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Flame-generated nanoparticles, such as soot, caused by the incomplete combustion
of hydrocarbon fuels in reacting flows, have adverse effects on human health and the
environment. Understanding the interaction between soot and flow dynamics is critical
to reducing particle emissions from engine combustors. This is because soot formation and
evolution are highly sensitive to the flow dynamics encountered, especially in confined
turbulent swirling flows, where strong shear layers and recirculation regions introduce
complex, coherent patterns of both fast and slow timescales. These patterns are often
crucial for understanding soot evolution and for controlling its formation and emission.
To this end, large-eddy simulations (LES) of an aeroengine model combustor, with and
without dilution jets, are conducted using state-of-the-art soot models. Then, modal anal-
ysis of flow and soot dynamics in the combustor is performed using the spectral proper
orthogonal decomposition (SPOD) method with transient LES data. To the best of the
authors’ knowledge, this work is the first study to utilize SPOD and raw LES data to reveal
the dynamics of coherent structures in swirl sooting flames. The frequency bands of both
high-frequency dynamics (HFD, 234.375–468.75 Hz) and low-frequency dynamics (LFD,
0–156.25 Hz) are identified without any prior filtering. It is found that HFD primarily
exists in the shear layer and inner recirculation zone, whereas LFD is present throughout
the entire combustor. Compared to LFD, the HFD has a significant impact on velocity
and gas-phase soot precursors (PAH), while LFD plays a crucial role in soot evolution.
Furthermore, the results show that the evolution of velocity, PAH, and soot is closely
coupled within the LFD frequency band. It is found that for soot and PAH, the impact of
dilution jets on HFD modes is minor and on LFD modes is significant, while the opposite
trend is observed for velocity modes.

DOI: 10.1103/n58c-d86t

I. INTRODUCTION

In reacting flows, the presence of incomplete burning of hydrocarbon fuels can lead to the
generation of polycyclic aromatic hydrocarbons (PAHs), which ultimately results in the formation
of solid particles (i.e., soot) with complicated nanoscale structures and diameters of a few tens of
nanometers [1,2]. These soot particles are typically considered the dominant particle type, having
a warming effect on global climate by absorbing and scattering solar radiation and modifying
cloud properties [3,4]. In addition, as an undesirable byproduct of combustion, soot particles are
significant contributors to PM1.0, which poses a threat to human health [5,6]. In this context,
understanding soot dynamics in turbulent reacting flows is critical to reducing particle emissions
from engine combustors.
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Previous investigations have concluded that the physiochemical processes that contribute to
soot formation and evolution exhibit high sensitivity to flow dynamics encountered [1,7–15]. It is
expected that there exist complex interactions between flow dynamics and soot dynamics in confined
turbulent swirling flows relevant to aeroengine combustors due to the presence of strong shear
layers and recirculation zones, which will introduce fast time-scale and slow time-scale coherent
structures. The precessing vortex core (PVC) near the high-speed shear layers is a fast time-scale
process and comparable to the timescale of chemistry [16], which is considered energetically
dominant coherent structures [11,17–19] and exhibits periodic axial precession with a certain
frequency. Previous studies have shown that PVC can affect swirling flames in various ways. For
instance, it can enhance fuel/air mixing [20–23] and the mixing of burned and unburned gas [24,25]
as well as roll-up, stretch or local quenching of reaction zones [16,25]. Typically, the PVC is also
related to thermoacoustic instabilities [26,27]. However, the recirculation zones are slow time-scale
motions, with characteristic timescales on the order of tens of milliseconds [28]. This is comparable
to the timescales associated with the polymerization and growth of gas-phase PAHs [29] as well as
the formation of solid-phase soot particles. In this context, these low-frequency dynamics have a
more significant impact on soot formation than PVC.

To this end, a few studies have investigated the influence of coherent structures on soot evolution
in aeroengine model combustors. Geigle et al. [7] experimentally demonstrated that the PVC
structure has a notable impact on soot formation in a pressurized DLR dual-swirl combustor [8].
Eberle et al. [9] performed a numerical investigation of transient soot evolution in the combustor and
reported that the PVC can enhance the mixing of fuel, primary air, and hot burned gas from the inner
recirculation zone (IRZ), thereby helping flame stabilization and influencing soot formation. Chong
et al. [10] conducted a spectral analysis by placing probe points in the IRZ, outer recirculation zone
(ORZ), and shear layers, to explore the dominant frequencies of velocity and soot volume fraction.
They found that soot formation could be decoupled from the dominant flow modes in certain regions
of the flow due to the inherently nonperiodic and highly intermittent fluctuations of soot evolution.
Grader et al. [11] concluded that there exist low-frequency dynamics in swirl combustors, and they
found that low-frequency velocity disturbances occur in the entire swirling flow field, which is the
main reason for the intermittent evolution of soot.

As a huge amount of numerical and experimental data becomes available, data-driven modal
decomposition techniques play increasingly vital roles in understanding the dynamics of coherent
structures in turbulent flows [30–32], in which a well-known technique is proper orthogonal decom-
position (POD) proposed by Lumley [33,34]. For POD, the flow field is decomposed into modes
based on differences in energy levels, each of which can be regarded as a time-varying flow structure
with a specific energy amplitude. Based on POD, several variants have been proposed [30–32,35],
including dynamic mode decomposition [36], multi-scale proper orthogonal decomposition [37],
spectral proper orthogonal decomposition [33,34,38], etc. Nonetheless, the application of modal
decomposition in turbulent sooting flames is relatively rare. Recently, Geigle et al. [7] conducted
POD analysis on instantaneous experimental measurement data and found that the PVC-dominated
mode has a significant impact on soot formation and oxidation. Litvinov et al. [39] employed POD
and phase-averaging techniques to identify PVC in the inner shear layer and double helical vortex
in the outer shear layer of swirling flames. The results indicated that the vortex-induced roll-up of
fuel is the main process occurring at isothermal conditions.

