Thermophysics and Aeromechanics, 2019, Vol. 26, No. 3

DOI: 10.1134/S0869864319030041

Turbulent transport in a swirling jet
with vortex core breakdown.
PIV/PLIF-measurement and numerical simulation*
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Paper reports on optical diagnostics and numerical simulation of the flow structure and transport of a passive
scalar in a turbulent swirling jet with vortex core breakdown. Based on the measurements of the instantaneous velocity
and concentration fields by PIV and PLIF techniques, the Reynolds stresses and Reynolds fluxes are evaluated and
compared to those obtained from URANS and LES simulations. Based on the experimental data and LES-simulation
results, the local convective and turbulent transport of the passive scalar are analyzed.
Keywords: swirling turbulent jet, vortex breakdown, turbulent transport, optical methods for flow diagnostics,
CFD simulation of turbulent flow.

Introduction
In combustion chambers of modern gas turbines, a flow swirl is often used for stabilization of flames. The flow swirl intensifies mixing, provides stable combustion in a compact volume with high ignition efficiency and flame stability in a wide range of the fuel-air ratios
[1−3]. For jets, the imposed swirl promotes heat and mass transfer in the initial region of
the flow [1, 4−6]. At the same time, the structure and dynamics of swirling jets is much more
complex in comparison to non-swirling jets due to a number of effects, viz., formation a wake
region at the jet axis, vortex core breakdown and formation of a central recirculation zone when
the swirl rate exceeds a certain critical value, presence of helical vortex structures, including spiraling precessing vortex core [1, 7−15].
Modern methods of numerical simulation allow for a fast optimization of jet-burners and
combustion chambers [16]. However, reliable numerical modelling of complex unsteady processes in combustion chambers with strong swirl require complex experimental data for verification of the used mathematical models. The problem of numerical simulation methods perfection for swirling turbulent jets without combustion is relevant for the last 50 years [17].
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The literature presents extensive data on flow structure of turbulent swirling jet, and the comprehensive review is available in [18]. However, these data are limited by average velocity and
pressure profiles, correlation functions and spectra of turbulent fluctuations [19]. Moreover,
the structure of swirling flows is strongly sensitive to density gradients, that significantly complicates studies of heat transfer. In particular, the buoyancy can change conditions for vortex
breakdown and recirculation zone shape [20].
Development of optical measurement techniques, such as Laser Doppler Anemometry
(LDA) and Particle Image Velocimetry (PIV), allows to study in detail turbulent transport
in swirling jets [21−24], including measurements of the Reynolds stresses and third-order moments of velocity fluctuations. Besides, almost non-intrusive measurements increase the reliability of the data. The Planar Laser-induced Fluorescence (PLIF) technique provides almost
non-intrusive measurements of the spatial distributions of concentration [25−27]. However,
experimental data on concentration distributions in swirling turbulent jets measured by PLIF
are practically absent in literature.
The aim of this paper is to study experimentally the transport of passive scalar in the near
field of a swirling turbulent jet with vortex breakdown and analyze the efficiency of popular
numerical simulation methods based on solving the Unsteady Reynolds-Averaged Navier−Stokes
equations (URANS) and Large-Eddy Simulation (LES) to predict the flow and transport.
Methods
The object of the study is a swirling jet issued from the axisymmetric contraction nozzle
(the outlet diameter was d = 15 mm) with vane swirler mounted inside (see Fig. 1 and detailed
description in [24]). The swirl rate S is determined from the geometric parameters of
the swirler [1]:
3

S=

2  1 − ( d1 d 2 )

3  1 − ( d1 d 2 )2



 tg (ψ ) ,



(1)

here d1 = 7 mm is the diameter of centerbody supporting the vanes, d2 = 27 mm is the external
diameter of the swirler, and ψ is the vanes inclination angle. The swirler used in the current research (with inclination angle ψ = 55°) provides a swirl rate S = 1.0. This swirl rate exceeds
the critical value (≈ 0.6) for the vortex breakdown in jet flows (see [14, 15, 20, 28−30]).
The flow was supplied from a pressure line (pressure up to 20 atm), and its flow rate was
controlled by mass flow meters (Bronkhorst). An acetone seeder was used to introduce acetone
vapor (used as a passive scalar in the present study) into the air flow. The seeder represented
a container with liquid acetone, which was placed in a heated water bath to provide thermal
stabilization. The air flow was bubbled through the liquid acetone using bypass scheme.

