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Abstract

The present paper reports on an experimental study of flow structure and coherent structures in
impinging jets with strong swirl and combustion of lean propane/air mixture by a combined
application of OH PLIF, HCHO PLIF and PIV. To reveal coherent structures, the experimental data are
processed by proper orthogonal decomposition (POD). The decomposition has revealed two kinds of
large-scale organized flow structures. One kind corresponds to vortex structures formed in mixing
layers of the swirling jets and causing deformations of the combustion zone. Another corresponds to
large-scale flow oscillations during jet impingement onto the surface, which are found to be
statistically correlated with fluctuations of HCHO fluorescence intensity inside the recirculation zone.

1 Introduction

One of the flow configurations, where combustion takes place near walls, is a jet-flame impinging on
an obstacle. In particular, impinging jet-flames are used for intensive heating of solid materials. Local
heat transfer conditions are determined by the flow structure and dynamics and by efficiency of fuel
combustion upstream the obstacle. Flow swirl is often organized to intensify combustion in jets. It
provides successive ignition and stable combustion (without blow-off) near the nozzle exit for a wide
range of flow rates of fuel and oxidizer. Organization of flow with strong swirl usually results in
breakdown of the swirling jet's vortex core with formation of a central recirculation zone and
intensive velocity fluctuations near the nozzle (Billant et al. 1998, Oberleithner et al. 2011). This
features lead to intensification of heat and mass transfer and provide favorable conditions for efficient
fuel combustion in a compact volume (Syred and Beer 1974, Gupta et al. 1984, Weber and Dugué
1992), which allows design of compact heaters.

At the same time, as reported in a number of papers, swirl induces unsteady flow dynamics, which
may interfere with unsteady combustion modes. Most of the published experimental studies of
impinging jet-flames with combustion, including few works on turbulent jet-flames with swirl,
reports on temperature and heat flux distributions on the impinging surface (Luo etal. 2010, Singh et
al. 2012, Chander and Singh 2013, Singh and Chander 2013, Singh et al. 2014). Thus, currently there
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is a lack of experimental studies on flow structure in impinging jets with swirl and combustion.
Detailed information on spatial structure of turbulent flows with combustion can be obtained by using
modern optical methods, which are often used for diagnostics of combustion in near-wall flows
(Dreizler and Bohm 2015). Pointwise laser Doppler velocimetry technique provides local flow
velocity (Edwards et al. 1993, Cheng 1995, Hassel and Linow 2000). Measurements of local Rayleigh
scattering, spontaneous Raman scattering (SRS), coherent anti-Stokes Raman scattering (CARS) or
laser-induced fluorescence (LIF) provides pointwise and planar (2D) information on gas temperature
and species concentration, flame front location and regions of intensive heat release (Kohse-
Hoéinghaus 1994, Hassel and Linow 2000, Miles et al. 2000, Sharaborin et al. 2018).

Simultaneous registration of planar LIF (PLIF) of OH* (hydroxyl radical) and HCHO (formaldehyde)
has been used successfully for detection of regions with intensive local heat release in premixed
hydrocarbon flames (Fayoux et al. 2005, Kariuki et al. 2015). In particular, Réder et al. (2012) have
performed OH and HCHO PLIF measurements for detection of local heat release zones in a lean
methane/air swirling flame. Recently, validation of OH and HCHO PLIF measurements of local heat
release for a premixed laminar conical flame has been provided by Mulla et al. (2016). Particle image
velocimetry (PIV) technique is often used for planar velocity measurement in gaseous flows, including
flows with combustion (Stella et al. 2001, Johnson et al. 2005, Cheng et al. 2008, Korobeinichev et al.
2014). Moreover, PIV is often combined with PLIF methods for multi-parameter measurements in the
same plane.

The present work focuses on the experimental study of flow structure and coherent structures in
impinging jets with strong swirl and premixed combustion by a combined application of OH PLIF,
HCHO PLIF and PIV. To reveal coherent structures, the PIV data were processed by proper orthogonal
decomposition (POD) (Sirovich 1987). The PLIF snapshots were phase-averaged according to the
temporal coefficients of the POD modes.

