekseenko et al. proved that the winding direction of the outer helical
vortex was opposite that of the jet swirl. Additionally, the presence of the outer
helical vortex in the instantaneous 3D velocity fields could be observed in
tomographic PIV measurements in [34] and [35].

However, the specific impacts of such large-scale helical vortex structures,
including the PVC on the stabilization of flames, unsteady combustion and
thermoacoustic pulsations, are not completely understood [18, 36-38]. Based on
LDA measurements of the flow in a swirl burner with and without premixed
combustion, Schneider et al. [39] reported clear evidence that the PVC could be
found only in the latter case. In contrast, Anacleto et al. [10] found that the intensity
of quasiperiodic pressure fluctuations, produced by the PVC of the flow in model
combustion chambers with a breakdown of the vortex core and the central
recirculation zone, was not strongly altered during lean premixed combustion.

Later, based on a large eddy simulation (LES) of the reacting flow for the same



geometry, Duwig and Fuchs [40] demonstrated that the PVC movement was
statistically correlated with a local variation in the density, indicating that the
coherent flow structure affected the unsteady dynamics of flame and local heat
release.

In their LDA measurements of flow in a non-premixed fuel-lean model gas turbine
combustor, Janus et al. [41] observed that the PVC was present in both non-reacting
and reacting flow configurations. Alekseenko et al. [30] demonstrated that a lifted
fuel-rich propane flame does not significantly alter the shape of the coherent
structure, which consists of PVC and a secondary helical vortex, in a swirling jet
with a vortex breakdown. It was also demonstrated that modulation of the jet flow
rate could be used for intensifying the jet mixing with the surrounding air via forced
formation of the toroidal vortices and increasing the combustion efficiency near the
burner outlet. Based on a linear hydrodynamics stability analysis, Terhaar et al. [42]
found that the velocity and density distributions inside the recirculation zone
strongly affect the amplitude of the PVC. In another paper, Terhaar et al. [25]
demonstrated that the axial injection of an additional jet resulted in a modification
of the recirculation zone and was efficient for the suppression of the PVC
amplitude.

It has long been recognized that further studies and elucidation of swirling flow
dynamics and interactions with the flame (including PVC) could greatly benefit
from velocity field measurements simultaneously with capturing distributions of
the gas temperature, local fuel concentration, and shape of the flame front. Such a
combined application of the PIV method and the planar laser-induced fluorescence
(PLIF) for chemical species have already been performed in a number of papers to
investigate the unsteady combustion and interaction of the coherent flow structures
with flame.

Stohr et al. (2011) [43] combined PIV with the PLIF of the hydroxyl radical (OH
PLIF) to study methane combustion in a combustion chamber with flow swirl
(Re =9000 for non-reacting conditions). A pair of helical vortex structures was
detected from the POD of the velocity fields. Based on the phase-averaged
fluorescence intensity it was concluded that the coherent flow structures strongly
influenced the flame shape. The authors concluded that a large-scale helical vortex
in the inner mixing layer promoted combustion by intensifying the heat and mass

exchange between the fresh mixture and the combustion products and by enlarging
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the flame front surface. Time-resolved PIV and OH PLIF measurements for the
same combustor geometry were performed by Boxx et al. [44] and later by Stohr et
al. [45] and others. Boxx et al. [46] observed the events of local flame extinction in
regions with intensive flow strain, which did not lead to a blow-off of the entire
flame. Additionally, isolated flame regions, probably caused by auto-ignition
events, could be clearly seen in the OH PLIF images at the centres of the large-scale
vortex structures.

In addition to the pair of helical vortices, Stohr et al. [45] observed a central vortex
spreading along the axis towards the exhaust tube of the combustion chamber.
Based on a 3D reconstruction of the phase-averaged OH PLIF data, it was inferred
that the flame zone was aligned with the inner helical vortex structure, which
promoted combustion via enhanced mass exchange between the combustion
products and fresh gas. Boxx et al. [46] compared the flow and flame dynamics for
premixed methane/air flames in a swirl combustion chamber for cases with and
without strong thermoacoustic oscillations. The flow/flame interaction has been
analysed via time-resolved PIV and OH PLIF measurements. A bubble shaped
recirculation zone and PVC were found for the flow when undergoing strong
thermoacoustic pulsations, whereas the other case featured a conical shape of the
recirculation zone without clear evidence of PVC. Additionally, in the former case,
a strong coupling was detected between the unsteady flame and the PVVC dynamics.
Whereas coupling between large-scale vortex structures and flame front dynamics
in swirl combustors have been demonstrated in a number of experiments, a better
understanding of vortex structures’ impact on unsteady heat release and
thermoacoustic pulsations requires simultaneous measurements of the velocity
fields and spatially resolved distributions of temperature/density or heat release.
Such data have been provided by numerical simulations of some simple flames,
(e.g., Duwig and Fuchs [40], Huang et al. [47]), but are still difficult to measure,
especially in more complex flame configurations. Usually, line-of-sight
chemiluminescence images are used for the analysis of the phase-averaged
variations of heat release [48,49]. Giezendanner-Thoben et al. [50] used a
combination of two OH PLIF systems (two-line PLIF) to measure the planar
temperature fields in hot combustion products in a swirl combustion chamber. The
2D temperature distributions were phase-averaged according to the amplitude of

the thermo-acoustic pulsations. The unsteady mode corresponded to nearly
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symmetric variations (likewise in [48,49]) in the temperature in the inner
recirculation zone. Thus, the contribution of the asymmetric mode (i.e., PVC with
secondary vortices) to unsteady heat release is still unclear and requires further
research [51].

