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Abstract: In this study, large eddy simulation (LES) was used to investigate the dynamic charac-
teristics of diffusion flames in a swirl combustion chamber at an oxygen content of 11–23 wt% and
temperature of 770 K. The proper orthogonal decomposition (POD) method was employed to obtain
flame dynamic modes. The results indicate that oxygen content has a significant impact on the down-
stream flow and flame combustion characteristics of the swirl combustion chamber. With oxygen
content increasing, the size of the recirculation zone is reduced, and the flame field fluctuations are
intensified. The pressure and heat release fluctuations under different oxygen contents were analyzed
using frequency spectrum analysis. Finally, the flame modes were analyzed using the POD method,
and it was found that the coherent structures are asymmetric relative to the local coordinate system.
At an oxygen content of 11 wt%, they exhibit larger coherent structures, while at an oxygen content
of 23 wt%, they exhibit numerous turbulent structures.

Keywords: oxygen content; large eddy simulation; dynamic combustion characteristic; proper
orthogonal decomposition

1. Introduction

With the increasing performance requirements of combustion chambers and increas-
ingly stringent emission regulations [1–4], gas turbine combustion chambers are required
to operate at high temperature and high pressure [5–9], which usually leads to the occur-
rence of combustion instability [10–17]. The combustion instability phenomenon will be
accompanied by pressure pulsation and exothermic pulsation in the flow field inside the
combustion chamber [18–21], which leads to vibration of the combustion chamber com-
ponents and affects the safe operation of the engine [22–24]. In order to solve the adverse
effects of combustion instability on the combustion chamber, it is necessary to study the
combustion instability phenomenon to prevent the combustion instability phenomenon
from leading to a decrease in the combustion chamber’s stable operation time. Yilmaza
et al. [25] experimentally investigated flame stability and emission characteristics during
combustion of CH4 and CO2 mixtures with different oxygen contents, and the experimental
results showed that the flame stability was highest when the oxygen content was 24 wt%,
and decreased when the oxygen content was increased to 28 wt%. When the oxygen con-
tent increased from 21 wt% to 28 wt%, the CO emission decreased and the NOx emission
decreased and then increased. As the oxygen content increases, the flame temperature
increases. Habib et al. [26] conducted an experimental study on oxygen-methane diffusion
flames and found that the flame is very stable at an equivalence ratio of 0.65, the flame
temperature decreases as the equivalence ratio increases, and the change in the mass flow
rate of the fuel does not significantly change the combustion instability. The flame was
significantly affected at an oxygen content below 25 wt%. Rao et al. [27] investigated the

J. Mar. Sci. Eng. 2024, 12, 621. https://doi.org/10.3390/jmse12040621 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12040621
https://doi.org/10.3390/jmse12040621
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse12040621
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12040621?type=check_update&version=2


J. Mar. Sci. Eng. 2024, 12, 621 2 of 15

stability of cyclonic premixed flames using the equivalence ratio experimentally, and ana-
lyzed spatial CH* chemiluminescence images through the POD method. The combustion
states were classified into five in the range of equivalence ratio from 0.55 to 1.35. In the
different combustion states, the POD patterns were characterized by different features.
Devi et al. [28] experimentally investigated the emission performance of combusted biogas
at equivalence ratios ranging from 0.75 to 0.97. It was found that CO and NOx emissions
increased with increasing equivalence ratio, and the maximum values were 165 ppm and
8.2 ppm, respectively. Kutne et al. [29] investigated the combustion instability of a model
combustion chamber at oxygen levels ranging from 20 wt% to 40 wt% and equivalence
ratios ranging from 0.5 to 1. It was found that the combustion was unstable at oxygen levels
below 22 wt%. When the oxygen content increased from 30 wt% to 40 wt%, the laminar
flame velocity increased by a factor of 2.4.

In summary, most of the studies have focused on the effect of equivalence ratio or
oxygen enrichment on combustion instability, and there are few studies on the law of
influence of lower oxygen content on the combustion instability phenomenon. Due to
the improvement of emission requirements for gas turbine combustion chambers, flue
gas recirculation technology can reduce pollutant emissions from combustion [30–33],
but because the flue gas recirculation technology reduces the oxygen content at the com-
bustion chamber inlet [34–36], which leads to a more pronounced combustion instability
phenomenon [37–39], a study on combustion instability at lower oxygen content is needed.
Therefore, it is necessary to study the velocity, temperature, OH, pressure pulsation, and
exothermic pulsation of the flow field in the combustion chamber at different oxygen
contents to determine the effect of low oxygen content on combustion instability.

