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Abstract: We studied flow dynamics in a model combustion chamber using Large-eddy simulations
(LES) and Particle image velocimetry (PIV) at the Reynolds number Re of 15,000. The swirl is
produced using a Turbomeca swirler and air flow, while combustion is supported by a central
methane/air jet. We compared four flow regimes, assessing the effect of the central jet for isothermal
and lean reacting conditions. A detailed comparison for isothermal and reactive cases without the
central jet is described, validating the LES results against PIV. We observe that unsteady dynamics
are governed by global instability in the form of a well-known precessing vortex core (PVC). The
central jet slightly changes the dynamics of PVC in the isothermal case where a strong recirculation
zone is still formed. However, for the reacting case, the bubble is completely destroyed with no signs
of strong vortical structures in the inner shear layer. These observations are confirmed using spectral
analysis and proper orthogonal decomposition, describing the contribution of different flow modes
in terms of azimuthal harmonics.

Keywords: swirling flow; combustion chamber; precessing vortex core; large-eddy simulation;
particle image velocimetry

1. Introduction

Stabilization of flames in combustion chambers of gas turbines is commonly performed
by swirling an air flow at the inlet of a combustion chamber. Expansion of the swirling
flow inside the combustion chamber results in an central recirculation zone formation.
This ensures high flame ignition efficiency and stable combustion (without flame blow-
off) in a compact reaction zone for a wide range of fuel and air flowrates [1,2]. A lean
premixed combustion is an effective strategy to achieve a low level of NOx emissions for the
combustion chambers of gas turbines [3–6]. As a result of fuel and air premixing and low
flame temperature, it is possible to obtain NOx level below 9 ppm (at 15% O2). However, a
serious problem for practical implementation of dry–lean combustion technology in gas
turbines is a large sensitivity of lean flames to external disturbances. This particularly
can lead to thermo-acoustic fluctuations and resonance in the combustion chamber [7].
The underlying mechanism is determined by a complex dynamic interaction between the
hydrodynamic structure of the flow field, pressure field, transport of the reactants, and
propagation of the flame. This mechanism has not been studied completely.

When a swirling flow enters a combustion chamber through a region of sudden
expansion, it is subjected to the centrifugal instability. If the flow swirl is strong enough, a
vortex core breakdown occurs [8,9], which is known to be associated with a spiraling central
wake or a bubble-type recirculation zone. The vortex breakdown is often accompanied by a
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weak or strong precession of the vortex core [10]. Ruith et al. [11] and Akhmetov et al. [12]
suggested that unsteady flow dynamics associated with the strong precession of the vortex
core and intensive pressure pulsations correspond to a global mode of self-sustained
oscillations of the absolutely unstable flow. Currently, the precessing vortex core (PVC) is
attributed to the global hydrodynamic instability mode triggered by a permanent presence
of a reverse flow in the recirculation zone [13,14]. This mode corresponds to the rotating
coherent flow structure of the precessing vortex core with an unsteady meandering central
recirculation zone and the secondary helical vortex structures [15,16]. Recently, the mutual
influence of unstable flame dynamics and PVC has received much attention. The latter was
shown to affect flame stability and dynamics [17], thermoacoustic instabilities [18–23], and
the mixing process [24,25]. At the moment, only some qualitative conclusions are drawn,
while the quantitative impact of PVC on the above processes is still unclear. The major
issue to be explored is the efficient control of the PVC intensity to increase flame stability
for a more efficient performance of combustion chambers and reduction of unwanted
emissions. While detailed measurements in full-scale combustion chambers of gas turbines
are complicated and expensive, numerical eddy-resolving simulations have not yet reached
the required level [26]. Thus, the fundamental aspects of new technology implementation in
gas turbine combustors are analyzed in laboratory-scale burners that adequately simulate
the important features of real devices and allow detailed measurements and numerical
simulation of the basic processes.