A combined application of the HCHO PLIF and OH PLIF can be used to reveal
zones of intensive heat release in lean hydrocarbon flames (e.g., [52,53]). The
intersection of the OH and HCHO fluorescence regions serves as an indicator of the
chemical reaction OH + CH.0 — HCO + H20, which is an important step in the
oxidation pathway of conventional hydrocarbons. The production rate of the highly
reactive formyl radical (HCO) during this reaction limits the further production of
CO and heat release. Mulla et al. [54] compared the feasibility of heat release rate
measurements via HCHO and OH PLIF and by HCHO and H-atom PLIF for
laminar premixed Bunsen flames. Both methods have provided close estimates for
the heat-release rates, although the latter appears to be more complicated due to the
two-photon excitation of the H fluorescence. Roder et al. [55] discussed the
correlation between the visualization of regions with intensive local heat release
rate based on OH* chemiluminescence (integrated along the line of sight) and the
HCHO and OH PLIF in premixed methane/air swirling flames. The latter technique
appears to be more accurate since it resolves spatial structures in a turbulent flame.
The present paper reports on the impact of the coherent flow structures in a high-
swirl turbulent jet with a vortex breakdown on large-scale deformations of the
reaction zone in fuel-lean and fuel-rich flames. Three types of flames are considered
as examples of typical combustion regimes for swirl burners, viz., V-type flames of
fuel-lean and fuel-rich mixtures with the flame onset in the inner recirculation zone,
and a partially premixed fuel-rich M-type lifted flame. The focus is placed on
identifying the coupling between the regions of elevated local heat release rate and
the location of the helical vortex structures in the flows. To reveal these regions in
the fuel-lean flame, the HCHO and OH PLIF data were conditionally sampled
(phase-averaged) according to the temporal coefficients of the velocity POD modes.
For the fuel-rich lifted flame, the velocity divergence served as an indirect indicator
of the intensive local heat release.



2 Experimental setup

The experiments reported here were conducted in unconfined swirling flames
issuing from a burner that was used in our previous studies of flow with [30, 56]
and without [35] combustion. The burner was designed as an axisymmetric
contraction nozzle with a vane swirler mounted inside. The outlet nozzle diameter
d was 15 mm. The geometry of the burner is shown in the inset of Figure 1. The
diameter of the centre body supporting the vanes and the swirler are d; = 7 mm and
d> = 27 mm, respectively. The inclination angle of the vanes relative to the axis is
w=155°.

S —%(M}an(w)

1-(d,/d,)

The flow swirl rate S, defined on the basis of the swirler geometry [1], is equal to
1.0, which is well above the critical value of approximately 0.6 for vortex
breakdown in flow without combustion. The distributions of the mean velocity
components and the variances of the turbulent fluctuations at the vicinity of the
nozzle exit are shown in Appendix A. An evaluation of the swirl rate from these
data is also provided. The burner was connected to a mixing pipe that ensured
complete mixing of the fuel (methane, 99.99%) and air inside the nozzle. The
flowrates of the gases were controlled by mass flow meters (Bronkhorst EI-Flow).
The air was supplied by a pressure line, and upstream of the mixing pipe, it was
passed through a seeder with TiO> particles with an average size of 0.5 um. The
seeder consists of a tank with a mechanical mixer at its bottom.

The measurements were performed by simultaneously using the stereoscopic PIV,
OH PLIF and HCHO PLIF methods. A photograph of the setup is shown in
Figure 1. The PIV system consisted of a few CCD cameras (ImperX 1GV-B2020,
8 bit images with 2048x2048 pixels) equipped with optical lenses (Sigma AF 50
mm, f# = 2.8, EX DG Macro), bandpass filters (Edmund Optics with 85%
transmittance at 532 nm with a FWHM of 10 nm), a double-head pulsed laser
(Beamtech Vlite-200, with 200 mJ per 7 ns pulse at 532 nm) and a synchronizing
TTL generator. The PIV images were processed by an advanced cross-correlation
algorithm with a continuous image shift and deformation (see Scarano [57] for
definition). The final size of the interrogation windows was 32x32 pixels, and the

spatial overlap rate was 50%. The PIV cameras were calibrated by using a multi-
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level calibration target. The projection transformations of each camera were
approximated by 3rd-order polynomial mapping functions [58]. After stereoscopic
reconstruction, the spatial resolution of the three-component velocity field was 0.57
mm, and the grid spacing was 0.285 mm.