2. Numerical Calculations
2.1. Model Structure

In this paper, the three-dimensional modeling software Siemens UG NX 8.0 (Siemens
PLM Software, Munich, Germany) is used to build a model combustion chamber. Realistic
problems such as the outer magazine, wall cooling structure, and test monitoring device are
ignored in the calculation. Figure 1 shows the structure diagram of the model combustion
chamber and the swirl structure. The model combustion chamber adopted in this paper
has a total length of 462 mm, which consists of a head swirl structure, a square flame tube
structure, and an outlet shrinkage section structure. The side length of the square flame
tube is 150 mm, and the graded swirl consists of a pilot swirl, a main combustion stage
swirl, a venturi, nozzles, etc. The center stage nozzles are centrifugal pressure nozzles.
The center stage nozzle adopts a centrifugal pressure atomization nozzle, and the main
combustion stage nozzle is 20 direct injection nozzles. The pilot swirl consists of two levels
of axial swirl with an opposite rotation direction, and the first level of swirl blades of the
duty level rotates counterclockwise. The second stage of the duty swirl rotates clockwise.
The main combustion stage is a tower swirl with counterclockwise rotating blades.
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2.2. Meshing

In this paper, fluent meshing ver. 2021 software (ANSYS, Inc., Canonsburg, PA, USA)
is used to mesh the model, as shown in Figure 2, with a polyhedral mesh. Among them,
the inlet mesh size is 1 mm, the outlet mesh size is 1 mm, the wall mesh size is 2 mm, the
swirl mesh size is 0.5 mm, the boundary conditions are used for the mass flow inlet and the
pressure outlet, the number of flow boundary layers is 5, the maximum body mesh size is
3 mm, and the total number of mesh is 5.36 million.
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Figure 2. Schematic diagram of the computational domain grid for the combustion chamber of the
hierarchical cyclone model. (a) Schematic of the surface grid; (b) Schematic diagram of the swirl grid;
(c) Schematic diagram of the computational domain body mesh.

The grid-independence in the non-stationary numerical simulation was verified at
a temperature of 770 K and a pressure of 1.01 × 106 Pa. The axial velocity time series at
the core location of the reflux zone after the swirl and the points out of the shear layer are
monitored during the calculation and analyzed spectrally, as shown in Figure 3, in which
the slope of the red line is −5/3, and the spectral curve satisfies the Kolmogorov’s −5/3 sub
law [40], which indicates that the grid scale basically meets the computational requirements
of the LES. Therefore, in this paper, the grid with 5.36 million nodes is selected for the
nonstationary calculation.
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Figure 3. Verification of mesh irrelevance for non–constant numerical simulations (The slope of the
red line is −5/3). (a) Shear layer positional velocity energy spectrum; (b) velocity energy spectrum at
the core of the refugium.
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2.3. Numerical Method

In this paper, the wall-modeled LES (WMLES) method is used to compute the flow
field flow in a combustion chamber, and the governing equations used for the large-scale
vortex simulation are obtained by filtering the time-dependent N-S equations in Fourier
space or group space. Large-scale vortices and small-scale vortices are treated separately
by some filtering function, where the large-scale vortices are solved by the filtered N-S
equations and the small-scale vortices are closed by a sublattice model.

In order to close the basic equations of large-vortex simulation, various sublattice
models have been developed, such as the Smagrinsky model. However, due to the high
mesh resolution requirement of the wall boundary layer for large-vortex simulation, the
computational cost is extremely high. Therefore, large eddy simulation has very limited
engineering applications. For this reason, the wall-modeled LES (WMLES) method was
proposed and gradually applied to the calculation of industrial combustors. The original
WMLES model was proposed by Shur et al. [41]. It combines the mixing length model, the
improved Smagorinsky model, and the wall damping equation proposed by Moin [42]. The
WMLES model is essentially a hybrid model. In the computational process, the WMLES
model uses the Reynolds averaging method to simulate the flow field within the boundary
layer region, while the large vortex simulation method is used to simulate the flow field
outside the near-wall region [41], which greatly reduces the mesh requirements of the LES.