More recently, with the help of high-fidelity large-eddy simulation (LES) data, Grader et al. [11]
used multiresolution proper orthogonal decomposition (MRPOD) to investigate the effects of
low-frequency dynamics (LFD) and high-frequency dynamics (HFD) (i.e., PVC dynamics) on soot
evolution in a model aeroengine combustor. They concluded that both LFD and HFD affect soot
evolution, and that HFD contributes less than LFD. It is noted that in Ref. [11] the LFD and HFD
are isolated by artificially predetermining the nominal bandpass of [0, 125] Hz and [375, 625] Hz,
respectively, due to the lack of continuous distribution of modal energy in time–frequency space
within the framework of MRPOD. Furthermore, the impact of the dilution jets on the LFD and HFD
is not considered in that work.
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TABLE I. Applications of SPOD [38] in representative flow configurations.

Flow configurations References Flow configurations References

Pipe [40] Flow around object [41–43]

[44,45] [46,47]
Boundary layer Channel flow

[48,49] [50,51]

Mixing layer [52,53] Bubbly flow [54,55]

[56,57] [58–60]
Wake

[61,62] [30,63]
Jet

[64–66] Nonsooting flame [17,67]
[68,69] Sooting flame This work

Identifying the dominant frequencies of complex coherent patterns that evolve in time and space
is the main goal of dynamical systems theory. This motivates the authors to employ the state-of-
the-art spectral proper orthogonal decomposition (SPOD) technique to identify coherent structures
in the DLR combustor. SPOD was introduced by Lumley [33,34] and further developed by Towne
et al. [38], which combines the advantages of conventional POD and dynamic mode decomposition.
Moreover, SPOD is capable of optimally accounting for the random nature of turbulent flows and
provides the continuous distribution of modal energy in time–frequency space. Recently, SPOD has
been utilized in various flow configurations, which are broadly summarized in Table I.

With this background, the objective of this work is threefold: (1) to identify LFD and HFD in
the aeroengine model combustor using the SPOD method, (2) to investigate the impact of LFD
and HFD on soot dynamics, and (3) to explore the role of dilution jets in soot evolution from the
perspective of modal analysis.

To achieve the above objective, the DLR FIRST combustor (see Fig. 1) is employed in this work
as an aeroengine model combustor to perform modal analysis of flow dynamics and soot dynamics in
the confined turbulent swirling flow. This is because substantial experimental data on the combustor

FIG. 1. (a) Sketch of the experimental configuration from Geigle et al. [70]. (b) Cross section of the DLR
FIRST combustor. (c) Three-dimensional geometry of the DLR FIRST combustor.
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TABLE II. Operating conditions for the cases considered here.

Pressure Qair,central Qair,ring Qfuel Qdilution

(bar) (slpm) Reair,central (slpm) Reair,ring (slpm) (slpm) Retotal �global

5 234.2 29 600 546.2 27 500 65.4 0 67 800 1.2
5 234.2 29 600 546.2 27 500 65.4 312.1 67 800 0.86

are available at elevated pressures of 3 bar and 5 bar, which can be used to validate the numerical
models. To minimize NOx emissions from the combustor, the fuel is first burned with a fraction
of the total air at the upstream locations, thereby minimizing NOx emissions. The remaining air
is introduced quickly at the downstream locations, which is referred to as rich quench lean (RQL)
combustion concept. In this context, in RQL, soot particles formed upstream can be oxidized as
far downstream as possible to ensure that as few as possible leave the combustor. Therefore, the
DLR-FIRST combustor can be used to investigate the influence of dilution jets downstream on soot
formation. In this work, the high-fidelity LESs of the DLR-FIRST combustor under high pressure of
5 bar, are performed, considering two operating conditions with and without dilution jets. A series of
instantaneous sequence signals of physical quantities is obtained at a high sampling frequency. The
presence of PVC can be discerned from the instantaneous velocity field, and the highly intermittent
evolution of soot can be detected from a series of sequential signals.

In the remaining paper, the operating conditions and simulation setups will be introduced in
Sec. II; the SPOD formulation will be explained in Sec. III; the results are presented in Sec. IV,
where the feasibility of SPOD in dealing with such highly intermittent problem is proven with
successful identifications of the coherent structures associated with various frequencies and the
analysis of the influence of the corresponding structures on soot evolution is made; the paper is
finished with conclusions in Sec. V.

II. SIMULATION DETAILS

In this section, the geometric structure of the DLR FIRST combustor is described first. Then, the
key physicochemical processes involved in soot formation and evolution in a swirl combustor are
demonstrated. Finally, the LES-based modeling framework is presented.

A. Experimental configuration

The DLR FIRST combustor proposed by Geigle et al. [8] is considered in this work to investigate
the influence of flow dynamics on soot evolution. As shown in Fig. 1, the combustor has a square
cross-section of 68 × 68 mm2 with a height of h = 120 mm. The primary air is supplied by a dual
radial swirler at a temperature of 298 K. The nozzle diameter of the central swirler is 12.3 mm,
while the inner and outer diameters of the ring swirler are 14.4 mm and 19.8 mm, respectively.
Ethylene (C2H4) is injected through 60 square nozzles (fuel nozzle area = 0.5 × 0.4 mm2) which
are located between these two swirling air streams. In addition to the primary air inlets, there are
four secondary air (or dilution jet) injection ports with a diameter of 5 mm located 80 mm from
the bottom of the combustor to mimic the RQL concept. In this work, the experimental cases with
and without dilution jets at the pressure of 5 bar are investigated. The operating conditions for
the two cases are given in Table II. To demonstrate the experimental configurations, Fig. 2 shows
the rendering of instantaneous temperature isosurfaces (T = 1350 K) for cases with and without
dilution jets. It is observed that when four air dilution jets are injected into the combustor, air-rich
zones form downstream, which can facilitate soot oxidation.

