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Abstract: Centrally staged combustion technique is often used in the military high-temperature-
rise combustor. The pilot-stage structure affects the flow characteristics in the centrally staged
combustor, which further affects the performance of ignition, combustion, and emission of military
aero-engines. In order to increase the flow capacity of the swirler, the swirler with a non-rotating
channel structure was designed. In this work, the influences of the pilot-stage structure on the flow
characteristics in the centrally staged high-temperature-rise combustor are investigated. The flow
fields of combustors with different pilot-stage swirl numbers (0.44, 0.60, and 0.71) are analyzed
by large eddy simulation (LES). The results demonstrate that the primary recirculation zone (PRZ)
becomes gradually longer and wider as the pilot-stage swirl number increases. In the combustors
with three different pilot-stage structures, the precessing vortex core (PVC) was formed near the
shear layer at the outlet of the pilot stage. The PVC frequency decreased from 1670 Hz to 1425 Hz and
1400 Hz with the increase of the pilot-stage swirl number from 0.44 to 0.60 and 0.71, respectively, and
the breakdown position of the PVC shifted forward. The proper orthogonal decomposition (POD)
and dynamic mode decomposition (DMD) methods are used to analyze the dynamic flow fields.
It was observed that the corresponding frequency of the main pulsation structure decreased, and
the flow instability was aggravated with the increase of the pilot-stage swirl number. The results
deepen the understanding of the influences of the pilot-stage structure on the flow characteristics in
the centrally staged high-temperature-rise combustor.

Keywords: centrally staged high-temperature-rise combustor; large eddy simulation; unsteady
characteristics; precessing vortex core; mode decomposition

1. Introduction

With the increase of the thrust-to-weight ratio of aero-engine for military aircraft, the
combustor is developing towards the direction of high-temperature rise and high heat
capacity combustion [1–3]. In order to solve the contradiction between the high-power
smoke from the high-temperature-rise combustor and the lean-fuel flameout of idling rating,
the centrally staged combustion technique is proposed. The centrally staged combustor
can be implemented by means of a staged supply of air and fuels, thereby extending the
stable working range and improving the combustion performance [4,5]. It has become a
feasible technical solution for the next generation of the high-temperature-rise combustor.
Combustion performance is closely related to the flow characteristics. Consequently, the
influences of the pilot-stage structure on flow characteristics in the centrally staged high-
temperature-rise combustor is essential.

The centrally staged combustor has been studied as the advanced combustion tech-
nique by many scholars. Mongia et al. [6–9] designed a variety of centrally staged high-
temperature-rise combustors, the temperature rise reached 1100–1650 K, and the perfor-
mance reached expectations. At the same time, Mongia et al. designed a twin annular
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premixing swirler (TAPS) by using the centrally staged combustion technique for low-
emission combustion, which was successfully applied to the GENx engine [10,11], reducing
NOx emissions by more than 50%. Dhanuka et al. [12,13] revealed that there was a step
vortex between the main stage and the pilot stage in the flow field of a TAPS combustor.
The main- and pilot-stage jets sheared and mixed with each other downstream of the step
vortex, forming a layered flame during combustion. The shear layer could effectively
reduce the fuel-air velocity at the tail of the pilot-stage, and the released combustion heat
changed significantly the PRZ structure of the TAPS combustor. However, it had little effect
on the lip recirculation zone (LRZ) [14]. Lin et al. [15–18] investigated the airflow, thermoa-
coustic oscillation, and ignition characteristics of an internally staged combustor from the
perspectives of the primary combustion level structure, the limited domain of the flame
tube, and the air-fuel ratio. They confirmed that the flow field structure of the centrally
staged combustor was more complex than that of conventional combustors. Compared
to the conventional combustion organizational techniques, all the combustion air of the
centrally staged combustor enters from the head, the proportion of cooling and mixing
air can be reduced. Therefore, the design of the swirler has an important effect on the
performance of the centrally staged combustor. Overall, the studies have mainly focused
on improving the performance of centrally staged combustors from the perspectives of
optimizing the main-stage structure, the combustor pneumatic parameters, and the fuel
supply structure. However, the pilot-stage structure is another important component of the
swirler, it affects the flow characteristics, which further affects the performance of ignition,
combustion, and emission.