In this study, a discrete phase model (DPM) was used to simulate the distribution,
trajectory, heating, cooling, and evaporative boiling of the fuel droplets. A partially pre-
mixed combustion model was used to simulate turbulent combustion in a swirl combustion
chamber. The flamelet generated manifolds (FGM) combustion model with accurate and
efficient computational results is used for turbulent combustion simulation. The FGM
model refers to the laminar flame front approach, which considers that a three-dimensional
flame is essentially composed of a one-dimensional flame, and uses a one-dimensional
flame to construct the reaction mechanism subspace. The turbulence is decoupled from the
chemical reaction by treating the internal structure of the flame front and the turbulence
effect on the flame front separately, which greatly reduces the calculation volume. In the
actual calculation process, the distribution of the process variables is obtained by solving
the transport equation of the process variables, and then the FGM form data is read to
obtain the distribution law of its temperature, component mass fraction, and so on.

The POD is a modal decomposition technique that extracts modes based on optimizing
the mean square of the field variable under investigation [43]. It can accurately capture the
flow field’s main evolution characteristics and represent unsteady coherent structures. The
method of snapshots is used in this study because there are usually far more measured
data (measurement or computational grid points) compared to the sample size, and thus
the method of snapshots is far more computationally efficient [43]. Detailed mathemat-
ical descriptions are omitted here, as they are comprehensively covered in the existing
literature [43–45].

The input data for the POD consist of K two-dimensional velocity fields (snapshots)
sampled in time,

V(k) = (µi,j, νi,j)
(k)

Here, i and j are the indices of the grid points in the numerical simulation plane,
and k is the index of the velocity field. In the engine flow, the samples can be phase
invariant, where the samples are continuously collected in time for many cycles, or phase
independent, where the samples are collected at the same phase angle for many cycles [46].
For this study, only phase-dependent sampling is considered; thus, V(k) is the velocity
field at a given crank angle from the kth cycle. The properties described in the results here
are also valid for scalar fields, three-dimensional samples, and phase-invariant samples of
engine flows.
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The POD produces a linear basis set consisting of M basis functions ϕm and the
corresponding coefficients c(k)m , that can reconstruct all K velocity distributions,

V(k) =
M

∑
m=1

c(k)m φm (1)

where m is the mode index, with the total number of modes equal to the total number of
snapshots, M = K. The procedures of determining the orthonormal POD basis functions ϕm
are detailed in [43–45]. In this study, the basis functions were created with a code which
minimizes the following function:

K

∑
k=1

∥∥∥V(k) −
M

∑
m=1

c(k)m ϕm∥
2

→ min (2)

Subject to

(φi, φj) = δij =

{
1 i f i = j
0 i f i ̸= j

(3)

where ∥ ∥ denotes the L2 norm. The basis functions contain the ‘flow patterns’, normalized
in L2 space so that the sum of the squares of all the vectors in an individual basis function
ϕm is unity [43]:

I

∑
i=1

J

∑
j=1

(µ2
i,j + ν2

i,j) = 1 (4)

where µ and ν are the x and y components of φ, respectively. Furthermore, each basis
function is orthogonal to all others, i.e.,∫

φm(x)φp(x)dx = δm,p (5)

These two properties define the basis functions as orthonormal. The K × M coefficient
matrix c(k)m ,

ck
m =


c1

1 c1
2 · · · c1

M
c2

1 c2
2 · · · c2

M
· · · · · · · · · · · ·
cK

1 cK
2 · · · cK

M

 (6)

contains the amplitude that the corresponding basis function contributes to a particular
snapshot. The coefficients are computed by projecting the original K velocity fields onto
the M computed basis functions. Thus, in this study, the velocity field from the kth engine
cycle can be reconstructed by summing all M modes multiplied by their respective coeffi-
cients for that cycle using Equation (1). Since ϕm is normalized and c(k)m is the amplitude,
1
2

(
ck

m

)2
quantifies the kinetic energy per unit mass the mth mode contributes in the kth

velocity field.
The POD mode spectrum is often used to describe the energy fraction each mode

captures of the total ensemble of snapshots. The mass-specific kinetic energy from all of the
cycles captured by the mth mode is

KEm =
1
2

K

∑
k=1

(
c(k)m

)2
=

1
2

K · λm (7)

Thus, Equation (6) relates the coefficients to the eigenvalue. The energy fraction of the
mth mode is

kem = KEm/KEtotal (8)
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where

KEtotal =
M

∑
m=1

KEm (9)

Thus, KEtotal is the total kinetic energy summed over all K velocity distributions.