2 Experimental setup

The jet flow was produced by a swirl burner, oriented vertically, and impinged normally on a flat
metallic plate. The burner consisted of an axisymmetric contraction nozzle with a vane swirler
mounted inside (similar to Alekseenko et al. 2007). By using two swirlers with different inclination
angles of blades, two swirl rates S were studied, viz. below (S = 0.41) and above (S = 1.0) critical value
(=0.6) for the vortex breakdown for non-reacting swirling jet unconfined conditions. The swirl rates
were estimated based on the geometrical parameters of the swirlers (Gupta et al. 1984):
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Here di = 7 mm is the diameter of the centerbody supporting the vanes, d, = 27 mm is the external
diameter of the swirler, and =55° is the vanes inclination angle relatively to the axis.

The impinged plate represented bottom of a steel cylindrical tank (with the diameter of 300 mm)
installed above the nozzle. The surface temperature was kept constant by water, circulated inside the
tank, with temperature of 96 °C. The distance between the nozzle and the impingement plate was
changed by moving the burner, mounted on a coordinate system, with a positioning accuracy of 0.1
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mm. Flow cases with nozzle-to-plate distance H equal to3d and 1d were investigated, as well as the
unconfined flame configuration. Flow rates of the fuel (propane) and air were controlled by mass flow
meters (Bronkhorst). The equivalence ratio of the mixture issued from the nozzle was 0.7. The
Reynolds number of the jet determined by the bulk velocity of the air flow (Up = 5 m/s), nozzle exit
diameter (d = 15 mm) and the viscosity of air was Re = 5 000. To provide PIV measurements, the air
flow was seeded by TiO; particles with the mean size of approximately 0.5 pm.

The used stereoscopic PIV system included pair of CCD cameras (Bobcat IGV-B2020, 4 Mpix, 8 bit)
and double-head pulsed Nd:YAG laser (Beamtech Vlite 200, 532 nm, 7 ns pulse with 200 m]) to
illuminate the tracer particles. The cameras were equipped with lenses (Sigma 50mm DG MACRO)
and narrow-band optical filters, which transmitted light scattered by the tracer particles at 532 nm
(£ 5 nm). The laser beam was converted into a laser sheet by using a system of cylindrical and
spherical lenses. The OH PLIF consisted of a tunable pulsed dye laser (Sirah), pumped by a pulsed
Nd:YAG laser (QuantaRay), and UV-sensitive ICCD camera (Princeton instruments PI-MAX-4, 16 bit),
equipped with a UV-lens and band-pass optical filter. The average pulse energy of the tunable laser,
excited Q1(8) line of the A2Z-X2I1 (1-0) band, was approximately 5 mJ. The HCHO PLIF system
consisted of a pulsed Nd:YAG laser Quantel Brilliant B (355 nm, 8 ns pulse with 50 m]), UV-sensitive
image intensifier (LaVision IRO) and sCMOS camera (LaVision, Imager sCMOS, 5 Mpix, 16 bit). The
image intensifier was equipped with a UV-lens and band-pass filter.

A system of optical elements was used to organize illumination of the measurement plane (in the
central cross-section) by laser sheets with thickness below 0.8 mm. The PLIF signal was collected
almost in the middle of the time interval between two PIV laser pulses. In both cases the exposure
time for each PLIF image was 200 ns. Time separation between two PIV laser pulses was 20 ps. An in-
house ActualFlow software, developed in the Institute of Thermophysics, was used to acquire and
process the data. The velocity fields were evaluated by an adaptive iterative cross-correlation
algorithm with continuous image shift and deformation (for definition see Scarano 2001). The final
size of the interrogation areas was 32x32 pixels. The spatial overlap rate between the neighbour
interrogation areas was 50%. The spatial resolution of the PIV system corresponded to approximately
1 mm. A set of images post-processing algorithms was used to process the PLIF images to minimize
effect of dark current and background luminosity, to correct for non-uniformity of the laser-sheet and
spatial sensitivity of the sensors.

Spatial calibration of the stereo PIV and PLIF cameras was performed by using a plane calibration
target and 3rd-order polynomial transforms. This was done by processing images of the calibration
target placed in five different positions in the normal-to-plane direction with the step of 0.5 mm. In
addition, to minimize the calibration error, an iterative correction procedure of possible
misalignment between the laser sheet and the target plane was applied (Coudert and Schon, 2001).
For almost entire measurement domain the mismatch between the actual locations of markers on the
target and their coordinates in the obtained calibration models was below 1 pixel. To ensure that PIV
and PLIF laser sheet planes were well aligned, a photo-sensitive paper was placed into the
measurement volume and exposed to a single shot of each laser prior to the measurements.