B. Soot formation and evolution

Soot formation and evolution involve complex processes that contain many physical and chem-
ical subprocesses. As shown in Fig. 3, these processes can be divided into two major categories:
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FIG. 2. Instantaneous temperature isosurfaces (T = 1350 K) for cases without (left) and with (right)
dilution jets.

the formation and collision of gas-phase precursors, and a series of physicochemical reactions
in the solid phase. Specifically, the gas-phase reactions include those of small molecules and
large aromatic hydrocarbons, while the solid-phase physicochemical reactions include nucleation,
coagulation, condensation, surface growth, oxidation, and fragmentation of soot particles. It is noted
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FIG. 3. Schematic of soot formation and evolution in turbulent swirling flows [71].
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that the above processes occur at high temperatures, with a timescale of milliseconds. In this context,
it is challenging to capture and model the processes of soot formation and evolution in turbulent
reacting flows.

C. Modeling framework

In this work, the LES approach combined with state-of-the-art soot models is used to investigate
the impact of flow dynamics on soot formation and evolution. In LES, large-scale eddy structures
are resolved, while small-scale eddies and their impact on large-scale structures are modeled. Within
the framework of LES, the Favre-filtered quantity of a scalar φ is calculated as

φ̃(x, t ) = 1

ρ

∫ +∞

−∞
ρ(y, t )φ(y, t )G(y − x)dy, (1)

where t is time, x the vector of spatial coordinates, ρ the density, and ρ the filtered density. G
is a filter kernel, typically assumed to be a box filter defined by the computational grid [72]. The
filtered equations can be obtained by applying the above filtering operation to the instantaneous
Navier-Stokes equations as follows

∂ρ

∂t
+ ∂ρũ j

∂x j
= 0, (2)

∂ρũi

∂t
+ ∂ρũiũ j

∂x j
= − ∂ p

∂xi
+ ∂σi j

∂x j
+ ∂σ

sgs
i j

∂x j
, (3)

where ũ j is the Favre-filtered velocity component, and p is the filtered hydrodynamic pressure. σi j

is the filtered viscous stress tensor with

σi j = 2μ̃S̃i j = μ̃

(
∂ ũi

∂x j
+ ∂ ũ j

∂xi
− 2

3

∂ ũk

∂xk
δi j

)
(4)

and σ
sgs
i j = ρũiũ j − ρũiu j is the subfilter stress tensor which is modeled using a dynamic Smagorin-

sky model suggested by Germano et al. [73] within the framework of eddy viscosity assumption.
Besides the turbulence model, performing LES of soot formation and evolution still requires three

submodels: (a) a model for gas-phase chemistry, (b) a model for turbulent-chemistry interaction, and
(c) a model for the evolution of soot particles. For the gas-phase chemistry modeling, both finite-rate
chemistry [9,11,74,75] and tabulated chemistry [12,76–78] are widely used in the combustion
community. It is found that the tabulated chemistry is able to reconcile the computational cost
and accuracy reasonably [13,79]. In this context, tabulated chemistry is employed in this work to
describe gas-phase chemistry within the framework of LES. To include radiation effects, the radia-
tion flamelet/progress variable (RFPV) approach [12,15,80–82] is employed in this work, in which
the full thermochemical state variables are mapped into a reduced-order space containing three
scalars, i.e., mixture fraction Z , progress variable C, and heat loss parameter H . The corresponding
governing equations for the three scalars are given by

∂ρZ̃

∂t
+ ∂ρũiZ̃

∂x j
= ∂

∂x j

(
ρ(D + Dt )

∂Z̃

∂x j

)
+ S̃Z , (5)

∂ρC̃

∂t
+ ∂ρũiC̃

∂x j
= ∂

∂x j

(
ρ(D + Dt )

∂C̃

∂x j

)
+ S̃C , (6)

∂ρH̃

∂t
+ ∂ρũiH̃

∂x j
= ∂

∂x j

(
ρ(α + αt )

∂H̃

∂x j

)
+ S̃H + Q̃rad, (7)

where D and α are mass diffusivity and thermal diffusivity, respectively, which can be retrieved
using the tabulated chemistry table. Dt and αt are eddy diffusivity. Q̃rad is the radiation source term,
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which is modeled using the optically thin approach with absorption coefficients following Barlow
et al. [83]. It is noted that the coefficients in all of the subgrid models are evaluated using the
dynamic procedure and that the unity Lewis number assumption (i.e., α = D and αt = Dt ) is used
in this work. Since the mass fractions of PAH and the mass transfer rate from the gas phase to soot
cannot be accurately characterized by the steady flamelet solutions due to slow PAH chemistry, the
following spatially filtered transport equation for a lumped PAH mass fraction is transported instead
of directly taking the mass fraction from the table:

∂ρ˜YPAH

∂t
+ ∂ρũi ˜YPAH

∂x j
= ∂

∂x j

(
ρ(D + Dt )

∂˜YPAH

∂x j

)
+ ˜SYPAH , (8)

where the source term ˜SYPAH is obtained following the work of Refs. [81] and [15] using a scale-
similarity assumption.

S̃Z , S̃C , and S̃H are source terms that are also retrieved from the chemistry table. In sooting
flames, PAH are removed from the gas-phase during soot formation. This removal locally alters the
elemental composition, such that the mixture fraction is no longer a strictly conserved scalar. To
account for this effect, a source term is added into the mixture fraction equation, which is defined
analogously to the element mass fraction-based mixture fraction of Bilger [84]. Furthermore, the
progress variable is defined by its own transport equation [Eq. (6)] rather than by the conventional
sum of major product mass fractions, since PAH removal alters the local H/C ratio and the
local effective fuel composition. A normalizing factor is therefore introduced to account for the
modified stoichiometry, and the progress variable is defined to be zero in both the fuel and oxidizer
streams [15].

In this work, both steady and unsteady flamelet equations are solved using a detailed chemistry
mechanism including comprehensive PAH chemistry by Narayanaswamy et al. [85,86]. When
creating the chemistry table, a presumed-PDF method [15,76,77] is employed to model subgrid-
scale turbulence-chemistry interaction, in which the subgrid-scale mixture fraction distribution is
assumed to be β-PDF distribution and δ-PDF is applied to the progress variable and enthalpy loss.

