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Abstract: Lean premixed combustion technology became state of the art in recent heavy-duty gas
turbines and aeroengines. In combustion chambers operating under fuel-lean conditions, unsteady
heat release can augment pressure amplitudes, resulting in component engine damages. In order to
achieve deeper knowledge concerning combustion instabilities, it is necessary to analyze in detail
combustion processes. The current study supports this by conducting a numerical investigation
of combustion in a premixed swirl-stabilized methane burner with operating conditions taken
from experimental data that were recently published. It is a follow-up of a previous paper from
Farisco et al., 2019 where a different combustion configuration was studied. The commercial code
ANSYS Fluent has been used with the aim to perform steady and transient calculations via Large Eddy
Simulation (LES) of the current confined methane combustor. A validation of the numerical data has
been performed against the available experiments. In this study, the numerical temperature profiles
have been compared with the measurements. The heat release parameter has been experimentally
and numerically estimated in order to point out the position of the main reaction zone. Several
turbulence and combustion models have been investigated with the aim to come into accord with the
experiments. The outcome showed that the combustion model Flamelet Generated Manifold (FGM)
with the k-ω turbulence model was able to correctly simulate flame lift-off.

Keywords: confined swirl stabilized burner; CFD; combustion

1. Introduction

The correct modelling of the flow field in lean premixed combustors requires a deep
understanding of the phenomena directly resulting in instability. It is, therefore, necessary
to know the thermo-chemical processes that are influencing the main reaction zone in order
to obtain more insight into the prediction of lean combustion.

The flow field in swirl-stabilized combustors was investigated and explained in dif-
ferent papers (see [1,2]). The first cited work reviewed the knowledge gained on vortex
breakdown over the past 45 years. The paper was divided in three subsections (experimen-
tal, numerical and theoretical) where a clear structure of the flow pattern was underlined.

The next cited study [2] described in detail the main parameters influencing industrial
dry-low emission (DLE) swirl-stabilized combustors. The authors outlined also the progress
concerning numerical investigations of swirl-stabilized combustion.

One of the most common method used for the measurement of heat release concerns
the analysis of OH* radical chemiluminescence in the flame [3,4]. A large amount of
research [5–8] has been carried out to provide an overview of different techniques applied
to analyze the flame dynamics. Chemiluminescence has proved to be an efficient method for
investigating global heat release fluctuations (see [9,10]). Balachandran et al. [9] performed
measurements of heat release with OH* and CH* chemiluminescence pointing out that
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the global heat release estimated for both chemiluminescence parameters was in good
agreement with respect to magnitude and phase. The work of Greiffenhagen et al. [10]
investigated Laser Interferometric Vibrometry (LIV) as an addition to chemiluminescence in
order to analyze heat release perturbations in the flame. Laser Interferometric Vibrometry
(LIV) records directly the time derivative of density fluctuations along the laser beam path
in unconfined and confined flames. Local measurements are obtained from integrals data
by tomography or Abel inversion (Greiffenhagen et al. [11]). Numerical RANS (Reynolds
Averaged Navier–Stokes) simulations have been presented in [12] for the same geometry
analyzed in [10].

Detailed models and up to date experimental techniques are required to estimate
combustor capabilities [13]. In the previous paper [13], the authors underlined the im-
portance of an optimal three-step global reaction mechanism for methane-air mixtures
that were used in their numerical analysis. Review papers by [13–15] present recent nu-
merical progress related to the evaluation of swirl-stabilized flames. In [14] few swirl
stabilized burner configurations have been investigated by comparing several turbulence
models such as the standard k-ε model, the RNG k-ε model and the Realizable k-ε model.
The authors observed that the calculations predicted correctly the experimental profile
shapes; in particular, the application of RNG k-ε carried out a slight advantage compared
to Realizable k-ε.

The work of [15] described the derivation of a Flamelet Generated Manifold model
and its use for turbulent flames with Large Eddy Simulation (LES) and RANS. The flame
front was modeled in these cases through the Probability Density Function (PDF) approach
that takes into consideration non-equilibrium aspects [16]. The results pointed out that this
chemical method is an accurate technique for modeling premixed combustion. In the work
of [16], the authors proved also that the transient Scale Adaptive Simulation (SAS) model
was capable for depicting the trademark of the unsteady flame in a more accurate manner
compared to RANS.

However, accurate RANS flow simulations represent a standard tool applied within
industrial design process suitable to reproduce the main flow characteristics using less
computational time compared to LES or Detached Eddy Simulation (DES) methods.