The OH PLIF system consisted of a tunable dye laser (Sirah Precision scan), a
pulsed Nd:YAG pump laser (QuantaRay with approximately 1 J of energy per pulse
at 532 nm), and a UV-sensitive intensified CCD camera (Princeton instruments PI-
MAX-4, 16 bit images with 1024x1024 pixels). The camera was equipped with a
UV-lens (LaVision 100 mm, f# = 2.8) and a bandpass optical filter (LaVision with
20% transmittance at 307 nm with FWHM of 10 nm). To ensure that the Q1(8) line
of the (1-0) band in the A2Z*—X°II system was excited during the PLIF
measurements, the excitation spectrum for the laminar premixed Bunsen flame was
calibrated with reference to simulations using LifBase software [59]. The average
pulse energy of the tunable laser was approximately 5 mJ for wavelengths in the
range of 282-284 nm. The HCHO PLIF system was composed of a UV-sensitive
image intensifier (LaVision IRO) and sSCMOS camera (LaVision Imager sSCMOS,
16 bit images with 2560x2160 pixels), equipped with an optical lens (Sigma AF 50
mm) and a set of optical filters (Edmund Optics Multi-Notch filter for Nd:YAG
lasers, LaVision bandpass filter with 90% transmittance in the range 415-455 nm
and a low-pass filter for 355 nm), and a pulsed Nd:YAG laser (Quantel Brilliant B

with 90 mJ energy per pulse at 355 nm). The laser excited HCHO fluorescence

during the 4%, transition of the A—X band [60]. The exposure time of the PLIF

images was 200 ns.
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Fig. 1 Photograph and scheme of the experimental setup.

The beams of the PLIF systems were combined by using dichroic mirrors and
converted to a collimated laser sheet with an approximate width of 50 mm and
thickness of 0.8 mm in the region of interest. To ensure that the focus of both laser
beams is located in the region of interest, the laser of the HCHO PLIF system could
be shifted along the beam direction to ensure a similar length of the optical pass for
the beams prior to the collimator. Two PLIF pulses, separated by 10 us, were shot
between a pair of the PIV laser pulses. The PIV laser beam was converted into a
diverging laser sheet (with a 0.8 mm thickness in the region of interest) by an optical
guiding arm and a system of cylindrical and spherical lenses. A laser alignment
paper was used to ensure that the laser sheets coincide well. The PLIF cameras were
then calibrated in the same way as the PIV cameras. After correcting the perspective
on the PLIF images, they were processed by a set of mathematical algorithms,
including correction of the spatial non-uniformity of the laser-sheets and sensitivity
of the sensors, removal of the background, dark-current and reflections.

Additionally, a Canny edge filter was used to remove isolated bright dots in the
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HCHO PLIF images (cf., Figures 3 and B1). The non-uniform sensitivity was tested
by imaging a white paper that was placed out of focus. To account for the non-
uniformity of both PLIF laser sheets, an additional CCD camera (ImperX IGV-
B2020) monitored the fluorescence intensity inside a cuvette filled with a solution
of Rhodamine 6G. The cuvette was placed after the collimator.

The obtained PLIF intensity was spatially sampled to the same spatial grid as the
PIV data with the same resolution. The effect of spatial averaging on the PLIF data
is shown in Appendix B. To reveal coherent structures, the PIV data (region x/d
from —1.2 to 1.2, y/d from 0 to 2.5) was processed by a snapshot POD method [32],
based on a singular value decomposition [61]. For each flow/flame case the set of
fluctuating velocity fields W = [u'(x, t1)...u’(x, tn)] was decomposed into a series
of orthonormal POD modes U = [@1(X)...@n(X)], multiplied by the normalized

temporal coefficients oq(t):
W=UZV' or u'(xt) Za t ) og0q (%),
where UU" =1, and W' =1,,,

iq’i (xi Jo; (%)=& and kz::“i (t Jer; (t) =65

=1

=

The singular values oq (X = diag[o1... on]) are positive and listed in descending
order. They characterize the amplitude of the modes and correspond to the square
root of the POD eigenfunctions A, which is used in other common notation. I is the
identity matrix. M and N correspond to the number of spatial points and temporal
samples (snapshots), respectively.

Low-dimensional modelling of turbulent flow dynamics relies on the use of a
limited number of POD modes. Additionally, when the considered flow is
characterized by intensive quasiperiodic velocity fluctuations, two first POD modes
could be used to obtain the phase-averaged velocity pattern [30,43, 62], where ¢ is
the phase of the quasiperiodic process.

ug (X, ¢) (al/\/_)sm )+(02/\/W)cos(¢)q)2(x).

Thus, two POD modes correspond to the phase-shifted coherent velocity

fluctuations:
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The effect of possible phase jitter is discussed in Legrand et al. [63] and Stohr et al.
[43], where the low-dimensional model based on the first two POD modes is
compared with the phase-averaged velocity fields.