Not only may the use of probes for the measurement in flames lead to local perturbations
of the flow, but it also significantly affects the conditions the entire flame stabilization [27,28].
Thus, optical methods have become widespread for the study of combustion processes
in model combustors. In recent years, a number of studies have been published on the
measurement of instantaneous velocity fields in combustion chambers of gas turbines using
particle image velocimetry (PIV) technique in order to study the effect of the unsteady flow
dynamics on flames stability and thermo-acoustic resonance. To analyze the interaction
of the velocity field with the flame front, the PIV method is applied simultaneously with
a planar laser-induced fluorescence (PLIF) method [29,30]. Such a combination allows to
obtain spatial distribution of velocity in a selected cross-section of the flow and visualize
the shape and location of chemical reaction zones. Thus, Boxx et al. [30] have shown that
the coherent flow structure, consisting of the PVC and secondary helical vortex structures,
promotes flame stability by enlarging the front surface. A number of significant contribu-
tions for a particular configuration of a Turbomeca swirler were obtained with PIV method
to study the isothermal and reacting flow regimes [31,32] as well as other experimental
techniques [33].

Over the last two decades, Large-eddy simulations (LES) have been intensively used
for the numerical simulation of swirling turbulent flow and flame in combustion chambers
to provide a detailed analysis of the physical and chemical phenomena [33–37], among
others. Terhaar et al. [25] performed a joint experimental and numerical study (PIV/LES)
of the non-reacting flow dynamics in a model combustion chamber with a swirling flow,
where a weak axial jet was injected through a hole in the swirler central body. It was found
that the central jet decreases in the intensity of the integral swirl leading to a change in the
flow structure and its dynamics. The axial jet shifts the recirculation region downstream and
reduces the intensity of the flow precession and its frequency. Similar attempts to control the
flow dynamics by perturbing the air flow rate have been reported in the literature [38–54].
However, in the reactive case, this effect may not be very straightforward.

In this paper, we systematically compare the effect of the central jet in isothermal
and reactive cases using a model combustion chamber. The paper is organized as follows.
Section 2 describes the experimental setup and flow regimes. Section 3 outlines the govern-
ing equations, computational code, and other numerical details. Section 4 demonstrates the
comparison of isothermal and reactive flow regimes and the results of statistical analysis.
The results of the paper are summarized in the Conclusions. The nomenclature used in the
paper is given in Abbreviations.
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2. Experimental Setup and Flow Regimes
2.1. Combustor

The present study is performed on a model gas–turbine combustor with optical
access [55], see Figure 1. The combustor includes a plenum chamber, radial swirler, com-
bustion chamber with observation windows made of fused silica, and an outlet contraction
nozzle. The observation windows of 100× 100 mm2 size are film-cooled by an air flow,
which is supported through a peripheral slot at the bottom of the combustion chamber. The
bottom wall of the chamber and the throat of the outlet nozzle are cooled inside by a water
flow. The experiments are performed at atmospheric pressure and normal temperature.
The swirler is based on a generic design by Turbomeca [56] characterized as a radial swirler
with 12 vanes. The fuel gas can be supplied through holes between the vanes to obtain
a well-mixed flow of fuel and air at the outlet of a swirler nozzle with the diameter of
D = 37 mm. There is a conical centerbody inside the nozzle, which has a cylindrical duct
inside for the injection of the fuel to organize a pilot flame. The inner diameter of the duct
is 5.8 mm. In the present study we compare isothermal and reacting flows with the fuel
supplied through the centerbody channel and between the vanes. The flow parameters are
provided in Table 1. The PIV measurements are conducted for Cases 1–3.

Photo of the model gas turbine combustor 3D sketch of the model gas turbine combustor

100x100 mm square

observation windows

Plenum chamber  with 

water cooling 

Combustor

Air inlet

Premixer

outlet nozzle

Air cooling 

inlet

Water cooling 

inlet

Fuel inlet

Figure 1. Photograph and 3D sketch of the model gas turbine combustor.
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Table 1. Description of flow cases with the corresponding values of air and fuel flow rates [L/min]
and bulk velocities [m/s].