Fig. 1. Photograph of the experimental setup and equipment of PIV/PLIF systems.
The geometry of the nozzle is presented by inset.
352

Thermophysics and Aeromechanics, 2019, Vol. 26, No. 3

The temperature of the air with acetone vapor at the seeder exit was approximately 50°C.
The concentration of acetone vapor in the jet was below 3 %. The solid particles of titanium
oxide with the size of 0.5 µm were used for flow seeding to provide PIV measurements. In order to introduce the tracer particles to the jet flow another seeder (the tank with a volume of
2 liters) with mechanical mixer was used. The surrounding air was seeded by a fog generator
(Magnum). The Reynolds number (based on the bulk flow velocity of the jet U0 = 5 m/s, kinematic viscosity of the air, nozzle diameter) was 5 000.
The photograph of the experimental setup is shown in Fig. 1. For the excitation of the acetone fluorescence, the radiation of fourth harmonic of a solid state Nd:YAG-laser (Quantel,
Brilliant B) was used. The energy of laser pulse at the wavelength 266 nm was 60 mJ. To remove residual laser radiation in the PLIF optical system the spectral separation of laser harmonics was implemented by dichroic mirror. After dichroic mirror, the second harmonic of
the laser radiation (separated from UV-radiation) was captured by beam dump and the UVradiation was directed into the collimator by system of rectangular prisms. The collimator converts the laser beam into a sheet with the width of 50 mm and the thickness below 0.8 mm.
Approximately 10 % of UV-radiation was directed to the energy meter (LaVision) for control
of each laser pulse energy.
The fluorescence of acetone vapor was registered by an image intensifier (with the quantum efficiency of 25 % at the considered wavelength range 290–320 nm), which was connected
to LaVision ImagerPro sCMOS camera (the resolution of 2560×2160 pixel and dynamic range
of 16 bits) and equipped with a quartz lens (f#2.8, 100 mm) with a set of optical filters. The filter set includes the Multi-Notch filter which removed the harmonics of Nd:YAG-laser (1064,
532, and 366 nm) and the interference band-pass filter with transmission range from 280
to 600 nm. The using of the optical filters was necessary to remove unwanted intensity of PIV
and PLIF lasers, including reflections from the nozzle. The exposure time for PLIF images was
200 ns.
The velocity fields were measured by PIV-system POLIS in a stereo configuration.
The tracer particles in the flow were illuminated by the radiation of second harmonic of a double-head pulsed Nd:YAG laser (Quantel, EverGreen). The lasers radiation was spatially
aligned into single optical axis with the pulse energy of 53 mJ. The wavelength of PIV laser
radiation was 532 nm. The tracer images were captured by two CCD cameras (ImperX IGVB4820), equipped with SIGMA AF 50 mm lenses (f#2.8 EX DG Macro) and band-pass optical
filters (Edmund Optics) with the transmittance of 60 % at the wavelength 532 nm and the full
width at half maximum of 10 nm. The resolution of each PIV image was 2048×2048 pixels.
The PIV and PLIF systems were synchronized by two programmable timing units
(LaVision and POLIS). The frame rate of combined system was 1.5 Hz. The registration of
fluorescence of acetone vapor was captured between the first and second PIV laser pulses.
The time interval between two PIV laser pulses was 40 µs. The test of spatial alignment of PIV
and PLIF lasers was performed by a photo-sensitive paper, which was placed in the measurement volume. For spatial calibration of PIV and PLIF cameras, the plane calibration target
(Edmund Optics) was used. The calibration target was a diffusive white plate with black round
dots (the dot’s size and distance between nearest dots were 2 mm).
For quantitative interpretation of PLIF-signal, several mathematical algorithms were
used. The processing algorithms take into account fluctuations of laser energy from pulse to
pulse, including the correction of nonuniform spatial distribution of energy in the laser sheet
and nonuniform spatial sensitivity of camera sensor. The spatial calibration for the measurement planes was carried out using a third-order model for image projections on the camera’s
sensors. The parameters of the third-order model were used for reconstruction of the threecomponent velocity field from stereo-PIV images and for spatial alignment of PIV and PLIF
images. In the case of calculating the velocity fields the background signal was subtracted.
The background signal was calculated by averaging the intensity values in each pixel for
the entire set of images. The velocity fields were evaluated by an iteration cross-correlation
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algorithm with continuous image shift and deformation of interrogation area between iterations. The finite size of interrogation area was 32×32 pixels with overlapping of 50 %.
The algorithm also takes into account the number of particles in interrogation area (if the number of particles is below five, then the velocity vector was not calculated [31]).
For CFD simulation of turbulent swirling flows, several models were used, including
two-equation (k- ω SST) and the Reynolds stresses models (RSM LRR) in the frame of
URANS approach. In addition, the large eddy simulation (LES) approach with Wall Adapting
Local Eddy-viscosity model (WALE) was used. The finite-volume method was applied as discretization procedure to solve the equations of transport. Pressure-velocity coupling for incompressible flow was achieved by the SIMPLEC procedure. The approximation of convective
terms of URANS equations were approximated by second-order upwind scheme. In the case of
LES approach, for approximation of convective terms, the central difference scheme was used.
For approximation of convective terms of turbulence properties equations, the second-order
upwind scheme was used. The diffusion terms were approximated with a second-order scheme.
The implicit second-order scheme for time integration was applied. The time step satisfied
the condition that average CFL < 2.
The computations have been carried out using unstructured grids with more than two millions nodes (see Fig. 2). Several layers of prismatic cells were created at the nozzle walls for
better resolution of the boundary layer. The widely used Kolmogorov scale, the energy-motion
vortex scale, and the shear scale were used as a criterion of sufficient resolution of computational grid [32]. The average distance of the wall-nearest grid nodes normalized by the wall