This paper combines an analysis of several turbulence and combustion models of
diverse complexity. The model’s capability to reproduce the characteristics of the investi-
gated combustor is studied. The CFD code Ansys Fluent v2020 R1 is used in the current
study and is applied as combustion models with respect to the Eddy Dissipation Model
(EDM) developed by Magnussen and Hjeertager [17], Steady Laminar Flamelet model
(SLF) [18] and Flamelet Generated Manifold (FGM).

The scope of this work is to identify the most accurate combustion and turbulence
model able to predict the correct behavior of the investigated combustor by using the
estimation of temperature contours and species concentration.

This study is a follow-up of the paper of Farisco et al. [12] where a steady numerical
analysis was performed with a different combustor compared to the current confined one
in order to see if the results can be improved.

The current RANS (Reynolds Averaged Navier Stokes) numerical procedure is the
same compared to [12]. Whereas in [12], the unconfined burner could not be correctly
reproduced by any turbulence or combustion models, in the current confined case, the sim-
ulations will show a better agreement with the experimental data available. Furthermore,
in this study, the results obtained by an unsteady investigation via Large Eddy Simulation
(LES) of the confined combustor are also included. The outcomes of this research could be
used as baseline for further industrial applications. Nevertheless, more research needs to
be performed with a focus on understanding the complex flow effects and limitations of
combustion models.
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2. Combustor Domain Investigated

The numerical domain represents the geometry used for the experiments. The data
were obtained on a lean, swirl-stabilized methane combustor with a cylindrical confinement
under atmospherically conditions. A quartzglass cylinder was used with a height of
210 mm, an outer diameter of 120 mm and a wall thickness of 3 mm. The thermal power of
the combustor was 3.44 kW and the mean equivalence ratio had the value of 0.88. Figure 1
presents the configuration of the confined configuration investigated. The burner (outer
diameter of D = 18 mm) consists of a premixed axial and tangential line and a cooling air
supply (see Greiffenhagen et al., 2020 [19]).The tangential air is premixed with the fuel
and is then transferred into the inner area of the methane burner by a swirler consisting
of 32 feed lines with a tangential alignment. The fuel-oxidizer mixture streams swirl into
the combustion chamber, and it is ignited. The axial and radial pressure gradients that
are produced by this swirling flow into the combustion chamber, create a recirculation
zone which reduces the turbulent flow speed of the injected mixture compared to the
flame speed. This effect operates as a stabilizing mechanism where the flame can burn
at a fixed location, and additionally it guarantees that sufficient heat is available to ignite
the upcoming fuel-oxidizer mixture. A swirl number value of 0.53 is obtained, taking into
account the formulation of Candel et al. (2014) [20].

Figure 1. Schematic burner section.

Swirl Flow Structure

To clearly understand the outcomes of this work, a short description of the flow
structures present in a swirl stabilized flame is provided. The flow field produces (see
Figure 2) an outer recirculation zone (ORZ) that is a toroidal recirculating area due to
the fast evolution of the nozzle into the combustor; an inner recirculation zone (IRZ or
vortex breakdown) related to the vortex breakdown characterized by stagnation points and
reversing flows that increases flame stabilization; and the high velocity annular fluid jet
delimited by the inner and outer shear layers.Velocity perturbations modify the speed of
this annular jet, resulting in oscillations of the flame. Another common type of a coherent
vortex in swirl flames is the precessing vortex core (PVC) (see Figure 3). It develops when a
central vortex core starts to precess around the axis of symmetry at a certain frequency [21].
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Figure 2. Vortex core overview. (left) current combustor; (right) sketch of flow patterns in a confined,
premixed swirl stabilized combustor [22].

Figure 3. Vortex structure of PVC [21].

3. Experimental Setup

Experimental data are taken from a published study (see [19]). For more details
concerning the LIV measurement technique and equipment, refer to papers [11,19].

4. Mesh Generation

Several meshes are performed within this work, and a mesh independency study is
carried out. The commercial tools ANSYS mesher and ICEM are used in order to generate
meshes. Figure 4 underlines the numerical domain of the confined combustor analyzed in
the simulations.