In other words, the POD provides the coherent part u; of the velocity fluctuations

in the framework of the triple decomposition of Hussain and Reynolds [64] via
conditional sampling of the instantaneous fields (see also Antionia [65]). In general,
each POD mode can be expressed as the linear combination of the instantaneous

velocity fields:
N
U=WEV or g4 (x)=Y agu'(xt )og".
k=1

Therefore, the passive scalar fluctuations C = [c'(x, t1)... ¢'(X, tn)] can also be
conditionally sampled CX 'V based on the temporal coefficients of the velocity
POD modes V (similar to Duwig and Fuchs [40]). Thus, taking oq into account, the
low-dimensional model of the coherent passive scalar fluctuations can be written

as:

69 =[N S g )

Results

Figure 2 shows photographs of the four flames considered here, displaying
qualitatively their main features: a laminar Bunsen flame (Reair = 1 500, ® = 0.9),
turbulent swirling flames (Reair = 5000) of lean and rich mixtures (® = 0.7 and 1.4,
respectively) and a partially premixed lifted flame (® = 2.5). Specifications of the

cases considered are summarized in Table 1.

Table 1: Cases considered: swirl rate S = 1.0, defined as in [1], Bunsen flame S =0.

Flow/ Bunsen Non- Fuel-rich Fuel-rich Fuel-lean
flame flame reacting lifted flame premixed premixed

(no swirl) | swirling jet flame flame
Reair 1500 5000 5000 5000 5000
Equivalence | g 0.0 25 1.4 0.7
ratio @
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The flame shapes are similar to those of the earlier studied flames of propane/air
mixtures for the same swirl burner geometry, [56]. The premixed swirling flames
have a cone-like shape and penetrate into the nozzle. The lifted swirling flame is
more turbulent and stabilized at a certain height above the nozzle exit.

To illustrate the visualization potential of the PLIF techniques when using different
fluorescent agents, Figure 3 shows an instantaneous snapshot of the PLIF and PIV
data for a generic Bunsen flame using OH, HCHO and their combination. The OH
PLIF in Figure 3(a) visualizes both the flame front and the combustion products.
The HCHO fluorescence identifies the preheat zone of the flame front, whereas the
intersection of the OH and HCHO fluorescence visualizes the zone of the most

intensive heat release rate, which coincides with the visible flame front in Figure 2.

Fuel-lean premixed Fuel-rich premixed Fuel-rich lifted

Fig. 2 Images of the studied flames.
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Fig. 3 Instantaneous snapshot of the PIV and PLIF data for the Bunsen flame. (a) OH PLIF, (b)
HCHO PLIF, (¢) PIV and OHxHCHO PLIF. ChcHo,max = 1830, Con,max = 31800.

Figure 4(a) shows a 3D reconstruction of the flame shape based on the OHXxHCHO
PLIF data and an assumption of the axial symmetry. Figure 4(b) demonstrates that
the positive divergence (dilatation rate [66]) of the velocity field serves as an

12



indirect indicator of the flame front location (region with an intensive heat release).
This follows from the continuity of the medium and a negative density gradient

along the streamlines, where they intersect the flame front.
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Fig. 4 3D visualization of the flame front for the Bunsen flame. (a) OHxHCHO PLIF signal, (b)
positive divergence of the velocity field (divU = 4Uo/d).

Non-reacting swirling jet flow

To identify the effects of helical vortex structures on different flames and the mutual
interaction of the combustion and vortex dynamics, for reference we first provide
some results from the velocity and vorticity fields in a non-reacting swirling jet with
the same configuration, swirl and Reynolds number, Rear = 5000, The time-
averaged and instantaneous velocity fields in the non-reacting jet are shown in
Figure 5. The vectors correspond to 2D projections of the velocity vectors in the
x —y plane, with a colour visualization of the normal-to-plane (z direction) velocity
component. For the time-averaged field, in Figure 5(a) the solid line is the contour
of Uy =0, thus visualizing a bubble-type central recirculation zone where Uy < 0.
The profiles of the y and z components of the mean velocity at three selected heights
are shown in Figure 6.

According to the axial velocity profile, there are two typical mixing layers in the
flow, viz., the inner mixing layer between the annular jet and recirculation zone and
the outer mixing layer between the jet and the surrounding air. Figures 5(c) shows
the distribution of the turbulent kinetic energy, indicating the intensive velocity
fluctuations over the entire field, and especially in the outer U-shaped jet region. Its

maximum, located at the jet origin just above the centre of the nozzle exit, exceeds
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the bulk velocity Uo by 65%. As Figure 5(c) indicates, the instantaneous velocity
pattern is sufficiently different from the mean flow due to the intensive fluctuations.
The solid lines correspond to the contours of the positive values of a 2D
modification of the vortex education Q-criterion [67] for the x-y plane
_1éu, du, 10uy duy  du, AUy

20x ox 20y oy oy ox

and visualize the cores of large-scale vortex structures that intersect the

QZD —

measurement plane. The vortices roll-up both in the inner and outer mixing layers.
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Fig. 5 Distributions of the (a) time-averaged (solid line shows a contour of Uy =0) and (b)
instantaneous (solid lines show contours of Q2° = 4(2 + n)Uo?d™2, where n is a positive integer)

velocity fields and (c) the turbulent kinetic energy in the non-reacting swirling jet.