Case Qmain
air Qmain

f uel Ub Qpilot
air Qpilot

f uel U pilot
b Type

Case 1 398 0 4.82 0 0 0 isothermal

Case 2 398 0 4.82 29.2 0 17.18 isothermal

Case 3 398 10.8 4.9 0 3.2 1.91 reacting

Case 4 398 10.8 4.9 26.0 3.2 17.18 reacting

2.2. PIV Measurements

The PIV approach is based on the registration of Mie laser radiation scattering on
tracer particles. Further, the cross-correlation function is calculated in the integration area
between a pair of frames registered for an adjusted time interval. The delay between the
pair of laser pulses determines the time interval, and the group displacement of particles
is determined from the position of the maximum of the cross-correlation function. As a
result, in each interrogation area a two-component velocity vector is calculated. A detailed
description of the PIV is presented in [57]. Investigations with similar PIV systems were
conducted in unconfined swirling flows and flames that were used in our previous studies
of flow with [16,58,59] and without [55,60,61] combustion.

During the experiments, the main air flow through the swirler was seeded by solid
TiO2 particles with the average size of ≈0.5 µm by using a mechanical mixer. The central
jet was not seeded by the tracers. The used stereo PIV system consisted of a double-head
pulsed Nd:YAG laser (Beamtech Vlite 200, 532 nm), a couple of CCD cameras, a TTL signal
generator (BNC model 575), and a PC with in-house ActualFlow software for capturing,
storing, and processing images. The main limitation for PIV measurements in high swirl
flows is the high out-of-plane velocity, which can lead to a loss of a particle on a pair of
images. To reduce this effect, a laser sheet with a thickness in the measurement region of
about 1 mm was used in combination with a short time delay between a pair of frames.
The delay between a pair of laser pulses was 15 µs. The used cameras (ImperX Bobcat IGV-
B2020, 4 Mpx, 8 bit) were equipped with optical lenses (Sigma 105 mm) with scheimpflug
adapters and band-pass optical filters (532± 5 nm). A plane calibration target with round
dots was mounted inside the chamber prior to the experiments for the spatial calibration
of the cameras. In the case of calculating the velocity fields, the background signal was
subtracted. The background signal was calculated by averaging the intensity values of each
pixel for all image sets.

The PIV images were processed by an adaptive iterative cross-correlation algorithm
with a continuous shift and deformation of interrogation windows [62]. The final inte-
gration area size was 32× 32 px with a 50% spatial overlap rate. The scale factor of the
PIV system was 30.2 px/mm. The final size of the interrogation areas was approximately
1.06 mm with a grid spacing of 0.53 mm, which is 2 vectors/mm vector resolution. The
maximum displacement of tracer particles between the pair of instantaneous images cor-
responded to approximately 8 px, whereas 0.1 px (or 1.5% of maximum velocity) was the
generally accepted accuracy for the experimental images. The vector fields were validated
by using a signal-to-noise criterion for the cross-correlation functions and a 3× 3 moving
average filter. Based on two mapping functions, which described the measurement plane
projection on the matrix of each camera and were obtained during calibration, a three-
component velocity field was reconstructed from each pair of the two-dimensional vector
field projections [63]. In order to minimize the peak locking error, the continuous shift and
deformation of the interrogation windows was used. As for calibration error minimization,
correction of the possible misalignment between the laser sheet and the target planes was
applied [64]. The mismatch between the actual marker positions on the calibration target
and marker coordinates in the obtained calibration model was less than 1 px. A total of
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1500 velocity snapshots were captured and averaged to obtain the time-averaged velocity
field and Reynolds stresses.

