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ABSTRACT

We report on the experimental study of turbulent transport
in the near field of swirling jets at Re = 5000 by using
simultaneously the stereoscopic particle image velocimetry and
planar laser-induced fluorescence methods. The present focus
is on the analysis of terms of the mean (axial) momentum and
scalar (mass) transport equations, estimated from the mean
velocity and concentration, the Reynolds stress and turbulent
flux components, measured in the central axial plane of the jets.
A proper orthogonal decomposition has also been applied to
the velocity data sets to analyse contribution of the coherent
velocity and scalar fluctuations to the turbulent momentum and
mass fluxes for different swirl rates.

INTRODUCTION

Swirl is often superimposed to jet flows to promote mixing
and heat and mass transfer in the initial region of the flow
(Gupta et al., 1984; Frohlich et al., 2008; Zemtsop et al., 2009;
Cozzi et al., 2018). Whereas ring-like vortices are formed in
the shear layer of the non-swirling and weakly swirling jets,
helical vortex structures appear in the mixing layer of strongly
swirling jets and are considered to enhance mixing (Mcllwain
and Pollard, 2002; Loiseleux and Chomaz, 2003; Liang and
Maxworthy, 2005; Zemtsop et al., 2009; Markovich et al.,
2016). When the swirl rate exceeds a certain critical value, a
breakdown of the vortex occurs in swirling jets (Billant et al.,
1998; Lucca-Negro and O'doherty, 2001; Loiseleux and
Chomaz, 2003; Liang and Maxworthy, 2005; Oberleithner et
al., 2012). Vortex breakdown corresponds to the formation of a
wake region or an unsteady recirculation zone in the vortex
core, which intensifies mixing dramatically.

Oberleithner et al. (2012) have suggested that an increase
of the jet swirl rate leads first to the formation of an
intermittent central recirculation zone, which with a further
increase of the swirl rate becomes permanent. The formation of
the central recirculation zone gives rise to a global flow
instability with a helical mode, corresponding to precession of
the swirling jet (see also Liang and Maxworthy, 2005). From
conditionally sampled pointwise 2D and 3D velocity
measurements Cala et al. (2006), Legrand et al. (2010),
Markovich et al. (2016) have detect a coherent structure in a
high-swirl jet, consisting of a spiralling vortex core and
secondary helical large-scale vortex structures in the inner and
outer mixing layers. However, comparable experimental
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studies and quantitative analysis of mixing and the role of
large-scale coherent structures in scalar transport in swirling
turbulent jets are still scarce in the literature.

The present paper reports on the application of PIV and
PLIF techniques to quantify turbulent transport in the initial
region of turbulent swirling jets for various swirl rates. The
contribution of coherent velocity fluctuations to turbulent
transport is evaluated using proper orthogonal decomposition.

EXPERIMENTAL SETUP

The jet flows were organized by an axisymmetric
contraction nozzle. To induce flow swirl, a changeable vane
swirler was mounted inside the nozzle (Alekseenko et al.,
2012). Using swirlers with different inclination angles of the
vanes, the considered swirl rate S (the definition is taken from
Gupta et al. 1984) was 0.41, 0.7 and 1.0.

S :2(1(d1/dz)3]tan (l/,) 1)

3l1-(d,/d,)*

Here, di=7 mm is the diameter of the centre body
supporting the vanes, dz2 =27 mm is the external diameter of
the swirler, and v is the vanes inclination angle relatively to the
axis. The nozzle exit diameter d was 15 mm. The Reynolds
number, defined as Re = Uod/v (where Uo is the bulk flow
velocity of the jet; v is the air kinematic viscosity), was 5 000.

The air flow was supplied from a pressure line, and its flow
rate  was precisely controlled by mass flow-meters
(Bronkhorst). An acetone seeder was used to introduce acetone
vapour (serving as the reference scalar) into the air flow. The
jet issued from the nozzle was also seeded by 0.5 um TiO2 by
using a chamber with mechanical mixer. The surrounding air
was seeded by a fog machine.

A double-head Nd:YAG laser (Quantel, EverGreen) was
used to illuminate the tracer particles for the PIV
measurements. The laser beam was converted into a collimated
laser sheet with the width of 50 mm and thickness less than 0.8
mm by using a system of cylindrical and spherical lenses. The
fourth harmonic (266 nm) of a pulsed Nd:YAG laser (Quantel,
Brilliant B) was used for the acetone PLIF excitation. A small
portion of the laser radiation was directed to a power meter
using a semi-transparent mirror. The PLIF laser beam was
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aligned with that of the PIV system by using a dichroic mirror
and converted to a collimated laser sheet.