2.4. Model Verification

In order to further verify the accuracy of the numerical method in combustion simula-
tion, a single-point LDI combustion chamber [47] is selected to carry out LES calculations,
and the comparison of the simulation results (solid line) with the experimental data (red
scattering dots) is shown in Figure 4, which shows that the simulation results (solid line)
and the experimental data (red scattering dots) are in good agreement, and the calculation
results can capture the velocity changes within the reflux zone and the shear layer.
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(a) no–reacting conditions and (b) reacting conditions. Symbols: experiments, black line: LES.
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2.5. Boundary Conditions

Table 1 shows the three operating conditions in this study. The dynamic combustion
characteristics were investigated under conditions of a pressure of 1.01 × 106 Pa, a tempera-
ture of 770 K, an inlet air flow of 1.44 kg/s, and a fuel flow of 0.0354746 kg/s. Additionally,
the oxygen content ranged from 11 wt% to 23 wt%, with variations achieved by adjusting
the mass fraction of oxygen. The cone injection model was employed to deliver liquid
fuel into the gas turbine combustor. Twenty-one injections are strategically configured to
enhance the atomization effect. Specifically, the fuel’s flow rate of the cone injection located
in the central stage is 0.0105 kg/s, while the remaining 20 cone injections in the radial
direction had a fuel flow rate of 0.00124873 kg/s, totaling a mass flow rate of 0.0354746 kg/s.
Within the cone injection model, the minimum, maximum, and mean droplet diameters
were defined as 0.001 mm, 0.05 mm, and 0.03 mm, respectively. In this study, the reduced
kinetic reaction mechanism developed by NASA [48] was adopted as a surrogate for the
liquid fuel to compute the combustion reaction.

Table 1. Operating conditions to investigate the effect of oxygen content on the combustion perfor-
mance of the swirl combustor.

Pressure (Pa) Temperature (K) Oxygen Content
(wt%)

Equivalence
Ratio

Case1 1.01 × 106 770 11 0.36
Case2 1.01 × 106 770 17 0.36
Case3 1.01 × 106 770 23 0.36

3. Results and Discussion
3.1. Flow Field Analysis
3.1.1. Time-Averaged Structure

Figure 5 presents the time-averaged images of axial velocity profiles, OH, and tem-
perature fields for different oxygen content. In Figure 5a, the dashed lines represent the
approximate distribution of the recirculation zone for various oxygen contents. It can be
observed that the length of the recirculation zone decreases with increasing oxygen content.
From Figure 5a, it can be seen that all three oxygen contents exhibit several typical flow
structures. The fluid near the burner exit separates and interacts with the main flame, form-
ing an outer vortex ring (OVR), which plays a dominant role in sustaining flame ignition
and influencing flame dynamics and heat release. The fluid closer to the center propagates
backward while being entrained inward, forming an inner vortex ring (IVR) which interacts
with surrounding vortices to generate the central recirculation zone (IRZ) through mutual
entrainment and dissipation. At 11 wt% oxygen content, a complete central jet structure can
be observed, with two symmetric recirculation zones in the IRZ. This structure resembles
that of the cold flow field. In Figure 5b, a relatively uniform distribution of temperature
and OH can be observed, indicating homogeneous heat release and pressure fluctuations,
suggesting a greater influence of flow at this oxygen content. However, at 17 wt% oxygen
content, the recirculation zone shrinks compared to 11 wt%, and a prominent IVR structure
appears, leading to strong vortex shedding and entrainment into the recirculation zone.
This intense vortex shedding and entrainment can affect the species transport, forming
localized regions of a fuel-rich mixture, which can be captured in the temperature and OH
fields in Figure 5b. Additionally, transverse propagation structures appear in the recircu-
lation zone, along with the formation of small vortex rings at the center, indicating the
influence of flame heat release fluctuations on the original flow field. A similar structural
distribution is observed at 23 wt% oxygen content compared to 17 wt%. The recirculation
zone further shrinks, and the central jet disappears, replaced by outward dispersion from
the burner exit that directly forms the IVR. The small vortices between the two symmetric
recirculation zones also vanish, replaced by more distinct vortex structures. Furthermore,
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OH exhibits a denser distribution at the swirl generator outlet and higher combustion
temperatures.
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3.1.2. Transient Structure