3. Computational Details

We employ Large-eddy simulations (LES) combined with Flamelet-generated manifold
(FGM) approach [65,66] with tabulated chemistry based on the flamelet/progress variable
framework. The governing equations are as follows:

∂ρ̄

∂t
+

∂ρ̄ũj

∂xj
= 0, (1)

∂ρ̄ũi
∂t

+
∂(ρ̄ũiũj)

∂xj
=

∂ p̄
∂xi

+
∂

∂xj

(
2µS̃D

ij − Rij

)
, (2)

∂ρ̄Ỹc

∂t
+

∂ρ̄ũjỸc

∂xj
=

∂

∂xj

[
ρ̄(D + Dt)

∂Ỹc

∂xj

]
+ ω̇Yc , (3)

∂ρ̄Z̃
∂t

+
∂(ρ̄ũjZ̃)

∂xj
=

∂

∂xj

[
ρ̄(D + Dt)

∂Z̃
∂xj

]
, (4)

where the overline corresponds to the spatial filtering and the tilde is the Favre-averaging
(e.g., ũi = ρui/ρ̄). Four transport equations describe the evolution of density ρ, velocity
components ũi, pressure p, progress variable Ỹc, and mixture fraction Z̃. The progress
variable is defined as Yc = 4YH2O/WH2O + 2YCO2 /WCO2 + 1/2YH2 /WH2 + YCO/WCO [67],
where Wi is the molecular weight of species i. The dynamic viscosity and diffusion co-
efficients are denoted as µ and D. The value Z̃ = 1 of the mixture fraction corresponds
to the fuel and Z̃ = 0 to the oxidizer. The subgrid-scale stresses Rij = ρ̄(ũiuj − ũiũj) are
expressed using the turbulent viscosity µt = ρνt and the WALE model [68]. The turbulent
diffusion coefficient is obtained using a constant turbulent Schmidt number Sct = 0.7 and
Dt = νt/Sct. The source term ω̇Yc is parametrized in a flamelet look-up table based on
preliminary Cantera [69] simulations of counterflow diffusion flames using the kinetic
mechanism GRI-Mech 3.0 [70], containing 325 reactions for 53 components of the mixture.

The open-source unstructured finite-volume code OpenFOAM [71] is used to compute
Equations (1)–(4) on a cell-centered collocated mesh. Second-order accurate central differenc-
ing schemes were utilized for spatial derivatives discretization for the momentum equation,
while for Ỹc and Z̃ equations upwind, second-order schemes were employed to ensure
monotonic properties of the solution. The second-order implicit Crank–Nicolson scheme
was used for time derivatives. The PIMPLE algorithm was used to couple pressure and
velocity fields. The time step was set as 1.5× 10−6 s and the maximum Courant number
varied from 0.73 to 0.88 for all the cases. Figure 2 shows the computational domain accord-
ing to the experimental setup. At the inflow we set the uniform velocity fields in agreement
with the flow, see Table 1. At the outflow we use the Neumann boundary conditions for
all the variables. For reacting flow simulations, the inlet area of main channels shown
in Figure 2 was divided by the x = const plane. The ratio of resulting areas is equal to
the volumetric flow rate of fuel Qmain

f uel to air Qmain
air . The upper sub-inlet was used for the

air flow, while the lower one was supplied with fuel with the volumetric flow rate set in
Table 1. We designed meshes based on hexahedra. Provided below are additional details.
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pilot jet

swirling jet

main channels

outflow
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θ

y
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z

Figure 2. Computational domain of the combustion chamber model and Cartesian and cylindrical
coordinate systems.

4. Results
4.1. Mesh Convergence

Figure 3 shows the results of the mesh convergence study for isothermal and reacting
cases without the central jet. The coarse mesh m1 contained 4.2× 106 control volumes
with approximately 130, 290, and 280 cells in radial, axial, and azimuthal directions. The
central area along the symmetry axis was subjected to the highly dense mesh due to
central jet effects. The refinement procedure, which splits each hexahedral cell of m1 in x
directions producing 2 smaller hexahedra, was employed in the critical area r/D < 0.8 and
−1 < x/D < 1, including the outer shear layer and part of the domain inside the nozzle.
The m2 mesh contained 5.4× 106 cells, serving as a compromise between accuracy and
overall simulation time. In the same region of interest as above, the m2 mesh was refined
in r and θ directions yielding 4 smaller cells and resulting in a m3 mesh with 13.4× 106