Given that soot particles are too numerous to track using a Lagrangian method individually,
the soot population balance equation (PBE) is usually used to provide a theoretically accurate
description of the soot number density function (NDF) [1]. Due to the high dimensionality of
the NDF, it is impractical to solve it directly. In this context, a large number of early studies
employed semi-empirical models [77,87,88]. Recently, statistical models such as the method of
moments [12,15,89,90] and the sectional model [11,75,78,91] are widely used to address the
high-dimensionality of the NDF. Here, the state-of-the-art hybrid method of moments (HMOM)
approach, which is proposed by Mueller et al. [15,92,93], is employed to describe the evolution
of soot particles. In HMOM, two internal coordinates volume (V ) and surface (S) are used to
describe the morphology of particle aggregates, leading to the moments of the NDF of order x
and y in volume and surface area, respectively, being Mx,y = ∫

V xAyNdV dA where N,V, A are the
soot paritcle NDF, volume, and surface area, respectively. The unknown moments are obtained by
interpolating the known moments using Mx,y = N0V x

0 Sy
0 + exp(

∑R
r=0

∑r
k=0 ar,kxkyr−k ). N0V x

0 Sy
0 is a

δ function fixed in state space (i.e., fixed V0 and S0) with N0 being the function weight. ar,k is an
interpolating coefficient calculated from the known moments. To reduce the computational expense,
a first-order (R = 1) polynomial interpolation is considered. In this context, three moment transport
equations are solved to describe the soot population: the total number density M0,0, the total soot
volume M1,0, and the total soot surface area M0,1. In addition, a transport equation of N0 is solved.
The corresponding transport equations of the bivariate soot particle moments can be derived from
the PBE, and the filtered moment equations are given by

∂Mx,y

∂t
+ ∂

∂x j
(ũiMx,y) = ∂

∂x j
(ũiMx,y − uiMx,y) + Ṁx,y, (9)
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FIG. 4. Schematic depiction of Welch’s method for estimating SPOD modes.

where Ṁx,y is the source term which consists of several subterms including PAH-based nucle-
ation, PAH condensation, coagulation, oxidation, and surface growth via H-abstraction and C2H2

addition (HACA) mechanism [94]. The thermophoresis process is typically neglected for soot
modeling [12,14]. Owing to the high Schmidt number of soot particles, the molecular diffusion
term can also be neglected. The density of soot particles is 1800 kg/m3. Due to the large spatial
intermittency of soot, the soot subfilter PDF is modeled by a double δ distribution [95]. Due to the
large spatial intermittency of soot, the soot subfilter PDF is modeled by a double δ distribution [95].
While this subfilter PDF model for soot–turbulence interaction is known to have limitations in
quantitative soot prediction, it can capture the strong spatial intermittency of soot through distinct
sooting and nonsooting modes. Investigation of soot subfilter PDF is beyond the scope of this
work. For more details on the HMOM model and the soot subfilter PDF, readers are referred to
Ref. [15,92,93].

The Euler implicit method is used for the time integration of the governing equations, and a Gauss
linear scheme is adopted for the evaluation of the convection terms. The PIMPLE method [96] is
employed to address the pressure-velocity coupling involving two inner iterations and three outer
iterations. The above modeling framework is implemented into a low-Mach number solver [10],
which features the minimized dissipation of kinetic energy. The accuracy of the relevant compu-
tational models has been validated in our latest published paper [82]. The computational domain
consists of approximately 12 M tetrahedral cells. A mesh sensitivity evaluation has been carefully
performed by examining three meshes with sizes of 6, 12, and 77 million. It is found that the current
mesh yields reasonable predictions for quantities of interest. Furthermore, the grid is refined near
the wall with y+ < 0.7 for the first layer and 6 ∼ 7 layers within y+ < 10 to resolve the near-wall
flow dynamics, where y+ represents the wall coordinate.

III. SPOD METHOD

In this work, the SPOD technique is employed to identify coherent structures in the DLR
combustor. The advantage of SPOD over conventional POD is that the time-domain oscillation
of each mode identified at a separate frequency can be obtained [38,66]. Furthermore, the coherent
structures identified by the SPOD method can characterize the space-time flow statistics in second-
order accuracy [38,66].

While the cross-spectral density tensor can be estimated using the discrete Fourier transform
of the nonblock data matrix, spectral estimation does not converge as the number of snapshots
increases for the nonblock SPOD. To obtain a convergent estimate of the spectral densities, it is
necessary to appropriately average the spectra over multiple realizations of the flow, i.e., block
SPOD [38]. In this work, Welch’s method [97] is used for estimating SPOD modes, which is shown
in Fig. 4. The implementation of the SPOD method is briefly described below, and more details can
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be found in Towne et al. [38]. As shown in Fig. 4, for Nb data blocks, we consider the nth block, P(n),
which consists of Nfft snapshots. The block is then partitioned into smaller, overlapping subblocks,

P(n) = [
p(n)

1 , p(n)
2 , · · ·, p(n)

Nfft

]
, (10)

where p(n)
k = pk+(n−1)(Nfft−Novlp ) and n = 1, 2, 3, …, Nb. Novlp is the number of snapshots over which

the two blocks overlap.
Then, a windowed fast Fourier transform is used for the nth block,

P̂(n) = FFT(P(n) ) = [̂
p(n)

1 , p̂(n)
2 , · · ·, p̂(n)

Nfft

]
. (11)

For each frequency k = 1, 2, …, Nfft , the following steps are performed.
(1) Arrange the Fourier coefficients at the frequency of fk from each block into the new data

matrix:

P̂ fk =
√


t

Nb
∑Nfft

j=1 w2
j

[̂
p(1)

k , p̂(2)
k , · · ·, p̂(Nb)

k

]
, (12)

(2) Calculate the matrix:

C fk = P̂H
fk

WP̂ fk , (13)

(3) Reduce to an Nb × Nb matrix eigenvalue problem:

C fk � fk = � fk � fk , (14)

(4) Obtain the SPOD modes:

