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1. Introduction

Swirling flows have been used for decades in the stabilisation of fast reacting flows especially
in burners and gas turbine combustors [1, 2]. The important characteristics of these flows are the
development of coherent structures that can anchor the flame, recirculate hot species and estab-
lish jet flows that reduce direct contact between the reaction zone and structural components.
Emissions have also been mitigated with this technology thus ensuring its worldwide deploy-
ment for industrial purposes [3]. However, swirling flows also present structures that can have
varied impacts on the flow field. The Precessing Vortex Core (PVC) is one of such structures
present in Open Jet Flows (OJF) (i.e. unconfined jet flows) that has received vast attention in
order to understand its behaviour and effects towards the flame in the last few decades [4, 5, 6].
Lucca-Negro and O’Doherty suggested that the structure improves mixing as a consequence of
the creation of large turbulent scales [7]. On the contrary, Candel et al. denounce the PVC as one
of the critical components in thermoacoustic instabilities, promoting heterogeneous patterns in
the mixing and acoustic profiles which are detrimental to flame stabilisation [8]. Moreover, cou-
pling of the structure with natural frequencies of the system can also lead to unwanted resonance,
thus increasing undesirable emissions [9].

Syred and Beér were the first researchers identifying the PVC structure [10]. The structure
appears after the occurrence of vortex breakdown [5, 11, 12] thus being highly correlated to the
establishment of the Central Recirculation Zone (CRZ) [13, 14]. Although the co-existence of
both structures is clear, the mechanism of interaction between them is still barely understood.
Studies have been carried out to determine the fundamental equations of PVC-CRZ systems [15]
and their interaction with further structures [16] suggesting that it is the stretching of the vortex,
a consequence of the turbulent field, what maintains the cycle and quasi-stability of the core.
Recent research has demonstrated the effects of temperature on the structure, with reduction of
velocity at higher temperatures. Also, correlation between motion and stability has been demon-
strated, showing the effects of co-rotation between the core and the precession of the vortex [6].
Other researchers [17, 18, 19] have also theorized and numerically or/and experimentally pre-
sented fundamental parameters under steady and transitional conditions of the structure. More
recently, several groups have identified the PVC as being formed as a consequence of a global
hydrodynamic instability of the mean flow triggered by an inherent flow resonance [11, 20].

Another type of exhaust flow with swirl is the Coanda Jet Flow (CoJF) which, contrary to
the OJF, occurs when flow exiting the nozzle attaches to a flat surface perpendicular to the flow
in the vicinity of the nozzle exit. This happens as a result of the entrainment of the surrounding
stagnant air by the jet exiting the nozzle which develops a low pressure region between the sur-
face and the jet [21]. Some fundamental research has been conducted on swirling Coanda flows.
Vanoverberghe studied the transition between flow regimes by varying swirl numbers observing
that swirl numbers were largely responsible for the type of flow pattern obtained [22]. Vanier-
schot and Van den Bulck also showed that the flow pattern was greatly dependent on the imposed
swirl number, and additionally demonstrated that some hysteresis between OJF and CoJF can
occur when dynamically increasing/decreasing the swirl [23, 24]. Furthermore, they showed that
the nozzle geometry is an important factor in the formation of the flow pattern [25]. Singh and
Ramamurthi showed that the increase in swirl in sharp-edged nozzles produces a system were
centrifugal forces dominate and spread the flow in the radial direction and additionally, they iden-
tified a recirculation bubble near the nozzle exit [26]. However, despite the recent research, the
complex 3D flow of the Coanda effect remains barely understood as only few researches have
been conducted on the underlying coherent flow structures that might exist on the flow.
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Therefore, this research is based on continuation of previous work [27] to decipher the under-
lying coherent structures that are present in a CoJF. The fundamental idea of the research is based
on first having a particular geometry at which the system would present both flow patterns under
the same inlet flow conditions, hence to be able to identify and compare the coherent structures
present in each of the flow patterns. For that aim, time-resolved stereo particle image velocimetry
(S-PIV) was used to produce time dependent data and subsequently spectral proper orthogonal
decomposition was used to identify the coherent modes in the flow. Swirl strength (%) analy-
sis was conducted on the coherent modes to establish quantitative and qualitative results and to
produce a 3D visualisation of the coherent structures in an OJF and CoJF. This paper is struc-
tured as follows, section 2 and 3 describe the experimental setup and data processing methods.
Subsequently, in section 4, the time-averaged flow patterns for different flow rates are discussed,
followed by a temporal analysis of the flow fields. Finally, the principal modes of the flow are
obtained by spectral proper orthogonal decomposition and the coherent structures present in the
flow are identified and analysed.