1.5 1-2i U. U o—o—o y/d=06
LU, ‘ T e b
: o549 y/d=18

0.4+
0; .....
04
-0.8;
-0.5 I I -1.2 7 I I I
-1.6 -0.8 0 0.8 x/d 1.6 -1.6 -0.8 0 0.8 x/d 1.6

Fig. 6 Profiles of the axial and azimuthal velocity components for the non-reacting swirling jet.

To reveal coherent velocity fluctuations, the PIV data are processed by the POD.
The POD spectrum (compared with those for the reacting flows) is shown in Figure

7. The first two POD modes for the non-reacting flow include more than 15% of
14



the spatially averaged turbulent kinetic energy, whereas the energy of every other
mode is below 2%. According to the scatter of the temporal coefficients of the first
two POD modes around the circle-like Lissajous figure shown in Figure 7(b), these

modes are statistically correlated.
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Fig. 7 (a) POD spectra for the non-reacting and reacting swirling jets, (b) Temporal coefficients for

the first two POD modes for the non-reacting case.

Figure 8 shows the spatial distributions of the first four POD modes. The z-
component of the velocity fluctuations is visualized using colours. The spatial
distributions of the coherent velocity fluctuations in modes one and two are similar
to those in previous studies, including 3D measurements by Alekseenko et al. [33],
where it was shown that these two POD modes correspond to two orthogonal cross-
sections of a single rotating coherent structure. A 3D shape of the coherent structure
can be reconstructed by assuming that the increment of the azimuthal angle 6 is
equal to that of the phase angle ¢ of the 2D phase-averaged velocity pattern,
obtained from the first two POD modes. The rotation direction of the coherent
structure relatively to the jet swirl is based on the vortices winding direction from
the previous 3D study [33].

Figure 9(a) shows the phase-averaged values of the velocity of the flow U +uj (i.e.,

¢ = n/2) and concentration C+c; of a passive scalar added to the jet (acetone

vapor). The 2D Q-criterion is plotted to visualize the large-scale vortex structures
present in both the inner and outer mixing layers. These structures are located in an
asymmetric manner and are found to be cross-sections of a pair of spiralling vortices

[33]. Figure 9(b) provides visualization of the 3D reconstruction U+uy, where

large-scale vortex structures are visualized by using the full 3D formulation of the
15



Q-criterion. The coherent structure corresponds to the vortex core spiralling around
the central recirculation zone. The primary vortex structure is surrounded by a
secondary helical vortex that is located in the outer mixing layer. Figure 9(b) also

visualizes the sign of the coherent concentration fluctuations ¢! to demonstrate that

the outer helix transports the admixture out of the jet and induces positive coherent

fluctuations in the outer mixing layer.
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Fig. 8 Spatial distributions of the first four POD modes for the non-reacting swirling jet.
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Fig. 9 Phase-averaged velocity and large-scale vortex structures in the non-reacting swirling jet.

(a) Passive scalar phase-averaged concentration, (b) Regions of negative and positive coherent
fluctuations of the concentration (m ¢! <0, m Cc. >0). The grey regions correspond to

(@) Q% > 1.2U¢%d2 and (b) Q% > 1.2Ug%d 2.

Fuel-rich lifted swirling flame

The instantaneous PIV and PLIF data for the fuel-rich lifted flame are shown in
Figure 10. The flow is featured by a vortex breakdown with an unsteady central
recirculation zone and a number of large-scale vortex structures, which are present
in both mixing layers. According to the OH and HCHO fluorescence, the
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combustion takes place in both the inner and outer mixing layers. The combustion
products are trapped by the central recirculation zone and transported upstream,
where they mix with the fresh gas (fuel-rich methane/air mixture with @ = 2.5)
issuing from the nozzle. The flame base is also stabilized in the low-velocity region
of the outer mixing layer (marked by arrows), where the jet mixes with the

surrounding air.
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Fig. 10 Instantaneous snapshot of the PIV and PLIF data for the fuel-rich lifted flame (® = 2.5). (a)
OH PLIF and HCHO PLIF, (b) PIV and HCHO PLIF, (c) PIV and OH PLIF (solid lines correspond
tO Q2D > 31(2 + n)Uozdfz). CHCHoymax = 1360, COH,max = 25600

The POD spectrum of the velocity fluctuations for this flow case is shown in Figure
7(a). There are POD modes with considerably greater amplitudes than that of the
other modes. The first four POD modes are shown in Figure 11, where the

conditionally sampled fluctuationsc;, c;, c; and c; of the OH and HCHO

fluorescence intensity are also shown. The velocity data is in agreement with a
previous study by Alekseenko et al. [30]. The second and third mode correspond to
coherent velocity fluctuations, which are similar to those observed in the non-
reacting jet before ignition of the flame. The first POD mode corresponds to the
unsteady entrainment of surrounding air and oscillations of the axial velocity of the
combustion products induced by the buoyancy force. The conditionally sampled
OH and HCHO PLIF data for this mode show nearly symmetric oscillations of the
fluorescence intensity, whereas for the second and third modes the conditionally

sampled PLIF data appear to be almost asymmetric.