The coarsest mesh is obtained with a first cell-center positioned at a non-dimensional
wall distance of y+ = 3. It consists of 4,165,157 cells, and it is refined in order to investigate
the sensitivity of the numerical results. In addition to the coarsest mesh, two other refined
meshes are generated. The one with y+ = 2 has 1.5 times the number of nodes in each
segment, and the y+ = 1 mesh has two times the number of nodes. However, mesh
independency is obtained with the coarsest mesh used. Simulations with cold flow and
the RNG k-ε and k-ω turbulence models are performed with all meshes analyzed. The
swirl number and the axial velocity profiles are used to investigate the behavior of different
refined meshes.
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Figure 4. Sketch of the combustor and computational domain.

The simplified form of the swirl number equation is taken according to the exper-
iments [8,20]. The same method for the calculation of the swirl number applied in the
experiments is used also in the numerics to obtain a more accurate comparison between the
two approaches. For the swirl number analysis, the simplified swirl number is calculated
at two different distances, respectively: a quarter and half of the inlet diameter D. In order
to obtain it, velocity profiles are extracted from line sampling in the x and y directions. The
integration of absolute velocity values is performed by using a Riemann sum. The results
of this integration are used for calculating the swirl number. A value of swirl number is
obtained for an x-parallel line of samples and for the y-parallel line, then an averaging of
both values is performed (as shown in Equations (1)–(3)). The suggestions shown in the
literature [7] have been used to select the burner exit diameter as an integral boundary.

Sx =
2
∫ D

2
0 vwx2dx

D
∫ D

2
0 w2xdx

(1)

Sy =
2
∫ D

2
0 uwy2dy

D
∫ D

2
0 w2ydy

(2)

S =
Sx + Sy

2
(3)

For the cold flow simulations, the averaged swirl numbers obtained with the coarsest mesh
y+ = 3 and with the finer mesh y+ = 1 with both RNG k-ε and k-ω turbulence models are
presented in Tables 1 and 2 at both D/4 and D/2 calculated distances. It can be observed
that the higher swirl numbers are reached by the coarsest mesh with y+ = 3. Figure 5 shows
the axial velocity profile on the middle plane for the k-ε model with y+ = 3 mesh (on the left
side) and k-ε with y+ = 1 mesh (on the right side). This parameter underlines, for the k-ε
model with the y+ = 3 mesh, a flow type II according with respect to the nomenclature of
the International Flame Research Foundation. This case presents a V-shaped or M-shaped
expansion of the flame with an angle of about 40◦, pointing out a similar trend as observed
in the measurements (for more details see the section “Results”). Instead, the axial velocity
profile for the k-ε with the y+ = 1 mesh shows a type of flow quite different and more
similar to a flow type I. For this reason, the coarsest mesh with y+ = 3 is chosen because the
swirl is slightly better conserved along the burner exit region with values slightly higher
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and closer to the experiments, and it guarantees less numerical time compared to the finer
meshes generated.

Figure 5. Axial velocity field comparison between k-ε y+ = 3 (left) and k-ε y+ = 1 (right).

Table 1. Cold flow case with y+ = 3.

y+ = 3 k-ε k-ω

S− D/4 0.5684 0.4548
S− D/2 0.53625 0.54065

Table 2. Cold flow case with y+ = 1.

y+ = 1 k-ε k-ω

S− D/4 0.48035 0.4278
S− D/2 0.43935 0.40995

A detail of the mesh used for the simulations is shown in Figure 6. A hybrid mesh is
proposed for a better resolution of the domain. In order to decrease computational time, a
reduced domain consisting of the entire hexahedral cylindrical exit burner is adopted for
the combustion simulations.

Figure 6. View of the chosen mesh.

The cell structure applied in the generated meshes is presented in Figure 6. In the area
where the flame occurs, which is influenced by high velocity and temperature gradients,
hexahedral cells are used to ensure high numerical reliability. The hex-cells produce
reduced numerical dissipation compared to the tetrahedral cell shape, seeing that they are
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aligned with the flow direction and they decrease the number of cells (the reader is referred
to [13]). Due to the fact that the region inside the burner is represented by a configuration
with the swirler consisting of small tubes, it is modelled using tetrahedral cells. This mesh
is also used in the transient simulation. An approximate estimation for the integral length
scale l0 could be evaluated using k, ε and ω values from the RANS simulations. In order
to resolve an eddy with a length scale l, it is necessary to have a couple of cells in each
direction. Then, a resolution of the eddies with sizes larger than half size of the integral
length scale (l0/2) is required to obtain 80% of the turbulent kinetic energy (as stated
in [23,24]). Approximately five cells are needed across the integral length scale l0 [23], and
the current mesh is also used in the unsteady simulation presented this feature.