� fk = P̂ fk � fk �
−1/2
fk

, (15)

where � fk denotes the modal energy of the kth frequency. The modes are sorted in descending order
of modal energy, i.e., λ1

fk
� λ2

fk
� · · · � λ

Nb
fk

.
The open-source Python package PySPOD [98] is used to perform the above SPOD using a time

series of LES data, which are extracted from a central cross-section of the combustor, including
axial velocity, PAH mass fraction, and soot volume fraction. The LES data with a physical duration
of 200 ms are collected for the SPOD analysis presented in this work. Within the analyzed window,
the statistical convergence of the sampled data is assessed using representative probe signals
for temperature and integrated soot volume throughout the combustor. The quantitative analysis
confirms that the sampled signals are statistically converged over the SPOD window, although slow
long-time drifts can still be observed in some temperature probe signals. These drifts are minimal
within the analyzed window and are not expected to affect the main results. The LES data for SPOD
consists of 1001 snapshots, with a sampling frequency of 5000 Hz with an interval of 0.2 ms. A
total sampling time is 200 ms, which is sufficient for spectral analysis of the combustor [10,11].
The parameters are set to Nfft = 64, Novlp = 32, Nb = 30.

IV. RESULTS AND DISCUSSION

In this section, the flow field is first analyzed, followed by comparisons of simulation results with
experimental data to validate the models. Subsequently, SPOD is used to identify LFD and HFD in
the combustor. Finally, the influence of flow dynamics on soot evolution is discussed for cases with
and without dilution jets.

A. Characteristics of swirling flow

Figure 5 shows a representative snapshot of the flow field obtained from LES, in which the 2D
streamlines (blue lines) are plotted to reveal the vortex near the inner shear layer. As indicated by the
yellow arrows, the vortex exhibits a zigzag distribution, implying the presence of a 3D helical vortex
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FIG. 5. Instantaneous flow field on a cross section, in which streamlines (blue) and isosurfaces of pressure
(red) are included.

which is commonly termed PVC in the flow field [19]. The isosurface of pressure (red) in Fig. 5
indicates the vortex core generated within the swirling inflow, which breaks down at the nozzle and
forms the PVC.

To further understand the swirling flow characteristics, the flow fields in the dual swirl combustor
are shown in Fig. 6 for cases without and with dilution jets, in which the blue solid lines represent
the zero axial velocity and the color bar represents the magnitude of the axial velocity.

To capture vortex structures, the streamlines are drawn densely in Fig. 6 where the zigzag vortex
distribution is indicated by black arrows. It is seen from Fig. 6 that the time-averaged flow field
contains three characteristic zones, i.e., IRZ, ORZ, and shear layer. In swirling flames, the IRZ plays
an important role in flame stabilization by mixing hot combustion products with fresh reactants.
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FIG. 6. Instantaneous and time-averaged axial velocity contours for cases without (left) and with (right)
dilution jets. The instantaneous streamlines show the presence of PVC with a zigzag distribution. The three
zones in the time-averaged figure represent IRZ, ORZ, and the shear layer, respectively, and the blue solid lines
in the time-averaged figure represent zero axial velocity.
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FIG. 7. Instantaneous temperature contours and the comparisons of time-averaged temperature between
LES and experimental data from Ref. [7] for cases without (top) and with (bottom) dilution jets. The results
from Ref. [12] have been included for comparison.

Furthermore, from the streamline of the time-averaged flow field, it can be observed that ORZs are
present in the four right-angled edge regions of the combustor. The IRZ and ORZ are separated by
a high-speed hollow cone, called the shear layer.

Comparing these two operating conditions shows that dilution jet injection can produce a more
negative axial velocity in the IRZ, leading to stronger interaction with the upstream flow. Simultane-
ously, it reduces the local equivalence ratio, thereby accelerating soot oxidation and fragmentation
and decreasing soot content. It is noted that the injection of dilution jets has a significant impact on
IRZ, while having a negligible impact on the distributions of ORZ and the shear layer.

B. Comparisons between LES and experiment

Figure 7 shows the instantaneous temperature contour and compares the time-averaged tempera-
ture at the centerline between LES and experimental data, for without and with dilution jet cases. It
is noted that the experimental data are not available for the case without dilution jets. It is observed
that, under both operating conditions, the temperature peak is near the nozzle. In the case without
dilution jets, the temperature approaches its peak and then changes slightly downstream. When
introducing dilution jets, a distinct low-temperature zone forms downstream, with a significant
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FIG. 8. Comparisons of time-averaged soot volume fraction between LES and experimental data from
Ref. [7] for cases without and with dilution jets.

radial temperature gradient at the edge of the IRZ. This temperature gradient is also observed
upstream and extends to the combustor exit. The dilution jets not only transport downstream but
also play a role upstream, as indicated by the IRZ. Figure 7 indicates that the LES framework can
accurately capture the temperature decrease in the IRZ.

The comparisons between LES results and experimental data for the time-averaged contours of
soot volume fraction (SVF), fV , are shown in Fig. 8. It is seen that LES can qualitatively capture
the spatial distribution of SVF, especially in the case of dilution jets. The peak values of SVF are
under-predicted by LES for both cases, especially near the nozzle and the IRZ. Figure 8 indicates
that the soot emission is reduced due to the injection of dilution jets.

Moreover, Fig. 9 shows a detailed quantitative comparison between LES and experiments at three
different axial positions (h = 20 mm, 45 mm, 80 mm) for the SVF statistics. Similar to the results
from Chong et al. [12], it is found that the LES results differ from the experimental data by a factor
of almost four.

It is noted that the state-of-the-art soot models still involve significant uncertainties. Nevertheless,
Figs. 7–9 indicate that all relevant characteristics of soot formation for the two cases are covered by
the current approach. In this context, although soot evolution is not entirely accurately predicted, an
analysis restricted to flow dynamics is still possible, as suggested by Ref. [75].

C. Identification of low/high-frequency dynamics

The discussion of SPOD results begins with energy analysis. As mentioned above, the mag-
nitude of eigenvalues in modal analysis represents the corresponding modal energy level. The
energy summed over frequencies is examined to explore the contribution of energy within specific
frequency bands to the total energy. Figure 10 shows the variation of ξ (freq) calculated as

ξ (freq) =
∑freq

f = f1

∑Nb
i=1 λi

f∑Nfft
f = f1

∑Nb
i=1 λi

f

. (16)
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FIG. 9. Comparisons of soot volume fraction between LES (red lines) and experimental data (blue dots) at
three axial locations for cases without and with dilution jets. The results from Ref. [12] have been included for
comparison.