cells total. Meshes m1 and m2 were used for isothermal mesh convergence studies, while
m2 and m3 were utilized in reacting flow cases. These computational grids are visualized
in Figure 3 (bottom row). Figure 3 (top row) demonstrates a x-r plane in the near-nozzle
area, as well as the time-averaged axial velocity fields for the isothermal and reacting cases
without the central jet for Cases 1 and 3 documented in Table 1 with the corresponding
Fourier transform of the axial velocity signal. Both cases show that neither the size nor
shape of the recirculation zone is affected by the refinement procedure indicating mesh
convergence of the results. The results for the reacting case are slightly more sensitive to
refinement, demonstrating small changes of the flow inside the recirculating region. The
∆x+, ∆y+, ∆z+ distributions were computed and showed a gradual decline with mesh
refinement levels increasing, with values typically in the range from 1 to 25, reaching their
maximum near the outer radius of the swirler nozzle.



Energies 2022, 15, 1615 7 of 16

−0.5 0.0
−1.0

−0.5

0.0

0.5

m1

x/D

0.5

m2

−0.5 0.0 r/D

case1

−0.8

Ux
Ub

2.7

−0.5 0.0
−1.0

−0.5

0.0

0.5

x/D

r/D

case3

250
500
750

FFT
case1a.u.

1 2 3

50
100
150 case3

St

−0.8

Ux
Ub

2.7

Figure 3. Cell centers for m1 and m2 meshes are demonstrated in the near-nozzle area in the x-r
plane. Contour plots in the middle show the time-averaged axial velocity field for the isothermal
Case 1 (obtained on m1 and m2) and reacting Case 3 (obtained on m2 and m3) (see Table 1). The Fourier
transform of the axial velocity Ux/Ub signal in auxiliary units (a.u.) is presented for Case 1 (red—m1,
blue—m2) and Case 3 (red—m2, blue—m3), measured at 4 points defined as (x, r) = (0.13D, 0.40D)

(distributed by π/2 along θ direction). The bottom row provides a three-dimensional illustration of
m1, m2, and m3 meshes.

As mentioned in the Introduction, the strongly swirling jet is subjected to the formation
of PVC, which is analyzed below. However, Figure 3 also shows the Fourier transform of
the Ux/Ub signal in the inner shear layer for Case 1 and 3. The results for the isothermal
case show the peak corresponding to PVC with the Strouhal number St = f D/Ub = 0.98,
where f ≈ 127 Hz is the typical frequency in the signal. At the same time for the reacting
case, the dominant Strouhal number shifts to the value St ≈ 0.33.

4.2. No Central Jet

First, to validate experimental and numerical results, we show the comparison between
PIV and LES for the isothermal case with no central jet (see Case 1 in Table 1). Figure 4
demonstrates close agreement between experiments and simulations, especially for Ux. The
field of tangential velocity Uθ agrees well; however, experimental values are slightly lower
than numerical ones. The size and shape of the recirculation zone are well reproduced,
despite slight discrepancies in Ur at the bottom of the bubble. A comparison of streamwise
turbulent fluctuations u′xu′x is possible in the view of the experimental error of the measurements,
as well as the level of uncertainty due to the inflow conditions. Similar results show other
components of Reynolds stresses.

One may inspect the instantaneous velocity and pressure fields for the isothermal
case to understand the organization of vortical structures in the flow. Figure 5 shows three
velocity components and pressure in the same cross-section as above, together with stream-
lines. Note that negative axial velocity penetrates the nozzle due to a strong meandering
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recirculation zone. The streamlines highlight strong vortical structures zigzagging in the
inner shear layer.