Particle images were captured by a pair of CCD cameras
(Bobcat ImperX 1GV-B2020 with sensor size of 2048x2048
pixels). A narrow band-pass optical filter (532 nm=+10 nm)
was mounted on the cameras. An UV-sensitive image
intensifier (LaVision IRO) was used to image local
fluorescence intensity of the acetone vapour. The intensifier
was equipped with a quartz lens (LaVision, f # 2.8, 100 mm)
and optical band-pass filter (300-320 nm). The images were
recorded by a sCMOS camera (16-bit with sensor size of
2560 x 2160 pixels). An additional ICCD camera (PCO
DicamPro) was used to monitor the spatial distribution of the
laser sheet intensity for each pulse of the PLIF laser by using a
quartz cuvette, filled with a uniform solution of a fluorescent
dye (Rhodamine 6G).

DATA PROCESSING

The PIV images were processed by an in-house software
"ActualFlow". For evaluation of the local displacement of the
tracers, an iterative cross-correlation algorithm with continuous
shift and deformation of interrogation areas (Scarano, 2002)
was used. After four iterations, the size of the integration areas
was reduced from 64x64 to 32x32 pixels. The spatial overlap
rate between the interrogation areas was 50%. Spatial
calibration of the stereo PIV and PLIF cameras was performed
by obtaining a third-order polynomial transforms for each
camera. This was done by processing images of a plane
calibration target placed in the region of interest for five
different positions in the normal-to-plane direction with the
step of 0.5 mm.

To process PLIF data a number of routines was used. The
background signal, produced by dark current and thermal noise
of the sensors, reflections and background luminosity, was
evaluated by capturing PLIF images without jet flow (but with
laser pulses) and was subtracted from the original PLIF images
with the jet. Also, correction of the non-uniform spatial
sensitivity of the detector was performed by using an image of
a white paper sheet, placed out of focus.

To reveal coherent structures in the flows, the fluctuating
velocity data set [u’(x, t1)...u'(x, tn)] for each flow case was
processed by a snapshot proper orthogonal decomposition
(POD) method (Sirovich, 1987). The decomposition into a
series of orthonormal POD modes [@1(X)...on(X)], multiplied
by normalized temporal coefficients aq(t), is based on a
singular value decomposition:

N
u'(Xt ) = > g (t ) ogq (X) @,
gq=1
where >0, (x,Jo, (x,) =4, and >a (8 ), (t) =, )

The singular values oq are positive and listed in the
descending order. They characterize amplitudes of the modes
and correspond to the square root of POD eigenfunctions 2,
used in another common notation.

Since, each POD mode can be expressed as a linear
combination of the velocity fields (4), coherent fluctuations of
the velocity and concentration of passive scalar, corresponding
to this mode, can be evaluated from the phase-averaging (5)
(Legrand et al., 2010).
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RESULTS

Figure 1 shows the time-averaged velocity and
concentration distributions for the studied jets (S =0, 041 and
1.0). Figure 2 and 3 show distributions of the Reynolds stresses
and turbulent mass fluxes, respectively. For the case S = 0.41
(referred to as low-swirl jet) a wake region is present at the jet
axis, where the average axial velocity remains positive. For
S=1.0 (referred to as high-swirl jets) the black solid line
surrounds the region with negative values of the mean axial
velocity, corresponding to a central recirculation zone.

In general, there are two mixing layers in the swirling jets,
viz., the inner mixing layer between the annular swirling jet
and the recirculation/wake region and the outer mixing layer
between the jet and the surrounding air. Transverse turbulent
scalar mass flux is found to be most intensive in the outer
mixing layers. In the inner mixing layer, the amplitude of the
Reynolds stress increases with the swirl rate. For the jets with
vortex breakdown the stress reaches the highest values in the
inner mixing layer close to the nozzle exit. Also, it is found that
the radial fluxes are in a good agreement with the mean
velocity and concentration gradients respectively, thus
justifying the gradient-based turbulent transport models for the
radial direction.

Figure 4 shows profiles of the terms of the mean mass
transport equation (6) for different cross-sections y/d, which
intersect both the wake region of the low-swirl jet and
recirculation zone of the high-swirl jet. Term on the right-hand-
side of the equation corresponds to the molecular diffusion and
is found to be negligibly small in comparison to the other
terms, thus not plotted. The residual term is plotted in Figure 4
to demonstrate the measurements error. It appears to be
reasonably small.
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In general, the contribution of the third term, corresponding
to the turbulent diffusion in the axial direction, for the
considered cross-sections is found to be small in comparison to
the other terms. For the non-swirling jet, the axial advection
term appears to be almost completely compensated by the
turbulent transport in the radial direction. Contribution of the
radial advection increases with the swirl rate and for the high-
swirl case reaches almost the same amplitude as that of the
axial advection and radial turbulent diffusion.