For the λi
f , i represents the number of modes and f represents the frequencies. Eq. (16) calculates

the cumulative fraction of energy as a function of frequency by summarizing the modes first and
the frequencies. Figure 10 shows the variation of the cumulative fraction of energy, ξ (freq), as a
function of frequency for cases without and with dilution jets. It is found that ξ (freq) increases
rapidly with increasing frequency, then the growth rate slows until it approaches 1.0 for both cases
with and without dilution jets. Notably, there is a rapid accumulation of energy in the frequency

Frequency [Hz]

ξ(
 fr

eq
 ) 

[a
.u

.]

FIG. 10. Variation of the cumulative fraction of energy, ξ (freq), as a fraction of frequency for cases without
and with dilution jets.
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FIG. 11. SPOD eigenvalue spectra of axial velocity (U ) for cases without and with dilution jets. Blue-
shaded areas represent the PVC frequency band, and green areas represent the second harmonic of PVC. The
red-shaded areas highlight the differences between the first and second modes and can characterize the energy
contribution of the leading mode. The frequency bands for LFD and HFD (or PVC) are marked in orange and
blue, respectively.

band below 500 Hz, accounting for about 80% of the total energy in both cases. This indicates the
presence of one or more high-energy dynamic structures in the combustor below 500 Hz.

To identify the leading mode and corresponding frequency band in the combustor, the SPOD
eigenvalue spectra of axial velocity (U ) for cases without and with dilution jets are shown in
Fig. 11. The red-shaded areas highlight the differences between the first and second modes. A large
difference indicates that the leading (first) mode is effectively more energetic than the rest, which is
referred to as “low-rank behavior” within a certain frequency band. In this context, it is seen from
Fig. 11 that U exhibits low-rank behavior within two frequency bands, which are marked by the
blue and green shades, respectively.

It is well known that PVC is the most energetic motion in swirling flows [11,19], and its structure
is found to have the second or even higher-order harmonics, while the first harmonic always
dominates [19]. Figure 11 demonstrates that the flow field exhibits prominent low-rank behavior
within the frequency band of [234.375, 468.75] Hz with the middle frequency of 351.5625 Hz
for both cases. In this sense, the frequency band marked by blue shade is supposed to be the
first harmonic of PVC, and the frequency band of [625, 781.25] Hz with the middle frequency
of 703.125 Hz marked by green shade should represent its second harmonic, since 351.5625 Hz and
703.125 Hz have a 1:2 frequency ratio. Given the dominant role of the first harmonic of PVC, the
low-rank behavior in [234.375, 468.75] Hz is denoted as HFD. It is observed that the introduction of
dilution jets can weaken low-rank behavior, i.e., reduce the area of the red shade, and thus decrease
the dominance of the leading mode. Moreover, Fig. 11 shows that the differences between the first
and second modes vanish toward higher frequencies while maintaining a certain value when toward
lower ones, which suggests that the low-rank behavior also exists within the low-frequency range
of [0, 156.25] Hz marked by the orange shade, which represents LFD.

To better identify LFD, the energy of axial velocity (U ) accounted by each SPOD mode as
a function of frequency for cases without and with dilution jets is shown in Fig. 12. Similarly,
blue boxes represent the PVC frequency band, and the green boxes are the second harmonic of
PVC. The LFD frequency bands are marked with orange boxes in both cases. It is observed that
in both cases, LFD and HFD exhibit a significant energy contribution from the leading mode
within their corresponding frequency band, while showing a slight energy contribution from the
second harmonic frequency band of HFD. The energy contribution of LFD is particularly evident
in dilution jets, as their injection weakens the dominant role of HFD. The frequency bands of the
two high-energy dynamic coherent structures are below 500 Hz, corresponding to the fast energy
accumulation process in Fig. 10.
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FIG. 12. Energy contours of axial velocity (U ) accounted by each SPOD mode as a function of frequency
for cases without and with dilution jets. Blue boxes represent the PVC frequency band, and the green boxes
are the second harmonic of PVC. The LFD frequency bands are marked with orange boxes in both cases.

D. Impact of high-frequency dynamics on soot

In this section, the impact of LFD and HFD identified above on soot formation and evolution
will be examined. To this end, the SPOD analysis for PAH mass fraction (YPAH) and SVF ( fV )
are performed, and their eigenvalue spectra are shown in Fig. 13. The shade areas are consistent
with those in Fig. 11. It can be seen that the eigenvalue spectra of YPAH and fV exhibit significant
low-rank behavior within the HFD frequency band, indicating that HFD has a significant impact
on the evolution of YPAH and fV . It is worth mentioning that YPAH exhibits low-rank behavior in the

FIG. 13. SPOD eigenvalue spectra of PAH mass fraction (YPAH), and soot volume fraction ( fV ) for cases
without (top) and with (bottom) dilution jets. Blue-shaded areas represent the PVC frequency band, and green
areas represent the second harmonic of PVC. Red shaded areas highlight the differences between the first and
second modes. The frequency bands for LFD and HFD (or PVC) are marked in orange and blue, respectively.
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FIG. 14. Energy contributions of the respective modes of U within the LFD and HFD frequency bands.

second harmonic frequency band of HFD, while fV is not affected by it and only shows low-rank
behavior in the HFD frequency band.

Both relative and cumulative energy contributions of each SPOD mode of U are demonstrated in
Fig. 14 for cases with and without dilution jets. For HFD (blue lines and symbols), the first mode
plays a leading role with the contribution of 40% for the case without dilution jets, while for the
dilution case, the first mode only contributes to 20% of SPOD energy due to the impact of dilution
jets on HFD, which is consistent with the low-rank behavior observed in Fig. 11. In a review paper
on the role of PVC in swirling flows, Ref. [19] mentioned that the equivalence ratio is a key factor
affecting the energy of PVC. It has been shown that strong helical coherent structures can form
when the equivalence ratio exceeds a certain value. The injection of dilution jets reduces the global
equivalence ratio, thereby suppressing HFD energy. For LFD (red lines and symbols), the modal
energy is evenly distributed among different modes, and dilution jets have a negligible impact on
modal energy.