−0.5 0.0
−1.0

−0.5

0.0

0.5
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x/D

0.5
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−0.5 0.0 r/D

−0.4

Ur
Ub

0.7 −1.0

Ux
Ub

2.4

−0.5 0.0
−1.0

−0.5

0.0

0.5

e

x/D

0.5

s

−0.5 0.0 r/D

−0.1
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Ub

2.0 0.0

u′xu′x
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b1.0

0.0 0.5
−1

1
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Ub

0.0 0.5
−1

1

Ux
Ub

r/D 0.0 0.5
−1

1

Uθ
Ub

0.0 0.5
0.0

0.5 u′xu′x
U2

b

r/D

Figure 4. Experimental (e) and numerical (s) time-averaged velocity components and streamwise
component of the Reynolds stresses in the x-r plane for the isothermal case with no central jet (see
Case 1 in Table 1). Bottom row presents mean profiles at x/D = 0.27 (LES—solid line, PIV—�
markers).

−0.5 0.0
−1.0

−0.5

0.0

0.5

x/D

−0.5 0.0 r/D

−1.0

Uy
Ub

1.0 −1.0

Ux
Ub

2.0

Figure 5. Instantaneous velocity and pressure fields for the isothermal case with no central jet (see
Case 1 in Table 1) are presented in the x-r plane to highlight the PVC near the nozzle. We employ
Cartesian coordinates, where (Ux, Uy, Uz) correspond to the streamwise, ‘radial’ and ‘azimuthal’
components in cylindrical coordinates (see Figure 2). The pressure field P is plotted with respect to
the pressure at the origin P0.

Figure 6 shows the time-averaged velocity fields and streamwise Reynolds stresses
from PIV and LES for the reacting flow regime corresponding to Case 3 (see Table 1).
A close agreement is observed for Ux, Uθ , while the radial velocity for PIV is notably
higher than for LES. Turbulent stresses distribution have better agreement near the swirler
nozzle. Nevertheless, streamlines for LES and PIV have similar patterns and the size
of the recirculation zone agrees well. In line with the isothermal results, we inspect the
instantaneous velocity and pressure fields for reactive flow without a strong central jet.
Figure 7 shows the three velocity components and pressure highlighting the effect of



Energies 2022, 15, 1615 9 of 16

combustion on the flow. Note a strong acceleration of the velocity fields as well as the
laminarization of shear layers. However, the streamlines still indicate a zigzagging large-
scale vortical structure in the inner shear layer.

−0.5 0.0
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0.5
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−0.5 0.0 r/D
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Figure 6. Experimental (e) and numerical (s) time-averaged velocity components and streamwise
component of the Reynolds stresses in the x-r plane for the reacting case with no central jet (see Case 3
in Table 1). Bottom row presents mean profiles at x/D = 0.27 (LES—solid line, PIV—�markers).

−0.5 0.0 0.5
−1.0

−0.5

0.0

0.5

x/D

−0.5 0.0 0.5r/D

−1.0

Uy
Ub

1.0 −1.0

Ux
Ub

3.0

Figure 7. Instantaneous velocity and pressure fields for the reacting case with no central jet (see
Case 3 in Table 1) are presented in the x-r plane to highlight the PVC near the nozzle. For this image
we employ Cartesian coordinates where (Ux, Uy, Uz) correspond to the streamwise, ‘radial’, and
‘azimuthal’ components in cylindrical coordinates (see Figure 2). The pressure field P is plotted with
respect to the pressure at the origin P0.

4.3. Central Jet Effect

In this subsection, we assess the effect of the central jet on the time-averaged, instanta-
neous, and spectral characteristics. Figure 8 compares the axial velocity fields of all four
cases. In the case of isothermal flow, the central jet penetrates the bubble, although it is
decaying already at x/D = 1. A long bubble induced by a central bluff body is altered and
replaced by a smaller secondary recirculation region attached to the nozzle spanning in the
region 0.1 < r/D < 0.3. However, negative axial velocity areas are still present inside the
nozzle together with intensive vortical structures which are analyzed below. At the same
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time, the comparison of the reacting Cases 3 and 4 shows that the strong central jet largely
impacts the recirculation zone vanishing the regions with negative axial velocity. Due to
chemical reactions, the presence of lightweight combustion products in the bubble let the
jet strongly penetrate along the axis of symmetry. The PVC is expected to be suppressed,
leaving smaller spiralling vortices due to a strong swirl in the inner shear layer.