2. Experimental setup

A swirl burner constructed from stainless steel was used to examine the flow field behaviour
under atmospheric conditions (1 bar, 293 K). A schematic of the generic burner is presented
in Fig. 1 and a more detailed description can be found in the work of Syred et al. [28]. The
system was fed using compressed air through flexible hoses and variable area rotameters for flow
rate control. Isothermal conditions were evaluated for these trials and the flow rate was fixed at
4.2, 6.5, 9.4 and 13.5 m’/hr to give a Reynolds number of ~4300, ~6700, ~9600 and ~13900
respectively at the burner nozzle. The nozzle diameter was D = 28 mm with an opening angle
a = 45 degrees. The burner was fitted with a tangential swirl generator providing a geometrical
swirl number Sg = 0.85. A flat plate was fitted to the nozzle and kept at a normalised height
[AX/D| = 0, being AX the distance between the flat plate and the tip of the nozzle outlet, for
which a schematic of this can be seen in Fig. 1.

A stereo PIV system was employed for measurement purposes. A diagram of the experimental
setup is shown in Fig. 2. The latter consists of a dual cavity Nd: YLF high speed laser of 532 nm
wavelength. Laser sheet optics were used to convert the laser beam into a 1 mm thick sheet. To

\ 4 5 =" Noule
= | swirl AX N
Flat plate N generator \
B = Nozzle

Primary Swirl

b chamber Flat Plate Angle, o
Secondary Y

inlet
(not used) X

Figure 1: Swirl burner (left) and normalised height schematic (right).
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record the images a pair of HighSpeedStar 5 CMOS cameras were used. 60 mm Nikon lenses
were utilized for resolution purposes, which allowed a field of view of approximately 75x75 mm,
with a resolution of 5.35 pixels per mm and a depth of view of 1.5 mm. The inlet air was seeded
using a liquid nebulizer positioned ~2m upstream of the burner inlet. As seeding, DEHS droplets
of 1um average diameter are used which could follow to flow up to frequencies of 8kHz [29].
For the experiments, the sampling rate was set at 500, 750 and 1000 Hz. In order to reduce the
parallax error, focusing was achieved using a 3D calibration plate and correcting the position of
the lens (Scheimpflug correction). The line of view of the camera was positioned exactly in the
middle of the nozzle. The images were recorded in double frame mode and for every Reynolds
number, the time between 2 frames of the same pair was chosen to ensure a maximum particle
displacement just below 1/4th of the interrogation window area and to minimise the quantity of
particles leaving the measurement plane between two pulses.

3. Data processing

After acquisition of the PIV data, a frame-to-frame adaptive correlation technique was carried
out with a starting interrogation area of 64x64 pixels going to a final size of 24x24 pixels. Time-
averaged flow fields were calculated using 1024 velocity field samples. This gives a sampling
error of about 2% on the mean flow quantities and below 6% for the second order statistics. The
vector fields were also used to determine vortical structures and swirl strength values (/lgi) during
both stable flow patterns (i.e. CoJF or OJF). Data was post-processed using Matlab R2018b with
the PIVMat toolbox [30]. The snapshot method was used to obtain the spectral proper orthogonal
decomposition (SPOD) for each flow case to identify coherent structures within each flow pattern
[31].

To isolate the fluctuations in the flow and differentiate between precessing fluctuations and
fluctuations due to turbulence, a triple velocity decomposition was performed:

V(Y 1) = VLY + VG, ) + V(Y. 1), (€]
Camera 1

Laser .
Swirl burner

[ :

Seeding

CompressedJ/_\I @ Rotameter
air J‘>'<}

|\_/| Pressure regulator l_’

X

Buffer vessel Y

IECTENS

Camera 2

Figure 2: Schematic view of the experimental setup.
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/D[]

y/D [

where vector v (x, y, #;) is the instantaneous velocity vector at point x, y and time instant #, V (x, y)
is the mean value, V (x,y, ;) is the fluctuation due to a precessing motion, and v’ (x, y, #;) is the
fluctuation due to turbulence. ¥ (x,y, #;) was calculated by reconstructing the SPOD modes that
correspond to the precessing motion and v’ (x,y, #;) was calculated by taking the difference of
the total fluctuating velocity and the precessing velocity.

To obtain a better visualization of the coherent structures within the flow, a 3D reconstruction
was done by first phase averaging the SPOD modes that correspond to the precessing motion.
Then, to place the values in a 3D space, the 2D fields are rotated using an angle of rotation
0 = 2rf,/fs, where f, is the precessing frequency and f; is the sampling frequency of the 2D
fields. More details about the procedure can be found in the works of Vanierschot and Ogus [32]
and Oberleithner et al. [11].