5. Numerical Approach

In this work, the RANS numerical method is applied through the CFD code ANSYS
Fluent to identify the main flow features within the cold flow and combustion processes.
The simulations are performed in such a manner that the effects of the turbulence model
are isolated. The SIMPLE method is used pressure–velocity coupling. The segregated
solver is applied since partially premixed models do not allow the use of the coupled
one. Concerning spatial discretization, the second order upwind scheme is preferred
over the quadratic upwind scheme QUICK for the turbulent kinetic energy, momentum
and specific dissipation rate in order to ensure a smoother simulation trend. The Peclet
number is calculated as the ratio of the hyperbolic part of the Navier–Stokes equations
relative to the parabolic part and using the first cell height for each mesh elaborated. The
minimum value computed is 70, which indicates a considerable amount of advection.
Pressure discretization type PRESTO is used. The Reynolds number 2554 is calculated
based on inlet conditions. The convergence obtained with several parameters, such as
velocity, temperature, CH4 and CO2 species, is detected through monitor points that are
positioned at few locations close to the burner’s exit.

FGM with premixed flamelets approach is also applied for transient simulation since it
shows accurate results in RANS simulations and ensures reduced computational time. The
SIMPLE approach for pressure-velocity coupling is considered. For LES, the Subgrid-Scale
model (SGS) Kinetic Energy Transport is applied since it ensures lower computational cost,
and it should be suitable for flows with strong recirculation zones. For the LES numerical
simulation, a time step of ∆t = 0.000025 s is taken with a time duration up to 0.75 s.

5.1. Boundary Conditions Applied

The numerical boundary conditions are derived by the measurements in order to
ensure a validation of the numerics against the experimental data available. The mean
equivalence ratio of Φ = 1

λ = 0.88 (λ set as fixed air excess parameter) and a constant thermal
power of Pth = 3.44 kW are considered for the current numerical study. For cold flow calcu-
lations, the density is maintained constant, while it has an effect in the combustion process.
The following values are taken for the mass flows: ṁCH4 = 0.068 g/s, ṁax = 0.705 g/s,
ṁtan = 0.628 g/s and ṁcooling = 1.2 g/s, matching the experimental values. The domain is
specified by setting mass flow and total temperature at the inlets and atmospheric pressure
at the burner’s outlet. Concerning the smaller region used for combustion simulations,
one inlet mass flow is assigned in the axial direction consisting of premixed fuel, axial
and tangential air. For the LES case, a forced response approach has been also used in
the simulations, imposing a pressure wave excitation at the inlet of the combustor. The
signal applied is a sine signal. Due to the fact that at a perturbation frequency of 225 Hz,
a sharp peak of thermo-acoustic oscillations was recorded during the measurements, the
same excitation frequency has been used also in the simulations. The formula applied for
the mass flow fluctuations at the geometry inlet is shown in Equation (4) .

ṁ′ = 0.001366 + 0.000035025sin(2π × 225× t) (4)
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The fluctuating mass flow value of 0.000035025 represents almost 3% of the constant
mass flow term 0.001366. Pressure signals have been recorded at various points along
the flow path during numerical calculations. The walls of the combustor have been set
as diabatic taking the same glass temperature measured in the experiments. The Discrete
Ordinates (DO) model is also applied to include the thermal radiation. Enhanced wall
treatment is adopted as model for the flow near the wall (see [24,25]) assigning the value
y+ = 3 along the burner walls.

5.2. Turbulence-Chemistry Models

Many elementary reactions and species are included within the methane-air combus-
tion. In order to lower computational effort in CFD combustion calculations, the species
number has to be reduced. In order to describe the chemistry of methane-air mixtures, sev-
eral reaction mechanisms are available in literature. The two-step mechanism introduced
by Westbrook [26] is applied for the ED model in this work. The GRI-3.0 detailed mecha-
nism of methane-air combustion is also adopted for the cases with flamelets formulation.
This last chemical method is described by Smith et al. [27] for hydrocarbon combustion
and is further verified in the literature.

Within the current study, the Eddy Dissipation Model was analyzed, and the outcomes
are compared against FGM and SLF flamelet approaches.

Laminar flames are used to model the turbulent flame front in the flamelet formu-
lations. Density, temperature and species concentration are obtained as results of the
equations in every location of the laminar flamelet main reaction zone. The mixture frac-
tion and scalar dissipation are used as main parameters to define the concentrations of fuel
and oxidant. A Probability Density Function (PDF) combines instantaneous temperature
and species values obtained from flamelet calculation with the turbulent flow [24]. For
this study, both premixed and diffusion flamelets are selected to calculate the flamelet
manifold. Finite Rate is used for the progress variable source. The turbulence-chemistry
interaction approach in FGM is described by the variances of the progress variable and
mixture fraction.