The injection of dilution jets weakens the dominant role of HFD in the flow field and has a
negligible impact on LFD. To further examine the impact of dilution jets on the evolution of PAH
and SVF, relative energy contributions of each SPOD mode of YPAH and fV are analyzed (see Fig. 19)
for cases with and without dilution jets. It can be seen that dilution jets can reduce the energy
contribution of the leading mode of LFD for the SVF field, whereas the gas-phase PAH remains
unaffected within the HFD and LFD frequency bands.

It is seen from Figs. 11 and 13 that for HFD, the differences between the first and second modes
are gradually narrowed from U to fV , which indicates the low-rank behaviors gradually become
less apparent. Moreover, the second harmonic of HFD gradually becomes less prominent, and the
fV does not even exhibit low-rank behavior in the second harmonic frequency band (green shaded
area in Figs. 11 and 13). This indicates that from U to fV , the dominant role of HFD and its second
harmonic gradually weakens, while other coherent structures affect the evolution of PAH and SVF.

Furthermore, the time-averaged axial velocity contours and the leading mode at characteristic
frequencies are shown in Fig. 15. In the figure, the solid blue lines represent the zero axial velocity.
LFD are characterized by slow time-scale coherent structures in recirculation zones, while HFD are
characterized by fast time-scale coherent structures in the shear layers. The injection of dilution jets
introduces coherent structures at both slow and fast timescales near the IRZ, indicating that low-
and high-frequency velocity perturbations coexist in this zone. The HFD mode exhibits a typical
helical structure, with local maxima and minima arranged in a “zigzag” distribution along the shear
layer. Compared with the LFD, the time-averaged velocity contours are highly similar to the HFD
mode shapes, confirming that the HFD represents the most energetic coherent structure. It is noted
that the frequencies of 312.5 Hz (blue shaded band in Fig. 11) and 703.125 Hz (green shaded band
in Fig. 11) have a harmonic relationship, and the physical distribution of coherent structures at these
two frequencies follows the same pattern. This indicates that the physical mechanisms associated
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FIG. 15. Time-averaged contours of U and the leading modes at three characteristic frequencies for cases
without (top) and with (bottom) dilution jets. The blue solid lines in the left contours represent the zero axial
velocity.

with mode formation at both frequencies are consistent, suggesting that the two frequency bands
correspond to the PVC and its second harmonic, respectively.

E. Impact of low-frequency dynamics on soot

Figure 16 shows the temporal signal of integrated SVF and its fast Fourier transformation (FFT)
for the dilution case. It is seen that soot evolution is a low-frequency, high-intermittency process.
The case without dilution jets exhibits similar dynamics (not shown here). Based on the previous
discussion, the SVF exhibits a certain low-rank behavior in the HFD frequency band, indicating an
influence by HFD. However, the question is whether this low-frequency evolution process is coupled
with the LFD. In this context, it is necessary to explore the impact of LFD on soot formation and
evolution.

For this purpose, Fig. 17 shows the time-averaged contours of YPAH and fV for cases without and
with dilution jets, as well as the shapes of the leading mode at certain characteristic frequencies in
the LFD and HFD (orange and blue shades in Fig. 13). For PAH, both LFD and HFD are present
in the shear layers due to the slow PAH formation chemistry and the dependence of PAH on fuel
oxidation. In this sense, LFD can affect soot formation by influencing PAH.
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FIG. 16. Evolution of integrated soot volume fraction and its FFT.

For the case with dilution jets, coherent structures appear near the nozzle region in the LFD
modes of both PAH and soot, as highlighted by the white circles. This behavior can be attributed to
the negative axial velocity in the IRZ, which entrains the injected dilution jets upstream toward the

FIG. 17. Time-averaged contours and the leading mode distributions of YPAH (left) and fV (right) at the
frequency of 78.125 Hz for LFD and the frequency of 312.5 Hz for HFD in cases without and with dilution
jets.
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FIG. 18. Energy contours of PAH mass fraction (YPAH) and soot volume fraction ( fV ) accounted by each
SPOD mode as a function of frequency for cases without (top) and with (bottom) dilution jets.

nozzle region. The characteristic timescale for the dilution jets to travel from the injection location
(h = 80 mm) to the vicinity of the nozzle (h ≈ 20 mm) is comparable to that of the LFD, leading to
the emergence of this structure in the LFD modes of both quantities.

A stronger resemblance between a SPOD mode shape and the time-averaged contour generally
indicates a stronger response of that quantity to the corresponding frequency band. For soot, the LFD
mode shows high similarity to the time-averaged contour of fV , especially in capturing the coherent
structure near the nozzle for the case with dilution jets, as indicated by the red and white circles
in the right of Fig. 17. For PAH, a localized lob near the nozzle attached to the right shear layer is
also visible in the time-averaged field. However, this feature is spatially limited and more closely
resembles the HFD mode than the broader coherent structure observed in the LFD mode. This is
consistent with the earlier observation that the PAH eigenvalue spectra in the HFD and the harmonic
frequency bands exhibit significant low-rank behavior, suggesting that HFD has a greater impact
on PAH evolution than LFD. Therefore, from the perspective of spatial mode distribution, PAH
evolution is more strongly influenced by HFD, whereas soot evolution is more strongly governed
by LFD.

To further confirm the sensitivities of PAH and SVF to the two dynamic structures, the energy
contours from the cases without and with dilution jets are shown in Fig. 18, in which the sensitivity
of these two physical quantities to the two dynamic structures is compared from the perspective of
mode energy. It is seen that for gas-phase PAH, the HFD energy is more dominant than the LFD.
Meanwhile, SVF is affected by both the HFD and LFD. Nevertheless, LFD plays a more important
role than HFD, whether or not the dilution jets are injected. The above findings are consistent with
the results from Fig. 17.