−0.5 0.0
−1.0

−0.5

0.0

0.5

case 1

x/D

0.5

case 2

−0.5 0.0 0.5r/D
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Ux
Ub

3.2

−0.5 0.0
−1.0

−0.5

0.0

0.5

case 3

x/D

0.5

case 4

−0.5 0.0 0.5r/D

Figure 8. Comparison of all four cases without and with the central jet. Time-averaged and instanta-
neous axial velocity field for isothermal and reacting cases.

Figure 9 shows the isosurfaces of the pressure field for all isothermal and reacting
cases. This visualization reveals a large-scale coherent vortical structure, revealing that the
PVC is present mostly in the inner shear layer for Cases 1 and 3, while it is mainly present
between inner and outer jets for Cases 2 and 4. This spiralling vortex rotates around the
symmetry axis with the bulk swirl according to the non-dimensional frequency St ≈ 0.98
and 0.4 for Case 1 and Case 3, respectively. Spectral analysis indicates that the central jet
shifts the dominant frequency to higher values. We may speculate that, since the Strouhal
number doubles for Case 1 and 2, a low azimuthal wavenumber m = 1, which is significant
for Case 1, becomes less energetic for the case with the central jet (Case 2), where m = 2
becomes the dominant one. A similar shift takes place in the case of reactive flow regimes.

Figure 9. Pressure field isosurfaces are displayed for all considered cases.

4.4. Proper Orthogonal Decomposition

In this subsection, we perform the proper orthogonal decomposition [72] of the velocity
field for all four cases to quantify the contribution of the dominant vortical structures to
the overall turbulent fluctuations. The velocity field can be decomposed as follows:
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Ui(x, y, z, t) =
N

∑
k=1

ak(t)λkΦk,i(x, y, z), (5)

where ak describes the evolution of the mode k, the eigenvalue λk is the corresponding
turbulent kinetic energy, and Φk,i are the components of a particular eigenmode, see [73,74].
Both ak and Φk,i are orthonormal basis functions with corresponding normalization. The
procedure is performed using the standard SVD decomposition [75].

We perform POD in x-r and r-θ planes for all four cases. For brevity, we summarize the
results for r-θ plane at x/D ≈ 0.4, as it is useful to demonstrate cross-planes with a footprint
of a spiralling vortical structure. Figure 10 presents an FFT plot of the first 3 POD temporal
modes and Ux/Ub time-signal as in Figure 3 for each case. For Cases 1, 2, 3, and 4, the main
frequencies of the first temporal POD mode are St = 0.98, 2.13, 0.40, and 1.58, respectively.
For Cases 1 and 3, these values are close to the ones previously shown and discussed in
Figure 3. This suggests that the POD method correctly captured low-dimensional dynamics
of PVC. Figure 11 shows the comparison of POD spectra among all the cases, as well as the
first eigenmodes corresponding to the largest eigenvalue. The comparison of isothermal
cases show that without the central jet (Case 1), the dominant mode corresponding to
the PVC with the azimuthal wavenumber m = 1 contains approximately 27.3 % (the sum
of the first two eigenvalues) of the turbulent kinetic energy in the chosen cross-section.
The second pair (the sum of the third and fourth eigenvalues) contains around 12.2 % and
corresponds to the azimuthal wavenumber m = 2. On the other hand, with the central
jet (Case 2), the dominant eigenvalues are not quite explicit. Moreover, we observe a switch
between m = 1 and m = 2 modes. This is in line with recent observations of the competition
between the first and second azimuthal wavenumbers for an annular jet [76]. The first two
eigenvalues corresponding to m = 2 account for 18.1 % of the total energy. The second
pair reflecting m = 1 contains 9.5 %. The dominant frequency of the first temporal POD
mode for Case 2 can be observed in the spectra of Ux/Ub for the case without the central
jet as well (see Case 1 in Figure 10). This additionally confirms the switch from m = 1 to
m = 2 azimuthal modes for Case 2. A similar analysis of reacting cases shows that without
the central jet (Case 3), the first two eigenvalues correspond to m = 1 with 12.2 % of the
total energy, while the second pair has 6.6 % presenting m = 2. In Case 4, the central jet
destroys large-scale coherence, leading to dominant higher-frequency fluctuations. The
first pair of eigenvalues contains 11.6 % of the total energy, corresponding to a much higher
azimuthal wavenumber (m = 6), whereas the second pair has 6.3 % (m = 3). The main
frequency of the temporal POD mode in Case 4 is not that pronounced in the spectra of
Ux/Ub for the case without the central jet (see Case 3 in Figure 10) as it was for Cases 1 and
2. This, nevertheless, implies that the flow is substantially modified by the central jet and
azimuthal modes m = 1 and m = 2 in Case 3 are no longer present in Case 4, promoting
higher azimuthal waves (m = 3 and m = 6).