6. Results
6.1. Cold Flow

For the cold flow case, a converged solution with RNG k-ε turbulence model is
obtained. RNG k-ε turbulence model with enhanced wall treatment is chosen because it
is suited low Reynolds flows. Figure 7 shows the velocity magnitude profile for the cold
flow along the middle plane. The radial section of the velocity field is introduced for all
cold flow and combustion simulations due to its axial symmetry (x = 0 burner axis). With
a similar but unconfined burner geometry, different turbulence and combustion models
were already investigated in Fluent by Farisco et al. [12].

Figure 7. Velocity magnitude profile for the cold flow case with RNG k-ε turbulence model.
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The swirl-induced jet opening at the exit burner area produces a narrow shape of
the velocity magnitude profile. The highest velocity values of around U = 7.5 m/s are
observed up to d = 10 mm above the burner. The velocity in the cold flow is reduced to
U = 3 m/s beyond d = 15 mm above the burner, due to the lack of combustion processes
that would cause a gas expansion in this region with enhanced absolute and tangential
velocities. The numerical cold flow velocity profile is placed in line with the central
axis in contrast with the cases with combustion. This is related to the fact that in the
hot cases, the coming flow is accelerated and diverted at the flame front. The density
differences between reactants and products and the entering swirl angle flow influence
this flow deflection in the combustion process. For the cold flow simulation with RNG k-ε
turbulence model, the averaged swirl number obtained is presented in Table 1. Figure 8a
presents the cold flow axial velocity profile along the middle plane and at the burner exit
(inlet plane for the combustion simulations). In Figure 8b, the 2D axial velocity profile
is shown along a line taken at the burner exit plane. Figure 9a underlines the velocity
magnitude contour obtained along a z-plane 5 mm above the nozzle opening. The 2D
plot observed in Figure 9b points out the velocity trend along the black line shown in
Figure 9a on the z-plane = 5 mm. The velocity magnitude reaches the highest values of
about 7.5 m/s in the simulations, and it represents a good approximation compared to
the measurements. The velocity magnitude U = (7.67 ± 0.03) m/s has been recorded also
in the experiments (with DANTEC Dynamics CTA module 91C10, three components at
150 kS/s, StreameWare Pro Software and DANTEC PRO Calibrator) for the cold flow case
at the same plane 5 mm above the nozzle opening. For this reason this current result is
used as input for the following combustion simulations.

Figure 8. Axial velocity profile for the cold flow case with RNG k-ε turbulence model (a) and axial profile 2D plot set at the
inlet of the combustion simulations (b).
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Figure 9. Velocity magnitude profile for the cold flow case with RNG k-ε turbulence model at the z-plane = 5 mm (a) and
velocity magnitude profile 2D plot along the black line on z-plane = 5 mm (b).

6.2. Hot Flow Using Combustion Models

Concerning the combustion models, the Eddy Dissipation Model (EDM), the Steady
Flamelet (SF) partially premixed model and Flamelet Generated Manifold (FGM) model
with both premixed and diffusion flamelets approaches are applied. Each one of the
combustion models is used in combination with the following turbulence models: RNG
k-ε with enhanced wall treatment, k-ω and k-ω SST with low Reynolds corrections.

Table 3 points out the swirl number values calculated for all combustion and turbu-
lence models used. The Steady Flamelet approach shows overall the lowest swirl number
values compared with all turbulence models. Both EDM and FGM present similar swirl
numbers for the k-ε and SST models with lower values than in the experimental case.
EDM and FGM with both premixed and diffusion flamelets with k-ω turbulence model
conserve swirls along the entire axial direction, showing an accurate approximation with
experimental values. For this reason, velocity contour plots for EDM and FGM are shown
in this study. FGM with premixed flamelets is chosen instead of FGM with diffusion
flamelets because both models did not show substantial differences.

Table 3. Swirl number for the combustion and turbulence models analyzed.