3 Results

Figure 1 shows photographs of the unconfined flames and time-averaged PIV and PLIF data. For the
low-swirl flow (S = 0.41) the flame is stabilized above the nozzle exit. According to the mean velocity
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field, there is a wake zone formed downstream the nozzle exit inside the core of the expanding
swirling jet. For the high-swirl flow (S = 1.0) there is a bubble-type central recirculation zone. The
flame front is stabilized in the inner mixing layer between the annular swirling jet and central
recirculation zone. The flame front penetrates inside the nozzle. Time-averaged OH PLIF signal
reveals regions with hot combustion products, containing H,0. On average. the HCHO PLIF reveals
location of the chemical reaction zone, which has a shape similar to the visible flame front in the
photographs.

Figures 2 and 3 shows flame images and time-averaged PIV and PLIF data for the swirling flame when
the cold impingement surface is located at 3d and 1d downstream the nozzle exit, respectively. For
the case H = 3d the flame shapes are similar to those for the unconfined configurations. The main
difference that for both swirl rates there are lengthy cone-like recirculation zones between the nozzle
and the impingement plate. The PLIF data shows that OH fluorescence inside the recirculation zone
is weak, which could be due to cooling of the reverse flow by the obstacle. Besides for the case of high
swirl (S = 1.0), HCHO fluorescence occurs not only near the visible flame front, but also inside the
recirculation zone. For H = 1d the separation distance is so small, that the flame front is deflected by
the surface and spreads along it. According to the PIV data, cone-like recirculation zones are also
present for both cases. On average, regions of OH and HCHO fluorescence have shape similar to that
of the flame. For the high-swirl case, the HCHO fluorescence is weak inside the recirculation zone, as
it is observed for the unconfined configuration.

In order to characterize coherent flow structures, the velocity data sets are processed by snapshot
POD via singular value decomposition (SVD) method:

N
w (%t )= a, (t) o9 (%), (2)
=1
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The set of the fluctuating velocity fields [u’(x, t1)...u’(x, tn)] is represented as a finite series of the
products of the spatial orthonormal basis functions ¢, with non-dimensional temporal coefficients a,
and singular values g4. N and M are the number of the snapshots in the set and number of spatial point
in each snapshot, respectively. The singular values characterize amplitude (square root of the kinetic
energy of the velocity fluctuations) of each POD mode. Their spectra are shown in Figure 4. It is found
that the POD modes correspond to two different kinds of coherent structures. The examples are
shown in Figure 5.

The first and second POD modes for the case H/d = 3 demonstrate two different kinds of coherent
structures. The second POD mode is concluded to correspond to large-scale vortex structures formed
in mixing layers of the jet. According the phase-averaged fluorescence intensity, they produce
deformations of the reaction zone. In contrast, the first POD mode corresponds to large-scale flow
oscillations during jet impingement onto the surface. According to the phase-averaged fluctuations of
the HCHO PLIF signal, these large-scale flow motion are statistically correlated with variation of
HCHO intensity inside the central recirculation zone.
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Figure 1: Photographs of unconfined flames and time-averaged PIV and PLIF data.
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Figure 2: Photographs of impinging flames (H/d = 3) and time-averaged PIV and PLIF data.
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Figure 3: Photographs of impinging flames (H/d = 1) and time-averaged PIV and PLIF data.
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Figure 4: POD spectra for high-swirl flows (S = 1.0) and temporal coefficients for H/d=3.
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Figure 5: Spatial distributions of the first and second POD modes and corresponding phase-
averaged fluctuations of the HCHO PLIF intensity for S = 1.0, H/d =3.
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4 Conclusion

The performed combined study of coherent flow structures by PIV and flame front deformations by
OH and HCHO PLIF in impinging swirling jets with premixed combustion has revealed two kinds of
large-scale organized flow structures. One kind corresponds to vortex structures formed in the mixing
layers of the jets. Another corresponds to large-scale flow oscillations during jet impingement onto
the surface, statistically correlated with HCHO intensity inside the central recirculation zone.
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