unit, y1+ , was 1.8. The characteristic cell size ∆ = (∆x × ∆y × ∆z )1/ 3 was compared with the Kol-

(
= (ε S )

mogorov dissipative scale LK = ν 3 ε
Corrsin "shear" scale Ls

3 1/ 2

)

1/ 4

(here ν is the kinematic viscosity), the generalized

(here ε is the dissipation rate obtained from RSM) and

the second invariant of strain rate tensor S = ( Sij Sij )1/2 . For the RSM model, the ratio ∆ LK
was ranged from 10 to 20. The ratio of the cell size to shear turbulence scale ∆ Ls was less 1.0 in
the main flow region.
Results
Measurements of the instantaneous distributions of the passive scalar concentration c and
three-component velocity fields u = (ux, uy, uz) are performed in a longitudinal cross-section of
flow (x, y) passing through the jet axis (Oy). The Ox axis is collinear with the radial direction.
For the cross section for x > 0, the radial and azimuthal velocity components are equal to ux
and u z. Results of the numerical simulation are interpolated to the same coordinate grid as

Fig. 2. Example of unstructured computational grid in the nozzle region.
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Fig. 3. Time-averaged velocity (vectors) and concentration fields for the swirling turbulent jet.
The solid line surrounds the recirculation zone; а  experiment; numerical simulation: LES (b), RSM (c), SST (d).

the experimental data. The measured and calculated by LES- and URANS-approaches spatial
distributions of the mean velocity U and concentration C for the swirling turbulent jet with
vortex breakdown are shown in Fig. 3. The central recirculation zone is visualized by
the condition Uy < 0. The solution of SST-model is stationary in contrast to that of the RSMmodel. One can observe that the SST-model does not correctly predict the opening angle of
the jet, the shape of recirculation zone, and rate of mixing with the surrounding air. The average
characteristics of flow calculated by the LES and URANS RSM approaches demonstrate a good
agreement with experimental data.
For the quantitative comparison of the results, Figure 4 demonstrates profiles of the velocity components in cross section y/d = 0.7, which corresponds to the maximum width of
the recirculation zone. Values of the radial velocity component are smaller than 10 % of the velocity vector magnitude. Therefore, the PIV measurements for this component are effected by
a bias error. This issue is clearly seen near the jet axis. The comparison between the experimental data and numerical simulation shows that the SST approach with stationary solution
does not provide even qualitative prediction of the average concentration distribution. The data
calculated by LES and URANS RSM approaches show a good agreement with the distributions
of the average velocity and concentration obtained from the experiment (especially in case of
the LES approach).
Comparison of local variances of the concentration and velocity fluctuations, Reynolds
stress and turbulent flux are shown in Fig. 5 (SST data are not presented). In case of URANS
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Fig. 4. Profiles of the time-averaged velocity and concentration for the swirling turbulent jet
for cross section y/d = 0.7.
Velocity components Ux (a), Uy (b), Uz (c), concentration C (d); 1  SST, 2  RSM, 3  LES, 4  experiment.