Eddy Dissipation k-ε k-ω SST

S 0.38505 0.605785 0.3929925

Steady Flamelet k-ε k-ω SST

S 0.36569 0.27741 0.36799

FGM Premixed
Flamelet k-ε k-ω SST

S 0.378645 0.5313975 0.3744125

FGM Diffusion
Flamelet k-ε k-ω SST

S 0.3799175 0.523415 0.374775

Combustion data were available and comparisons with experiments were carried out
for temperature and heat release contours. As first, the temperature and heat release con-
tours for the FGM are presented, because the swirl numbers calculated for this combustion
model and k-ω represent the closest approximation to the experimental values. Figure 10
shows the numerical temperature profiles for LES and for FGM with both k-ε and k-ω
compared with the experimental data in Figure 10a. The temperature contours for FGM
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and k-ω SST turbulence models are omitted because they present a similar behavior and
swirl number value compared to the k-ε model.

Figure 10. Flow comparison-temperature profile shown for (a) experiments, (b) FGM premixed with RNG k-ε, (c) FGM
premixed with k-ω and (d) LES.

In order to obtain a temperature profile more accurate and similar to the experiments
in the numerics, a radiation model was added to the already converged FGM simulation
with premixed flamelet. In order to define which radiation model to use, the optical
thickness parameter was taken into account:

OpTh = αL (5)

where α = (−ln(1− ε))/S stands for a representative absorption, and L is the characteristic
length of the combustor. Domain emissivity is represented by ε, and S is a geometric param-
eter of the domain (S = V/A) with V being the total volume of the domain, and A being
the total surface of the domain. After evaluating the optical thickness as OpTh = 0.049046
(the emissivity taken from the quartz glass that was used for the confinement in the
experiments), model Discrete Ordinates (DOs) were chosen since it requires OpTh < 1.

The numerical temperature fields present maximum values that are higher compared
to the experimental investigation. The reason could be related to the simulated combustion
process where simplified and limited chemical reactions need to be taken into account
due to computational efforts. During the simulations, it was observed that the radiation
model DO decreased the temperature to about 100 ◦C compared to the case with adiabatic
walls. Moreover, in the measurements, the energy loss due to radiation was only 3% (see
as reference page 323 of [10]). For this reason, it would be more effective in correctly
simulating heat loss through the walls. In this study, a fixed temperature wall with value
taken from the experiments was set, but it would be necessary to perform a Conjugate
Heat Transfrer (CHT) analysis as the next step.

The main difference that is observed between Figure 10b,c is related to the flame shape.
The k-ε model produces a V-flame attached, and the k-ω model generates a detached flame
with M-shape. All simulations present a flow type II generating a V-shaped or M-shaped
flame with angle of about 45◦ pointing out a similar trend as in the experiments shown in
Figure 10a.

The averaged temperature profile for LES in Figure 10d shows also a flame with an
overall accurate shape and trend compared to the experiments. The region located at an
axial distance from the burner above d = 10–20 mm shows the highest temperature values
compared to the experiments. This area represents the main reaction zone.

As already shown in the section “Swirl flow structure,” due to velocity and pressure,
differences significant vortex structures form, and a vortex spiral evolves from the shear
layer. This is related to the Kelvin–Helmoltz instability. This vortex turns around the
centerline before breaking into small fragments. Figure 11 (left) presents a slice cut along
the symmetry axis with temperature as contour for the LES simulation and isosurfaces at a
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temperature of T = 1600 ◦C. Figure 11 (right) presents a slice cut along the symmetry axis
with vorticity magnitude as contour for LES and isosurfaces at a vorticity magnitude of
ω = 2000 s−1. LES provides better accuracy in terms of larger vortex structure resolution,
as already observed in Figure 10d. The toroidal Kelvin–Helmholtz vortices are observed
clearly around the central axis. The LES simulation presents the development of large
eddies and toroidal isosurfaces that rapidly transition into small vortex fragments.

Figure 11. Snapshot of isosurfaces at temperature T = 1600 ◦C (left) and isovorticity surface ω = 2000 s−1 (right) for LES.

Next, the flame’s chemiluminescence is taken in order to characterize the overall
structure of the flame. The heat release in the numerics has different units compared to
OH* emission in the experiments. For this reason, a relative value in the simulations is
calculated, and a qualitative comparison between the numerical results and the experiments
can be carried out. For the simulations, the total heat release relative profile is shown in
order to allow a clearer comparison of the main reaction zone position between numerics
and experiments.