4. Results and discussion

4.1. Time-averaged flow patterns

Time-averaged results were obtained for various flow rates with the flat plate at a normalised
height such that both Coanda and Open Jet flows coexisted. Which pattern is stable at that
height depends on the hysteresis in flow patterns between an up- and downward movement of
the flat plate. When moving the plate up, an Open Jet flow is formed, while moving the plate
down, a Coanda Jet flow can be obtained. For the current burner setup this corresponds to
|AX/D| = 0 with a nozzle opening angle of 45°. Vector fields of the in-plane time-averaged
velocity components u, and u, and contours of the out-of-plane velocity component u, are shown
in Fig. 3. The u, velocity component was scaled by the mean axial jet velocity for each case to
allow a comparison of the different Reynolds numbers. The vector fields show the expected
velocity profiles: a vertical jet core with a central recirculation zone for the OJF (top row of
Fig. 3) and a horizontal jet core with a downward velocity at the centre of the nozzle for the
CoJF (bottom row of Fig. 3). Fig. 4 shows the radial profiles of the axial velocity near the

Re ~ 4300 Re ~ 6700

Re ~ 13900

KR

O 05 14 05 0 05 14 05 0 05 11 05 0 05 1
z/D [ z/D [ z/D [ z/D [

Figure 3: Time-averaged velocity fields at different flow rates with contours of the scaled out-of-plane velocity component
with |AX/D| = 0 and @=45°. Velocities are scaled by the bulk jet velocity u of each case.
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Figure 4: Scaled mean axial velocity with |JAX/D| = 0 and @=45° nozzle for different flow rates. Velocities are scaled by
the bulk jet velocity u of each case.

nozzle outlet. As the Reynolds number increases, the maximum axial velocity also increases,
indicating that the jet angle at the outlet decreases. For the CoJF, the opposite occurs: increasing
Reynolds number decreases the maximum axial velocity. Hence, a slight decrease in jet angle
at the nozzle outlet can be observed. As shown later, this increased inclination is related to a
stronger attachment of the jet core to the flat plate by the appearance of a vortical structure in the
outer shear layer of the jet.

4.2. Temporal power spectrum analysis

Power spectra were extracted from regions in the flow field with high RMS values. The sam-
pling rate for the Re ~4300 and ~6700 flow rates was 500 Hz and for the Re ~9600 and ~13900
flow rates it was 750 Hz. To discard any possible aliasing, experiments were repeated with a sam-

Re ~ 4300 Re ~ 6700 Re ~ 9600 Re ~ 13900
915 133 203
10° 558 182 265 406
111
107
LS
0 99.8 147
10 60.2 293
121 198

10110%10%10%10°

Frequency [Hz] Frequency [Hz] Frequency [Hz] Frequency [Hz]

Figure 5: Power spectra of the OJF (top row) and CoJF (bottom row). 500Hz sampling rate for Re~4300 & 6700 and
750Hz for Re~9600 & 13900.
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Figure 6: Spectrum of the temporal coefficients of the SPOD modes for the OJF at Re~4300.

pling rate of 1000 Hz, yielding the same results as the experiments with lower sampling rates.
The power spectrum for each flow rate is shown in Fig. 5. The higher the Reynolds number, the
higher the fluctuation level. Every spectrum shows two distinctive peaks. As shown in the next
sections, the first frequency peak is associated to the Precessing Vortex Core and the second one
corresponds to its second harmonic. The precessing frequency increases linearly with increasing
Reynolds number for both the OJF and the CoJF. The range of Strouhal numbers (~ 0.8 to 1)
is consistent with other studies found in literature [4]. The CoJF shows an increase in Strouhal
number of ~8.5% with respect to the OJF, across all tested flow rates. It is speculated that the
higher frequency in the CoJF is a consequence of its stagnation to the bottom surface, or alterna-
tively, because another coherent structure with a higher frequency has appeared in the field, the
outer PVC. This behaviour has also been previously reported in the work of Valera-Medina et al.
[27].