Fig. 5. Profiles of local variance of velocity and concentration, Reynolds stresses and flux
for a turbulent swirling jet for cross section y/d = 0.7.
Flow profiles
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u ′y u ′y (a), c′ c′ (b), u ′x u ′y (c), u ′x c′ (d); 1  RSM, 2  LES, 3  experiment.
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RSM approach, the variance of the velocity fluctuations corresponds to a sum of the coherent part (unsteady pulsations) and stochastic part (modelled via RANS approach) fluctuations.
The stochastic part of the velocity variance is 5 times lower than the coherent part. One can
observe that data calculated by LES approach correspond better to the Reynolds stresses
u'x u'y

measured by PIV. For calculation of the turbulent flux u'x c'

, the LES and URANS

RSM approaches provide similar results. Magnitude of the turbulent flux profile obtained from
experimental data is significantly lower. Moreover, in the region of recirculation zone, the variances of the concentration and velocity fluctuations measured by PIV and PLIF are significantly lower than those obtained by numerical simulation. In this region of intensive turbulent pulsations, the underestimation of the variance amplitude may be due to a finite spatial resolution
of the PIV and PLIF techniques.
For the analysis of local turbulent transport in the swirling jet with the vortex core breakdown, all term values of the Reynolds-averaged mass transport equation for the passive scalar c
have been estimated in the cylindrical coordinate system (2):

Uy

' '
∂ u'r c'
u'r c'
 ∂ 2 C 1 ∂  ∂C  
∂C
∂C ∂ u y c
+Ur
+
+
+
= D 2 +
r
.
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∂r
r
r ∂r  ∂r  
 ∂y
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6

(2)

The first and second terms describe the transport by the mean flow (advection). The third term
and sum of the fourth and fifth terms correspond to the turbulent transport in the axial and radial directions, respectively. The contribution of the sixth term corresponds to molecular diffusion, where D is the molecular diffusion coefficient.
The results of equation terms estimation based on the experimental data and LESsimulation are shown in Fig. 6. For the flow at the considered Reynolds number (Re = 5000),
the molecular diffusion is found to be negligibly small. The transport by the mean flow
occurs mainly in the axial direction and appears to be compensated by the turbulent diffusion in the radial direction. Intensity of the turbulent diffusion in the axial direction is much
lower. To test for reliability of the mass transport equation terms estimation from the experimental data, the sum of all transport terms is evaluated. For the experimental data, it is found to
be less than 14 % of the convective transport term magnitude. Hence, the measurements are
provided with reliable accuracy.

Fig. 6. Terms of transport equation (2) for the turbulent swirling jet for cross-section y/d = 0.7.
Comparison between experimental data and LES-simulation.
1−6 correspond to the values of terms 1−6 in equation (2).
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Conclusion
Flow structure of the turbulent swirling jet with vortex breakdown has been investigated
by using the modern methods of optical diagnostic (PIV and PLIF) and numerical simulation
(URANS and LES). Local transport of the passive scalar admixture in the region of recirculation zone has been analyzed. The LES approach is found to provide the most accurate simulation of swirling turbulent jet structure, including turbulent flux and Reynolds stresses. The unsteady RSM approach also shows a good agreement with experimental data and allows one to
reliably predict the shape of recirculation zone, opening angle of the jet, and spatial distribution
of the passive admixture. The used SST approach provides a practically steady solution, which
does not correspond to the structure of the real flow.
Based on the experimental data and LES-simulation, the profiles of different terms of the
mean mass transport equation have been obtained for a cross section through the central recirculation zone. The analysis reveals that the molecular diffusion for the flow with Re = 5000 is
negligibly small. The transport by the mean flow occurs mainly in the axial direction and is
found to be compensated by turbulent diffusion in the radial direction. Intensity of the turbulent
diffusion in the axial direction is found to be much smaller.
The authors are grateful to D.K. Sharaborin for assistance in experiments.
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