In Figure 12a, the local amplitude of OH* chemiluminescence emission is presented
as recorded for [19]. Local data were derived from experimental line-of-sight-data by Abel
transform. OH* chemiluminescence resembles heat release [28]. As already discussed
in Section 5.2, the RANS simulation results represent steady flow, and they are obtained
as the baseline for the LES simulation, where pressure fluctuations were also considered,
as in the experiments. Thus, LES represents the final numerical step that also includes a
perturbation frequency of 225 Hz. Figure 12a shows a maximum of heat release located at
about x = 8 mm. In the numerics, the total heat release that corresponds to the temperature
contour is shown for the FGM test case with both k-ε and k-ω in Figure 12b,c and for
LES in Figure 12d. In LES in Figure 12d, the highest heat release values are located in a
similar position compared to the measurements. Thus, the LES simulation shows the most
accurate flow behaviour and stabilization mode compared to the experiments. Concerning
the RANS simulations, one reason that could explain the performance of the k-ω model is
related to the new formulation of the Wilcox model implemented in ANSYS Fluent that has
reduced the dependency of the model to freestream. Production terms have been added to
both the k and ω equations, which have improved the accuracy of the model for predicting
free shear flows. A low Reynolds number modification term was also enabled in this setup
for the k-ω model because the low Reynolds number term can result in a delayed onset of
the boundary layer transition and, therefore, constitute a quite accurate model for laminar
to turbulent transitions.

A RNG model was also chosen for the k-ε approach because it has shown substantial
improvements over the standard model where the flow features include strong streamline
curvature, vortices and rotation. This model would provide probably the best estimation
for a strong swirl flow, whereas the present burner points out a moderate swirl.
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Figure 12. Flow comparison heat release profile shown for (a) OH* chemiluminescence experiments, (b) FGM premixed
with RNG k-ε, (c) FGM premixed with k-ω and (d) LES.

A progress variable and its variances are added to the mixture fraction in the nu-
merical formulation of FGM model. These included parameters can affect the location
of the flame in the numerics. It is notable that the same RANS procedure applied to an
unconfined burner resulted in much higher temperature values (see paper of Farisco et
al. [12]). This outcome could be related to fact that the solver was not able to simulate
correctly a sufficient entrainment of fresh ambient air that cools down the mixture in an
unconfined configuration.

Figures 13 and 14 present the axial and tangential velocity profiles and streamlines
for the simulations with the EDM and the three turbulence models analyzed in this study,
RNG k-ε, k-ω and k-ω SST, with low Reynolds corrections. Both axial and tangential
velocity components are also shown because the swirl number depends on the ratio of
these parameters.

Figure 13 points out a similar axial velocity shape for the turbulence models k-ε and
SST with higher overall values for the k-ε model. The k-ω model presents the core of the
vortical structure (C) highlighted in Figure 13b located at higher axial distance from the
burner exit compared with the other two turbulence models. This behavior underlines the
flame lift-off in the k-ω model.

In Figure 14 the tangential velocity plots do not show significant differences between
the different turbulence models, highlighting the negative velocity values within the inner
recirculation zone.

A similar trend for the axial velocity contours is presented in Figure 15 for the FGM
premixed flamelet model with several turbulence models investigated. The highest veloci-
ties in FGM k-ω are reached further downstream above d = 20 mm compared to Figure 13b.
On the contrary, the other two models show the highest velocity close to the burner axis up
to d = 15 mm. This results in lower swirl numbers evaluated for the k-ε and SST models
compared to k-ω. The tangential velocity component for the FGM model is omitted because
it shows the same trend that is already observed in Figure 14 for the ED model.
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Figure 13. Flow comparisons-axial velocity profile shown for the combustion model ED and different
turbulence models: (a) RNG k-ε, (b) k-ω and (c) SST.

Figure 14. Flow comparisons-tangential velocity profile shown for the combustion model ED and
different turbulence models: (a) RNG k-ε, (b) k-ω and (c) SST.

Figure 15. Flow comparisons-axial velocity profile shown for FGM premixed and different turbulence
models: (a) RNG k-ε, (b) k-ω and (c) SST.

Figure 16 shows the velocity magnitude profile for the simulations with EDM and
FGM. Figure 16a,b present the velocity magnitude contour for EDM with RNG k-ε and k-ω.
The SST turbulence model is now neglected since it is a combination of the two previous
cited models, and its results did not present substantial differences compared with the
other models.

In EDM with both k-ε and k-ω models, the main reaction zone is located near the
central axis along the burner exit. This can be explained by the fact that the ED model is
based on the fast chemistry approach where the reaction starts as the reactants come into
contact. The area with the lowest velocity values around the central burner axis represents
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the inner recirculation zone or vortex breakdown region. K-ε in Figure 16a presents higher
velocity magnitude in the range d = 5–15 mm compared to k-ω in Figure 16b.