4.3. Spectral proper orthogonal decomposition

To study the large scale coherent structures in the flow field, spectral proper orthogonal de-
composition was applied to both flow patterns [31]. Previous research has shown that SPOD
is better compared to POD in assigning coherent structures to different modes when applied to
swirling flows [14, 32]. A filter size of one period was chosen for optimal detection of the struc-
tures [14]. An example spectrum of the time coeflicients for the OJF at Re = 4300 is shown in
Fig. 6. All other Reynolds numbers .show the same structure, even for the CoJF flow patterns
and are hence not shown here. Two mode pairs with a high harmonic correlation can be found,
one with an energy of ~ 13% of the total kinetic energy and one of ~ 1.6%. The high harmonic
correlation indicates that both mode pairs describe precessing structures [14, 32]. The frequen-
cies of precession of both mode pairs correspond to the peaks found in Fig. 5. Analysis of the
Lissajous figures of the temporal coefficients (not shown here) indicates that the second mode
pair is a first harmonic of the first mode pair. Moreover, the frequency of precession is exactly
double.

The spatial structure of the first two mode pairs for the OJF are shown in Fig. 7. Several
rotating structures can be found in the inner shear layer (shear layer between the jet and the
central recirculation zone (CRZ), as shown in the first row of Fig. 3). These structures correspond
to intersections of the Precessing Vortex Core (PVC) with the measurement plane [32] and as the
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(a) First spatial mode of the dominant pair. (b) Second spatial mode of the dominant pair.
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(c) First spatial mode of the secondary pair. (d) Second spatial mode of the secondary pair.

Figure 7: Spatial SPOD modes of the OJF.

intersections are located in the inner shear layer, this structure is often called the inner PVC [4].
The spatial modes of the CoJF (shown in Fig. 8) are very similar: several rotating structures are
present due to the intersection of the PVC with the measurement plane. However, in this case,
the PVC is mainly located in the outer shear layer (shear layer between jet and ambient) and
hence this structure is often called the outer PVC. In the inner shear layer, the inner PVC can
also be found, although being much weaker compared to the outer one.

4.4. Flow field reconstruction and flow dynamics

To study the dynamics of the flow, the 2 dominant SPOD mode pairs describing the PVC are
used to obtain the velocity field v (x,y,7) in Eq. 1 and Vv (x,y,) is added to the time-averaged
flow field in the reconstruction, hence omitting the flow structures contained in v’ (x, y, 7). Figure
9 shows the reconstructed flow fields during the precession, where T is the period, for the OJF
at Re ~4300. The vortical structures are identified using the swirl strength criterion. The same
general flow behaviour and coherent structures were observed for the higher Reynolds numbers
and hence the figure is representative for the dynamics in all flow cases. For the OJF case (Fig. 9)
two different vortical structures can be observed, the first one in the inner shear layer of the jet and
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Figure 8: Spatial SPOD modes of the CoJF.

central recirculation zone and a second one in the outer shear layer of the jet and the ambient.
These vortices correspond to intersections of the inner and outer PVC with the measurement
plane and are consistent with the spatial structures found in Fig. 7. The inner PVC is stronger
compared to the outer one. It originates near the nozzle at T = 1/8 on the negative side of the
x-axis. At the next instant in the precession (7' = 1/4), the vortex moves downstream indicating
a precession of the spiral structure. As the azimuthal velocity on the left side is negative, this
indicates that the windings of the PVC are oriented in the counter-swirl direction, as found by
many other studies [7, 14, 32]. As the PVC spiral continues to rotate, the inner vortex loses
strength and moves along the y-axis until it practically disappears at T = 5/8 and a new vortical
structure appears near the nozzle on the positive side of the x-axis. This right intersection has the
same dynamics as the initial left one and the cycle repeats itself. At 7 = 1/2, an outer vortex
starts appearing into the measured plane on the negative side of the x-axis. This vortex is less
strong compared to the inner one and corresponds to the outer PVC. As it continues to rotate,
this vortex moves along the y-axis and loses strength as it almost disappears after one period of
precession. Half a period later, at 7', the intersection of the outer PVC can be found near the
nozzle on the positive x-axis. This vortex also move downstream, reducing its strength.

9
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Figure 9: Time series of SPOD reconstruction of Open Jet Flow with velocity vectors and swirl strength (/IZI.) contours.
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Figure 10: Time series of SPOD reconstruction of Coanda Jet Flow with velocity vectors and swirl strength (ﬁfi) contours.