17



HCHO PLIF

0 05 1 -1 050 05 1 -1 050 05 1 -1 -05 0 05 1x/d

Fig. 11 Spatial distributions of the first four POD modes and the conditionally sampled PLIF data
for the fuel-rich lifted flame (® = 2.5).

Figure 12(a) depicts the phase-averaged velocity field U+u’ and OH PLIF
intensity (C +c5, where C is the mean PLIF intensity and c; is the conditionally

sampled value of the intensity fluctuations according to the temporal coefficients
of the second POD mode). The velocity data show that the coherent velocity
fluctuations are induced by large-scale vortex structures in the inner and outer
mixing layers, each forming a zig-zag pattern. The smoothed shape of the flame
front reveals that the helical vortex structures produce large-scale deformations of
the reaction zone (after the smaller-scale turbulent corrugations were filtered out
during conditional sampling). The arrow shows that the phase-averaged location of
the flame base in the outer layer is close to the outer large-scale vortex structure.

Similar to the previous study [30], the second and third POD modes are used to
obtain a 3D reconstruction of the coherent flow structure (including PVC) shown
in Figure 12(b) and (c). The 3D reconstruction of the smoothed flame shape is
obtained based on the coherent fluctuations c5 and c; of the OH PLIF data. The

coherent structure consists of the primary vortex core and a pair of secondary helical
18



vortices. The magnitude of the conditionally sampled divergence of the velocity

field U+u] (divergence and conditional sampling are linear operators and thus

commute) indicates that the helical vortex in the outer mixing layer is correlated
with a decrease in the local density during combustion and heat release. This is
expected because the outer vortex structure locally intensifies mass exchange by
engulfing the surrounding air into the jet and delivering the fuel into a low-velocity

outer mixing layer where the flame base is located.
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Fig. 12 Phase-averaged velocity and large-scale vortex structures in the fuel-rich lifted flame
(®=2.5). (a, b) Phase-averaged OH PLIF, (c) Positive velocity divergence. The grey regions
correspond to (a) Q%° > 1.22Ug?d™2 and (b,c) Q3P > 1.22U¢%d 2. Conmax = 25600.

Fuel-rich premixed swirling flame

The instantaneous snapshots of the PIV and PLIF data for the fuel-rich premixed
flame are shown in Figure 13. The flame front has the shape of a corrugated cone
that surrounds the central recirculation zone, containing hot combustion products.
When the annular jet issues from the nozzle, the flame front is stabilized in the inner
mixing layer. Downstream it shifts towards the outer mixing layer, where
afterburning occurs during jet mixing with the surrounding air. According to the Q-
criterion, large-scale vortex structures are present in both the inner and outer mixing
layers.

The first four POD modes for this flow and the coherent fluctuations of the PLIF
data are shown in Figure 14. The velocity modes are rather different from those
detected in the non-reacting flow and fuel-rich lifted flame. They correspond to the

velocity fluctuations mainly in the upper part of the recirculation zone, which
19



produce variations in the OH and HCHO fluorescence intensities. The distributions
do not provide clear evidence that helical vortex structures have strong impact on

the flow dynamics for this type of flame.
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Fig. 13 Instantaneous snapshot of the PIV and PLIF data for the fuel-rich premixed flame (@ = 1.4).
(@) OH PLIF and HCHO PLIF, (b) PIV and OH PLIF, (c) PIV and HCHO PLIF (solid lines
correspond to Q%P > 4(2 + n)Upd2). Crcro,max = 1360, Commax = 25600.
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Fig. 14 Spatial distributions of the first four POD modes and conditionally sampled PLIF data for

the fuel-rich premixed flame (® = 1.4).
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Fuel-lean swirling flame

The examples of the instantaneous PIV and PLIF data, which were captured
simultaneously for the fuel-lean premixed flame, are shown in Figure 15. According
to the HCHO signal in Figure 15(a), the flame front is situated in the inner mixing
layer and envelopes the central recirculation zone, containing hot combustion
products with intense OH fluorescence. The PLIF data also demonstrates a possible
local extinction of the flame during wrinkling, indicated by the arrow in Figure
15(b). Large-scale vortex structures, forming a zig-zag pattern in the inner mixing
layer, are clearly visible (marked by arrows in Figure 15(c)). In the present case,
the intersection of the OH and HCHO signals provides information about regions
with intensive heat release rates. The intensity of the OHXHCHO signal varies
significantly along the flame front (Figure 15(c)) due to different local
temperatures. The large-scale vortex structure in the inner mixing layer intensifies
the heat and mass transfer between the combustion products and fresh mixture,

locally enlarging the flame front and promoting combustion.
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Fig. 15 Instantaneous snapshot of the PIV and PLIF data for the fuel-lean premixed flame (® = 0.7).
(a) OH PLIF and HCHO PLIF, (b) PIV and OH PLIF, (c) PIV and OHx HCHO PLIF (the solid lines
correspond to Q?° > 4(2 + n)Uo?d2). CrcHomax = 1360, Cor,max = 10200.