Figure 5 shows profiles of terms of the axial mean
momentum transport equation (7) for the same cross-sections
as in Figure 4. Terms on the right-hand-side of the equation
correspond to the mean pressure gradient and viscous diffusion.
The latter one is found to be negligibly small in comparison to
the other terms. Thus, the residual term in Figure 4 corresponds
to the mean pressure gradient (o 10P/dy).
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In the mixing layer of the non-swirling jet, effect of the
axial advection appears to be opposite to that of the radial
diffusion. Radial advection has comparable amplitude and acts
as a sink term in the mixing layer. For the swirling jets, the
residual term shows that the mean pressure gradient has the
highest magnitude near the jet axis (at the vortex core) and is
compensated by the radial turbulent diffusion. The radial
advection increases in the inner shear layer of the swirling jets,
especially after formation of the central recirculation zone. For
the high-swirl jet with vortex breakdown, the transport terms
have much greater magnitude in comparison to those for the
other flow cases.

Figure 6 shows the POD spectra of the velocity fluctuations
for the jets with different swirl rates. For the high-swirl jet with
vortex breakdown (S = 1.0), there are two most energetic POD
modes. They contain approximately 16% of the spatial-
averaged turbulent kinetic energy, whereas the energy of the
rest modes is below 2%. Values of the temporal coefficients for
the first two modes for S = 1.0 are scattered around a circle-like
plot, indicating that these modes are statistically correlated. For
the non-swirling flow, there is also a pair of the first POD
modes with energy noticeably greater than those of the rest
modes (above 25%). For the low-swirl jet, energy of the POD
modes decreases monotonously.

Spatial distributions of the POD modes for the jets and
phase-averaged fluctuations of the passive scalar concentration
are shown in Figure 7. For the non-swirling and high-swirl jets
the first two POD modes correspond to large-scale vortex
structures, whereas for the low-swirl jet they correspond to
local flow fluctuations in the wake region. Large-scale vortex
structures in the latter case are found in the third and fourth
mode; thus, the third POD mode is plotted for the low-swirl jet.

For the non-swirling and low-swirl jets, the POD modes
show almost symmetrical formation of large-scale vortex
structures in the mixing layers. They grow downstream and
induce coherent fluctuations of the concentration in a form of
travelling waves. The first and second (not shown) POD modes
are found to be shifted by the phase angle of n/2. They are
expected to be related to toroidal vortices. The first two POD
modes for the high-swirl jets with vortex breakdown (only the
first mode is shown) correspond to large-scale vortex structures
both in the inner and outer mixing layer. The vortex structures
induce concentration fluctuations in the outer mixing layer and
appear to be located in an asymmetric manner relatively to the
jet axis. They are expected to correspond to helical structures.

Contribution of the coherent velocity fluctuations to the
Reynolds stress <u’xu’y> (Figure 8 and 9) has been evaluated in
frames of the triple decomposition u’=# + u”, where # and u”
are the coherent and ‘background’ velocity fluctuations,
respectively. The former ones are obtained from the phase-
averaging by using the temporal coefficients of the POD modes
(71 and 42 for the non-swirling and high-swirl jets, and s and
us for the low-swirl jet). It has been verified that
<uixu"y> + <uxiy> is equal to zero. The same was done for the
Reynolds flux <uc’> (Figure 10 and 11). Contribution of
coherent fluctuations to the Reynolds stress does not exceed
25% for the non-swirling and low-swirl jets. For the high-swirl
jet with vortex breakdown the contribution to Reynolds stress
and fluxes exceeds 50% for the considered cross-section.

CONCLUSIONS
Local transport of the axial momentum and scalar (mass) in
the near field of turbulent swirling jets has been evaluated on

the basis of PIV and PLIF measurements. Based on the POD
decomposition, contribution of coherent structures to turbulent
transport has been quantified. In general, breakdown of the
vortex core for the high swirl jet provides dramatic increase of
turbulent momentum and mass fluxes near the nozzle exit, with
contribution of coherent fluctuations above 50%.
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Figure 1. Distributions of the time-averaged velocity and concentration for swirling jets. Black solid line includes region
with negative axial velocity

o

y/d = : =1.
2
: 0.04
L5 , .
0
0.5 . . _0.04
x/d
0 0 P TR
L0500 05yq]1 L0500 05y/gl 05 0 05yl -0.08

Figure 2. Distributions of the Reynolds stress for swirling jets
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Figure 4. Terms of the mean scalar mass transport equation for swirling jets
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Figure 6. POD spectra for swirling jets and temporal coefficients for the first two POD modes for the high-swirl jet
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Figure 8. Contribution of coherent velocity fluctuations to the Reynolds stress for swirling jets
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Figure 10. Contribution of coherent velocity and concentration fluctuations to the Reynolds flux for swirling jets
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