This study determines the effect of different oxygen contents on flame periodicity
by analyzing the frequency of pressure oscillations and heat release oscillations. Figure 6
presents the OH radical mass fraction distribution for different oxygen contents within one
flame cycle. OH radicals are intermediate species in combustion and are present in regions
of high temperature, specifically at the flame front where fuel decomposition and intense
combustion occur. Therefore, the distribution of OH radicals can provide an indication
of the flame structure. It can be observed that the content of OH radicals increases with
increasing oxygen content. At 11 wt% oxygen content, OH radicals are mainly distributed
throughout the combustion chamber, but there is no concentrated distribution and the mass
fraction gradient is small, resulting in insignificant fluctuations. At 17 wt% oxygen content,
there are scattered but relatively concentrated regions of OH radicals in the shear layer and
near the burner exit. Within one cycle, there are axial and circumferential oscillations. At
23 wt% oxygen content, the distribution of OH radicals becomes more concentrated, and
the mass fraction gradient increases.
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Figure 6. OH radical distribution at different oxygen contents in an oscillation period.

Figure 7 shows the transient temperature distribution contours for different oxygen
contents within one flame cycle. The transient temperature contours reveal the motion
of high-temperature regions within the jet reaction zone. The location with the highest
temperature gradient is generally considered to be the flame front position. The contours
display wave-like wrinkles behind the head structure of the combustion chamber, indicating
the presence of an internal shear layer between the jet and the main recirculation zone,
characterized by numerous small-scale vortex structures and low velocity. These vortex
structures enhance mixing and facilitate localized reactions, leading to the consumption
of small quantities of reactants. At 11 wt% oxygen content, the flame temperature is
approximately 1700 K, exhibiting a uniform distribution without a distinct flame front
and minimal fluctuations. With increasing oxygen content, the flame front oscillations
intensify. At 17 wt% oxygen content, a higher-temperature flame front of approximately
2200 K is observed, accompanied by fluctuations. During downstream transport, the mixed
fuel–air stream maintains consistent entrainment of air and uniform mixing, leading to
reaction and heat release in the vicinity of the vortex core. A stable flame front forms
in the upstream region of the main recirculation zone, where primary reactions occur.
At 23 wt% oxygen content, the flame front temperature further increases to 2400 K. It
can be observed in the figure that, at a higher oxygen content, the shear layer in small-
scale vortices exhibits higher temperatures, facilitating the heating of fuel at the head of
the chamber and promoting combustion reactions. As the oxygen content increases, the
reactant content rises, resulting in accelerated reaction rates and an increased temperature
in the reaction zone. This operating condition leads to periodic oscillations of the flame
front, which in turn cause oscillations in heat release. As the recirculating flow moves
downstream within the main recirculation zone, the vortex gradually expands, breaks
down, and dissipates. High-temperature regions within the vortex are partially transported
towards the head by the center recirculation region and partly mixed with downstream high-
temperature regions. The dissipation of the vortex leads to a more uniform temperature
distribution downstream.
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3.2. Spectrum Analysis

Figures 8 and 9 present the fast Fourier transform (FFT) variation results of the nor-
malized pressure pulsation distribution and the heat release rate pulsation distribution,
respectively, for different oxygen contents. From Figures 8 and 9, it can be inferred that
there is a similar variation pattern and the same dominant frequency between pressure
pulsation and heat release rate pulsation, indicating a coupling relationship between the
two. The Rayleigh criterion states that if thermal release occurs in phase with pressure fluc-
tuations, the oscillation persists, which has become a standard for the analysis of unstable
flames. When the oxygen content is 11 wt%, there is no distinct dominant frequency for
pressure and heat release pulsations, and the pressure oscillation amplitude remains almost
consistently within 1 wt% of the combustion chamber pressure. This corresponds to the
stable flow field observed in Figure 5, where at 11 wt% oxygen content, the vortex changes
within the combustion chamber are slow, corresponding to lower pressure and heat release
pulsation amplitudes in Figures 8 and 9. As the oxygen content increases to 17 wt%, a
dominant frequency of 753 Hz is observed for both pressure pulsation and heat release
pulsation, with a slightly higher amplitude compared to the dominant frequency at 11 wt%
oxygen content. The amplitude of the pressure pulsation is approximately 1.8% of the mean
value, while the dominant frequency of the heat release pulsation is approximately 1.6%
of the mean value. When the oxygen content continues to rise to 23 wt%, the dominant
frequencies for both pressure pulsation and heat release pulsation remain the same at
665 Hz, with further increases in pulsation amplitudes. The amplitude of the pressure
pulsation increases to 2.6%, and the amplitude of the heat release pulsation rises to 2.5%.
In the low-frequency region, the heat release pulsation does not correspond exactly to the
pressure pulsation, but in the higher frequency region above the dominant frequency, there
is an approximate correspondence between the two. Observation of the amplitude of the
heat release rate oscillation reveals that the oxygen content has a significant influence on the
thermal release within the combustion chamber. There are periodic pulsations in thermal
release drive pressure pulsations, leading to increasing amplitudes of pressure pulsations
and exacerbating combustion instability.
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Figure 8. The FFT variation results of the normalized pressure pulsation distribution at different
oxygen contents.
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Figure 9. The FFT variation results of the normalized exothermic amplitude distribution at different
oxygen contents.