To quantify the correlation between the propagation of the large-scale vortex

structures and variation in the OHXHCHO fluorescence intensity, the velocity data
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are processed by the POD, and the PLIF data fluctuations are conditionally sampled
according to the temporal coefficients of the POD modes. Coherent fluctuations of
the OHxXHCHO fluorescence intensity are obtained directly by conditional
sampling the values of the product, which are proportional to the local heat release
rate. The first four POD modes are shown in Figure 16. Coherent velocity
fluctuations in the first two POD modes appear to be similar to those for the non-

reacting flow. The third and fourth POD modes correspond to the velocity

fluctuations mainly in the upper part of the recirculation zone, which are similar to
those detected for the fuel rich flame with ® = 1.4,
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Fig. 16 Spatial distributions of the first four POD modes and conditionally sampled PLIF data for
the fuel-lean premixed flame (@ = 0.7).
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According to the coherent fluctuations of the HCHO PLIF intensity for the first and
second POD modes, the coherent velocity fluctuations are correlated with regular
flame front deformations, which correspond to travelling waves growing
downstream. These flame front deformations take place simultaneously with a
variation in the shape of the central recirculation zone (according to the coherent
fluctuations of the OH PLIF data). Additionally, according to the conditionally
sampled product of OH and HCHO fluorescence, these corrugations of the flame
front are statistically correlated with variations in the OHXHCHO intensity, which

are proportional to local heat release rate.

0 0.55¢

T0—gs 00— osx/dl;) 0'

0 =T f T T
-1 05 0 05 1x/d

Fig. 17. The phase-averaged velocity and large-scale vortex structures in the fuel-lean flame
(®=0.7). (@) The phase-averaged HCHO PLIF, (b) Regions of positive and negative coherent

pulsations of the heat release rate (m cg <0, m C(':' > 0), (c) Positive velocity divergence. The grey

regions correspond to (a) Q%P > 2.25Uq?d 2 and (b,c) Q%P > 2.25Uq’d 2. CrcHomax = 1360.

Figure 17(a) shows the phase-averaged velocity field (U +uj ) and the shape of the
flame front (C +c; for the HCHO data) when the corrugations induced by non-

coherent velocity fluctuations were smoothed during phase-averaging. The inner
vortex structures, situated in a zig-zag pattern, are accompanied by a large-scale
vortex structure in the outer mixing layer. A 3D reconstruction of the coherent flow

structure based on the first and second POD modes (U +ug) shows that a pair of

co-precessing helical vortex structures wind around the central vortex core, similar
to that for the fuel-rich lifted flame. Figure 17(b) highlights regions with positive
and negative values of coherent fluctuations of OHxHCHO fluorescence,

corresponding to the minimal and maximal heat release rates. The inner helical
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vortex is thus correlated with the maximal rates. Figure 17(c) highlights the region
with positive values of the conditionally sampled dilatation rate (divergence of the
velocity fields). According to the divergence, the gas density decreases during the
chemical reaction between the inner and outer helical vortex structures and is
correlated with the region of maximal heat release rates from OHxHCHO

fluorescence.

Conclusions

The effects and impact of the coherent helical vortex structures on the shape and
heat release in three unconfined swirling methane/air flames with vortex breakdown
have been studied experimentally by simultaneously using a stereoscopic PIV with
data processed by the POD, and the OH and HCHO PLIF techniques. Considered
were fuel-lean and fuel-rich premixed flames and a partially premixed fuel-rich
lifted flame, which all had the same burner configuration and the same Reynolds

(Re =5000) and swirl numbers (S =1.0). For reference, the velocity field and

helical vortex structures in a non-reacting swirling jet at the same conditions were

analysed by the PIV, whereas the PLIF methods were applied to visualize the flame
features in a non-swirling Bunsen laminar flame. Based on the measurements of the

PIV velocity fields and the OH PLIF and HCHO PLIF flame visualization,

qualitative correlations were established between the shape of the large-scale

helical structures and large-scale deformations of the reaction zone for methane/air
flames with different equivalence ratios. The following conclusions emerged from
the study:

e As previously reported [33], the non-reacting swirling jet at the considered high
swirl with a pronounced vortex breakdown and a central recirculating zone
revealed double coaxial helix structures that winded in the direction opposite of
the jet swirl and were located in the two coaxial mixing layers, namely, the inner
one enveloping the recirculation bubble and the external one between the jet
and the surrounding air.

e What matters more are the effects of the coherent helical structures on the
combustion compared to non-swirling flames at the same conditions, and

especially their impacts on the flame shape and the heat release.
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The POD of the velocity fields measured by the PIV revealed that, just as in the
non-reacting jet, coherent flow structures were also detected in the reacting jet
flows, consisting of large-scale helical vortices, including the PVC, with the
primary vortex core accompanied by two secondary helical vortex structures.
Based on the conditional sampling of the OH PLIF and HCHO PLIF
fluctuations, as well as their product, it is found that the positions of the
secondary helical structures are coupled with large-scale deformations of the
reaction zone of the fuel-lean premixed flame and of the partially premixed
lifted flame.