Figure 16c,d present the absolute velocity contour for FGM model also with k-ε and
k-ω. K-ε model points out a similar behaviour for both combustion models ED and FGM. K-
ω model underlines in FGM a wider main reaction zone located at higher axial distance (in
the range between d = 10–25 mm) that is extended until the burner axis in Figure 16d. FGM
with k-ω shows also the core of the vortical structure (C) located at higher axial distance
from the burner exit compared to the other cases. It can be clearly observed that the
simulations show a flow of type II according to the nomenclature of the International Flame
Research Foundation with stabilization at the inner recirculation producing a V-shaped
or M-shaped expansion of the flame with an angle of 45◦. Figure 11 taken from the study
of [19] also presents the different flow types observed in the combustor confined analysed
in the current paper compared to an unconfined case. These results were obtained via
Density Tagging Velocimetry (DVT) and show the difference in inner recirculation between
the confined flame analysed in the current paper and the unconfined flame. We observe
that the confined case has a stronger inner recirculation zone compared to the unconfined
case. This type of flow has been already observed in Figure 12a, where the position of heat
release underlines also an expansion of the flame with an angle of about 40◦.

Both experiments and simulations show in the current confined case a type II of flow
with stabilization at the inner recirculation.

Figure 16. Velocity magnitude profile for combustion model ED with (a) RNG k-ε, (b) k-ω and FGM with (c) RNG k-ε and
(d) k-ω.

7. Conclusions

The commercial CFD code ANSYS Fluent is used in this investigation to analyze
a confined swirl stabilized combustor configuration. Several different turbulence and
combustion models were compared, and the numerical outcomes were validated against
available experimental data. The current study represents a follow-up work of the paper of
Farisco et al. [12], where the same RANS numerical procedure was applied to a different
unconfined combustor. In that case, no turbulence and combustion models were able to
correctly predict the type of flow and stabilization mode of the flame, and the predicted
temperature values were too high compared to the experiments.

In the present work, a better agreement was found. Steady and unsteady calculations
were carried out with the aim to validate the combustion model’s performances by examin-
ing temperature and heat release profiles. The ED model predicts the main reaction region
to be closer to the burner’s exit, and this is explained with the infinitely fast chemistry
approach used as a basis of this combustion model. The same outcome is also confirmed
by the results shown in [12] for the unconfined burner geometry.
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The remarkable improvement compared to the previous analysis in [12] was found
for the coupling of the combustion model FGM with the k-ω turbulence model that could
conserve the swirl along the entire axial direction, resulting in an accurate approximation
of the experimental values.

This RANS approach and especially the LES results demonstrated the most accurate
agreement in terms of temperature and heat release profile shape with the experiments.
The same RANS procedure applied to the previous similar but unconfined burner resulted
in much higher temperature values, resulting in the conclusion that the solver is not able to
correctly simulate a sufficient entrainment of fresh ambient air that cools down the combus-
tion gases. Instead, in this study, both RANS and especially the transient simulations could
predict the main combustion features for the the current confined combustor analyzed.
In a follow-up study, an investigation will be performed in order to further decrease the
effect of backward flow at the outlet of the combustion chamber in the simulations. For this
reason, different boundary conditions at the combustor outlet will be tested next. Moreover,
an acoustic analysis of the oscillations influencing the flame and the flow field should be
performed with a more accurate method.
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Abbreviations
The following abbreviations are used in this manuscript:

d Flame length above burner exit (mm)
D Burner exit diameter (mm)
fD Frequency shift of laser light (Hz)
U Velocity magnitude (m/s)
u Axial velocity component (m/s)
V Tangential velocity component (m/s)
λ Air/fuel ratio (-)
Φ Equivalence ratio (-)
CFD Computational Fluid Dynamics
DES Detached Eddy Simulation
DLE Dry-Low Emission
DO Discrete Ordinates
ED Eddy Dissipation
FGM Flamelet Generated Manifold
FM-DGV Frequency Modulated Doppler Global Velocimetry
IRZ Inner Recirculation Zone
LES Large Eddy Simulation
LIV Laser Interferometric Vibrometry
ORZ Outer Recirculation Zone
PDF Probability Density Function
PIV Particle Image Velocimetry
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QUICK Quadratic Upstream Interpolation for Convective Kinematics;
RANS Reynolds-averaged Navier–Stoke
SAS Scale Adaptive Simulation
SLF Steady Laminar Flamelet
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