0
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100

1 2 3 4
0

100

case3

case4
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2
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2

1 2 3 4
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Figure 10. The spectra of (left) Ux/Ub time history for the same points as in Figure 3 and (right)
temporal POD modes # 1 (red), 2 (blue), 3 (orange) for all four cases and in auxiliary units (a.u.).
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Figure 11. The left plot shows the part of energy λ2
i / ∑ λ2

k and time-history a1(t) of a particular POD
mode #i for all cases. The right image demonstrates the spatial distribution of the axial component
Φ1,x(y, z) at the station x/D ≈ 0.4 for the largest eigenvalue for all cases. A dashed circle shows the
diameter of the nozzle D.

5. Conclusions

We conducted experimental and numerical simulations and presented results on
reacting flow dynamics in a model combustion chamber based on Turbomeca swirler
configuration with D = 37 mm by Large-eddy simulations (LES) and Particle image
velocimetry (PIV) at the Reynolds number Re = 15,000. We compared four regimes
of strongly swirling flow, assessing the effect of the central jet for isothermal and lean
reacting conditions. The results of LES are consistent with PIV, particularly for isothermal
conditions. We studied dynamic characteristics of the flow and observed intensive spiralling
vortical structures, including the precessing vortex core (PVC). The central jet slightly
changed the PVC dynamics in the isothermal case where a strong recirculation zone was
formed. Nonetheless, for the reacting case, the bubble was significantly altered with no
signs of PVC in the inner shear layer. Additional analysis using the proper orthogonal
decomposition (POD) showed that the central jet redistributes the turbulent kinetic energy
from the first azimuthal wavenumber to higher harmonics. This means that the global
instability seen in Cases 1 and 3 was essentially suppressed, leaving a stable flow and
increasing mixing in the shear layer (Cases 2 and 3).
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Abbreviations
The following abbreviations are used in this manuscript:

PVC Precessing vortex core
LES Large-eddy simulation
PIV Partice image velocimetry
PLIF Planar laser-induced fluorescence
FGM Flamelet-generated manifold
POD Proper orthogonal decomposition
(r, θ, x) Cylindrical coordiante system components
(x, y, z) Cartesian coordiante system components
D diameter of the swirler nozzle
µ dynamic viscosity
µt turbulent viscosity
f frequency in Hz
Ub bulk velocity calculated through the swirler nozzle
Upilot

b bulk velocity calculated through the pilot nozzle
St Strouhal number
Qmain

air volumetric flow rate for air supplied in the air channel
Qpilot

f uel volumetric flow rate for fuel supplied in the pilot nozzle
ρ density
ui velocity component
p pressure
Yc progress variable
Z mixture fraction
ui time-averaged velocity component
ũi Favre-averaged velocity component
Rij subgrid-scale stresses tensor
Sct Schmidt number
m POD mode
λm energy in m POD mode
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