In the fuel-lean premixed flame, based on conditional sampling of the intensity
of the OHxHCHO fluorescence and the local dilatation rate, it is concluded that
the inner secondary vortex structure promotes combustion both by locally
enlarging the flame front and by enhancing the heat and mass exchange between
the combustion products inside the recirculation zone and the fresh mixture.

In the partially premixed lifted flame, the conditionally sampled dilatation rate
(i.e., the divergence of the velocity field) indicates that the outer helical
secondary vortex promotes combustion via locally enhanced entrainment of the
surrounding air by the fuel-rich jet. This conclusion is in agreement with our
previous study of a lifted swirling propane flame under periodic modulation of
the flow rate [30].

In general, for the typical types of flames from swirl burners (V-type lean
premixed and M-type partially premixed lifted flames) it is demonstrated that
the helical vortex structures are coupled with the local regions of elevated heat
release rates. The evidence from the phase-averaged HCHOxOH PLIF signal
and local dilatation rate that despite the observed events of local flame
extinction, on average the inner spiraling vortex structure promotes stabilization
of the lean premixed flame via locally enlarged flame surface and enhanced heat
and mass exchange between the combustion products and fresh mixture. The
phase averaging indicates that this helical region of the elevated heat release
rotates around the burner axis simultaneously with the precessing spiraling
vortex structure. This experimental finding is important for better understanding

of sources of thermoacoustic pulsations in swirling flames.
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Appendix A: Swirl rate for the non-reacting flow

Figures Al shows the profiles of the mean velocity and the second-order statistical
moments of the velocity fluctuations in the vicinity of the nozzle exit for a non-
reacting jet. The axial velocity is negative on the jet axis, indicating that the
recirculation zone penetrates inside the nozzle. The magnitude of the angular
velocity appears to be close to the maximal values of the axial velocity profile.
Based on the mean velocity and second-order moments, the time-averaged flux My
of the axial momentum through a transversal cross-section of the jet and the flux
Mq of the angular momentum can be estimated to evaluate the swirl rate Sw. These
values are shown in Figure A2 for different distances from the nozzle exit. For the
considered measurement plane for x>0 the radial and azimuthal velocity
components are evaluated as ur=ux and ug=—U,, respectively, and the radial
coordinate r coincides x. On average, Sw appears to be close to 1.2 with the highest

deviation in the central recirculation zone.
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Fig. Al. Distribution of the mean velocity and deviations of the velocity fluctuations near the nozzle

exit (y/d = 0.1) of the high-swirl jet.
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Fig. A2. Axial fluxes of the jet’s angular and axial momenta and the swirl rate along the high-swirl
jet.

Appendix B: Effect of spatial resolution

Figures B1 and B2 demonstrate the effect of spatial averaging on the PLIF data,
where ApLir IS the size of the averaging window. The data for the resolution used in
the present paper, ApLir = Apiv = 0.57 mm, are compared with windows sizes that
are two and four times smaller and larger. As seen from the profiles, a decrease in
the spatial resolution (i.e., increase in ApLir) results in a smoothing effect, whereas
for smaller A the profiles remain similar. This means that for Apir = 0.57 mm the
reached resolution is already maximal due to the fixed laser sheet thickness. This
example shows that the selected ApLir in the present paper provides an optimal
trade-off between the maximal spatial resolution and the signal-to-noise ratio due
to the spatial smoothing.

For the present examples, a Canny filter was not used to remove the isolated bright
dots, which are presumably caused by the fluorescence of the TiO> tracer particles
when illuminated by a UV laser [68]. In the cold flow region inside the cone, where
concentration of the tracer particles was the highest, the spatially averaged intensity
is below 40 counts. Behind the flame front, the bright dots of the fluorescent light
are visible. The spatial-averaged intensity is approximately 120 counts. This value
appears to be considerably lower than the 1800 counts at the flame front, where the
signal should be the sum of the HCHO and TiO. fluorescence. Thus, the
contribution of the tracer particles to the PLIF intensity can be evaluated as 6.5%,

which is very small (note that the Canny filter was not used during this test).
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Additional tests have been performed for turbulent swirling flames when the PIV
system was not used and the TiO> tracer particles were not added to the flow. No

significant difference was observed between the images.
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Fig. B1. Effect of the spatial resolution (A is the window size) on the instantaneous snapshots of the

PLIF data for the Bunsen flame. Cucro max = 1830, Commax = 31800.
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Fig. B2. Profiles of the PLIF intensity across the front of the Bunsen flame for various spatial

resolutions.
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