11



OCO~NOOOA_WNE

The Coanda Jet Flow case (Fig. 10) also shows two different vortical structures. However, in
contrast to the OJF, the strongest vortex is located between the plate and the jet core in the outer
shear layer. This vortical structure keeps the jet attached to the bottom wall by means of the
Coanda effect. It has previously been identified as a Coanda Vortex Breakdown (CoVB), which
is a product consequence of the pressure, recirculation and swirling motion of the flow [27]. The
centre of the vortex has a pressure minimum, keeping the jet attached to the wall [23, 33]. As
time passes, the vortex precesses around the central axis and if it cuts the measurement plane, a
detachment of the jet from the plate can be observed (7' = 1/8). Half a period later (T = 5/8),
the vortex intersection with the measurement plane shows a very weak vortex and the jet remains
attached to the plate. This strong interaction of the PVC with the wall is responsible for the
slightly higher precessing frequencies, as shown in Fig. 5. Next to the outer PVC, a weaker
second vortex is appearing in the inner shear layer, which is similar to the inner PVC of the OJF,
thus creating a CoVB pair [27].

From the viewpoint of the PVC, the laser plane is rotating along the central axis. From these
rotating intersections, the 3D structure of the PVC can be reconstructed, as detailed in the work
of Vanierschot and Ogus [32]. This 3D reconstruction is shown in Fig. 11. In the figures, the
central recirculation zone (CRZ) is delimited by an isosurface of axial velocity = 0 m/s (black
colour). The isosurface of u,/u = 0.6 (yellow contour) is also shown to clearly mark the region
between inner and outer PVC. Both inner and outer PVCs are depicted by a red isosurface with a
swirl strength of /13,' = 5000 1/5s. The inner PVC is located between the CRZ and the isosurface
uy/u = 0.6 and the outer one in the shear layer of the jet with the ambient. Similar structures
have been found in other swirling flow geometries [34, 35]. As the swirl direction is counter-
clockwise when viewed from the y-axis, both PVCs are winded in the counter-swirl direction (as
could also be observed in Fig. 9). As the size of the isosurface /lfl. = 5000 1/s* of the inner
PVC is smaller, one can see that the strength is higher than the outer PVC. A 3D reconstruction
of the CoJF is shown in Fig. 12. In the same way as in the OJF case, the isosurface of u,/u = 0.6
(yellow colour) marks the region between inner and outer PVC. Similar to the OJF, two vortical
structures can be observed by delimiting the isosurface with a swirl strength = 5,000 1/s%. Both
PVCs are winded in the counterswirl direction and in contrast to the OJF, the outer PVC is the
strongest vortex.

4.5. Triple velocity decomposition

Triple velocity decomposition root-mean-square (RMS) values of both flow patterns are
shown in Figs. 13 and 14. Very high values (up to 150% of the mean jet velocity u) can be
found in the inner and outer shear layers of the jet. Precessing RMS fluctuations indicate the
region of coherent vortex shedding with ~65% and ~55% of the fluctuations attributed to the
precessing phenomena for both OJF and ColF, respectively. If the Reynolds number increases,
this relative contribution remains more or less constant. However, the turbulent contribution
increases with increasing Reynolds number, as can also be seen in the spectra of Fig. 5.

5. Conclusions

This paper studied the flow dynamics of two flow patterns, an Open Jet Flow (OJF) and
Coanda Jet Flow (CoJF), using 2D3C-PIV in a generic swirl burner. The burner was equipped
with a base plate, which can be positioned so that both flow patterns could coexist within the
same geometry. Which pattern is stable at that position depends on the hysteresis in flow pat-
terns between an up- and downward movement of the base plate. When moving the plate up, an

12
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OJF is formed, while moving the plate down, a CoJF can be obtained. The measurements were
conducted at different Reynolds numbers ranging from ~4300 to ~13900 at the burner nozzle.
A spectral analysis was conducted to identify the dominant frequencies of the flow and two fre-
quency peaks were found for each flow case. The frequency of these peaks increases linearly
with the Reynolds number. Coherent flow structures were identified by spectral proper orthogo-
nal decomposition and the frequency of the most energetic modes matched the spectral results.
Reconstruction of the flow field showed that the frequency peaks corresponded to the Precessing
Vortex Core (PVC), where two PVCs were found: one in the inner and one in the outer shear
layer. For the OJF case, the former is the strongest one, while for the CoJF case, the latter was
much stronger. This strong vortex is dominant and changes the precession frequency of the PVC
being lower in the OJF case than in the CoJF by about 8.5%. The impact of the PVC on the
dynamics of the flow field is significant as in some regions up to 65% of the fluctuating velocity
component can be attributed to the precessing structure. Moreover, this contribution is found to
be independent on the Reynolds number of the flow.
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The Coanda effect in swirling flows is investigated by means of Stereo-PIV
An inner and outer Precessing Vortex Core (PVC) is identified

The Coanda effect influences the strength and frequency of these PVCs

A 3D reconstruction shows the structure of the precessing vortex core.
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