3.3. POD Analysis

The POD method can decompose complex flow fields from an energetic perspec-
tive, with different modes corresponding to their respective energy contributions within
the flow field. This makes POD highly suitable for analyzing the significance of dif-
ferent modes’ impact on the flow field. In this study, POD processing was applied to
1000 transient snapshots obtained from LES under varying oxygen contents. Figure 10
presents the energy contribution charts and mode distribution diagrams resulting from the
POD decomposition of axial velocity at different oxygen contents. In the three charts on
the left, the orange bar graphs represent the energy contribution of each mode. Specifically,
when the oxygen content is 11 wt% and 17 wt%, the energy contribution of the first mode
is less than 10%. However, at 23 wt% oxygen content, the energy contribution of the
first mode increases to 12%. Additionally, the blue dotted lines in the charts indicate the
cumulative energy contribution of the modes. For oxygen contents of 11 wt% and 17 wt%,
the combined energy contribution of the first four modes is approximately 27%, while at
23 wt% oxygen content, this value rises to approximately 37%. The three charts on the
right show the mode distribution diagrams corresponding to the three different oxygen
contents. These diagrams reveal the presence of coherent structures through the observed
modal shape distributions. All four modes suggest that the quasi-ordered structure of
the single-burner swirling flow is asymmetric relative to the local coordinate axis. At an
oxygen content of 11 wt%, the coherent structures in the first mode appear behind the shear
layer and at the rear end of the recirculation zone, indicating greater fluctuations in the
downstream section compared to the upstream section. The structure in the second mode
corresponds to two symmetrical recirculation zone structures. At 17 wt% oxygen content,
numerous small modal structures are present in the first mode, while the modal structure
corresponding to the central recirculation zone still exists in the second mode. At 23 wt%
oxygen content, where the energy contribution of the first mode is relatively high, smaller
coherent structures are observed throughout the entire recirculation zone. Moreover, the
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modal structures in the second, third, and fourth modes are also dominated by smaller
turbulent structures.
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Figure 10. Energy distribution for the first 40 velocity oscillation modes and modal energy proportions
at different oxygen content. (The orange bar graphs: the energy contribution of each mode, the blue
dotted lines: the cumulative energy contribution of the modes).

4. Conclusions

In this study, the LES method coupled with the FGM combustion model was utilized to
investigate the dynamic characteristics of flames within a swirl-stabilized model combustor
under varying oxygen contents ranging from 11 wt% to 23 wt%. The key findings are
summarized as follows:

The presence of two centrally located, symmetrically distributed recirculation zones
within the combustion chamber can be observed in different oxygen content. However, as
the oxygen content increased, a gradual reduction in the size of the central recirculation
zones was noted. This change could be attributed to the accelerated combustion reaction
rates resulting from the increased oxygen levels, which subsequently altered the dynamic
characteristics of the flow field.

With an increase in oxygen content, both pressure and heat release fluctuations exhib-
ited an upward trend, accompanied by a coupling phenomenon. This indicated a more
intense and unstable combustion process. Specifically, at an oxygen content of 17 wt%,
a prominent pulsation frequency became apparent, suggesting the presence of specific
flow structures or combustion instabilities within the combustion chamber. Furthermore,
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at 23 wt% oxygen content, while the amplitude of the dominant frequency continued to
rise, it remained below 3%. This implied that despite the intensified combustion process,
the structural design of the combustion chamber might have contributed to suppressing
excessive oscillations and instabilities.

POD modal analysis provided insights into the varying trends of coherent structures
within the flow field as oxygen content increased. The observed increase in the number of
coherent structures, coupled with a reduction in their size, might reflect more complex flow
patterns and smaller vortex structures during combustion. These changes could have direct
implications for combustion efficiency, emission characteristics, and combustion stability.
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