Besides, the sensitivities of SVF and PAH to LFD and HFD are further quantitatively examined
in Fig. 19. It is found that for the leading mode, PAH is more susceptible to HFD than LFD,
while the opposite trend is observed for SVF. These findings are consistent with the results in
Ref. [11]. Moreover, Fig. 19 shows that introducing dilution jets would mitigate the difference in
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FIG. 19. Energy of the respective modes for fV (top) and YPAH (bottom).

sensitivities of SVF to LFD and HFD, while the LFD still slightly dominates over HFD. In summary,
the sensitivities of gas-phase PAH and low-frequency SVF to the coherent structures of LFD and
HFD in the flow field are analyzed using mode distribution and mode energy, respectively, yielding
consistent conclusions.

F. Discussion

In the present work, no model-specific assumptions are imposed on the SPOD analysis regarding
coherent structures or their characteristic frequencies. Instead, the dominant modes are extracted
directly from the raw LES data without any a priori filtering. This is particularly important
for sooting swirl flames, where turbulent-chemistry-soot interactions are highly intermittent and
characteristic frequencies are not known in advance. In contrast to previous studies that relied
on predefined band-pass filtering to isolate specific dynamics [11], the present work provides an
objective modal decomposition of velocity, PAH, and soot within a unified framework.

The above results indicate a clear scale-dependent separation between PAH and soot evolution
in the combustor. Although the chemical timescale of PAH is relatively slow, its evolution is more
readily influenced by energetic HFD. This behavior is distinct from that of soot particles, whose
evolution is more strongly associated with LFD. Although this behavior should not be interpreted
as universally valid for all configurations, it shows that gas-phase precursors and soot particles do
not necessarily respond to the same coherent structures, even when they remain chemically and
dynamically coupled.

Furthermore, the injection of dilution jets modifies the global equivalence ratio and weakens the
energetic contribution of HFD in the flow field. Since the characteristic timescale of the dilution jets
is comparable to that of the LFD, their effect is also manifested in the LFD mode shapes of both
PAH and soot. In addition, the dilution jets reduce the sensitivity difference between PAH and soot
to coherent structures. This comparison provides additional insight beyond Ref. [11] by quantifying
how dilution jets modify the coupling among coherent structures, gas-phase precursors, and soot
evolution.

Overall, the present work provides new insight into the scale-dependent dynamics of soot
formation and evolution in the confined turbulent swirling combustor by systematically comparing
the responses of flow, gas-phase PAH, and solid-phase soot particles to low- and high-frequency
coherent structures. It is noted that the purpose of this work is not to propose a universal rule for
all sooting flames, but to investigate how PAH and soot respond differently to coherent structures
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across frequency bands and how this behavior is modified by dilution jets under elevated-pressure
conditions. While the specific physical conclusions remain tied to the present configuration, the
analysis framework itself is expected to be applicable, to some extent, to other sooting swirl flames
for identifying frequency-dependent soot-flow coupling.

V. CONCLUSIONS

In this study, state-of-the-art soot models are used to simulate two aeroengine combustors, with
and without dilution jets. The coherent structures of sooting swirl flames in the combustors are
extracted and analyzed using SPOD without adding any prior information. The impact of LFD
and HFD on soot formation is investigated. To the best of the authors’ knowledge, this work
is the first to use SPOD and raw LES data to elucidate the dynamics of coherent structures in
sooting swirl flames under elevated pressure. It is noted that the state-of-the-art soot models still
involve significant uncertainties. Nevertheless, all relevant characteristics of soot formation for
the two cases are covered by the current approach. In this context, although soot evolution is not
entirely accurately predicted, an analysis restricted to flow dynamics is still possible, as suggested by
Grader et al. [75].

It is found that injecting dilution jets produces a large region of negative axial velocity that
affects the upstream region, with a propagation timescale similar to that of LFD. Moreover, the
introduction of dilution jets enhances soot oxidation, significantly reducing the SVF. In both cases,
with and without dilution jets, the variation of cumulative energy with frequency indicates the
presence of one or more high-energy dynamic structures below 500 Hz. Furthermore, LFD and HFD
are successfully identified without a priori filtering from the SPOD eigenvalue spectra and energy
contours. The axial velocity exhibits low-rank behavior in both the HFD and its second-harmonic
frequency bands for cases with and without dilution jets, i.e., the leading modes have significantly
higher energy content than the other modes. Moreover, HFD is found to occur mainly within the
shear layer and IRZ, whereas LFD is primarily present in the recirculation zones. The results show
that PVC (or HFD) is the most energetic motion, as confirmed by the velocity eigenvalue spectra
and mode shapes.

Subsequently, SPOD analysis is conducted on the PAH mass fraction (YPAH) and SVF ( fV ). The
obtained eigenvalue spectra exhibit significant low-rank behavior within the HFD frequency band,
indicating that both can be affected by the HFD of flow fields. From U to YPAH and then to fV ,
the low-rank behavior within the HFD frequency band gradually becomes less apparent, and the
dominant dynamic characteristics of HFD are gradually weakened.

Furthermore, the effects of dilution jets on velocity and SVF fields are quantitatively analyzed. It
is found that dilution jets would significantly reduce the energy contribution of the first HFD mode
of U by 20% while having a negligible impact on the first LFD mode. The injection of dilution
jets also reduces the first-mode energy of the SVF field within the HFD frequency band. However,
dilution jets have a negligible effect on the mode energy of gas-phase PAH within both the HFD and
LFD frequency bands.

The temporal evolution of integrated SVF is analyzed using the FFT, revealing that soot evolution
is a low-frequency process. Through qualitative comparison of the SPOD mode shapes between
gas-phase PAH and solid soot particles, as well as quantitative comparison of the leading modes
of both, it is found that PAH is more susceptible to HFD, while the opposite trend is observed for
soot evolution, which is attributed to the influence of LFD on the soot evolution. Furthermore, the
introduction of dilution jets can lead to the formation of significant coherent structures near the
nozzle, associated with a large region of negative axial velocity induced by the jets.
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