The airflow through the swirler can generate centrifugal forces, develop a negative
pressure gradient, and cause a vortex rupture, leading to the formation of the recirculation
zone. It shows that the formation of a primary recirculation zone (PRZ) depends on vortex
strength and combustor structure. The flow in the PRZ is usually associated with a high
strain rate and strong turbulence intensity [19–22], and it is often accompanied by turbulent
coherent structures that cause periodic flows. The precessing vortex core (PVC) is a typical
coherent structure, which usually appears near the outlet of the swirler and is located in the
shear layer of the recirculation zone. It may lead to large fluctuations in the pressure field
and affect the combustion performance. Wang et al. [23] reported that the unsteady flow at
the outlet of the swirler is related to the periodic movement of the PVC, and the combination
of all stages swirler affects significantly the structure of the primary recirculation zone,
the shearing effect, and PVC frequency. Liu et al. [24] reported that the PVC captured
in the pilot stage induces the asymmetric azimuthal flow instabilities, and the dominant
energetic flow is damped rapidly downstream of the pilot stage. Dynamic modal analysis
methods have been used to analyze unsteady flow dynamics and understand the complex
structure and mechanisms of swirling flow. The most commonly used mode decomposition
methods are proper orthogonal decomposition (POD) and dynamic mode decomposition
(DMD). In POD, the time sequence of the flow field is decomposed into a coherent structure
with a certain energy level [25,26]. POD was used to extract dominant flow features in
the multiswirling flow. It showed dominant high-frequency modes in the pilot stage [24].
DMD was proposed by Schmid and applied to unsteady flow analysis [27]. The best feature
of DMD is that each obtained mode contains a single information packet of frequency
and growth/decay rate. Compared to POD, which adopts order reduction for the flow
field, this feature of DMD that can obtain modal characteristics and dynamic information
simultaneously endows it with the unique advantage of spatio-temporal coupling.

In this study, the unsteady flow characteristics in the self-designed centrally staged high-
temperature-rise combustor with different pilot-stage swirl numbers are investigated by LES.
Moreover, the POD and DMD methods are introduced to extract the flow field characteristics,
and the effects of the pilot-stage swirl number on the flow characteristics are explored based
on the frequency resolution characteristics, vortex structure identification, and modal analysis.
This work deepens the understanding of the influences of the pilot-stage structure on flow
characteristics in the centrally staged high-temperature-rise combustor.
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2. Materials and Methods
2.1. The Swirler Structure

Figure 1 illustrates the swirler structure of the centrally staged high-temperature-rise
combustor investigated in this paper. Based on the conceptual design of zonal combustion
of the main and pilot stages, the swirler structure mainly comprises a main stage and a
pilot stage. The main stage consists of a swirler, a multi-point direct-injection-type nozzle,
and a convergent outlet. The main-stage swirler includes a swirling part composed of
several blades and a non-swirling part composed of a non-rotating channel to increase the
flow capacity of the swirler. The pilot stage consists of a swirler, a centrifugal nozzle, and a
convergent outlet. The main- and pilot-stage swirlers have the same swirling direction.
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The most important parameter used to characterize vortex flow is the swirl number S.
For axial swirlers, the swirl number S is defined as:
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where Rei is the inner radius of the blades and θ is their dip angle.
On the premise of maintaining the effective area of the swirlers at all stages unchanged,

geometric parameters of the pilot module swirler, such as the blade angle, blade number,
and channel inner and outer diameters, were adjusted to change the swirl number S of the
pilot-stage. Thus, three research schemes with pilot-stage swirl numbers of 0.44, 0.60, and
0.71 were proposed; the specific parameters are listed in Table 1.

Table 1. Parameters of the three different swirlers.

Parameters
Swirl Number of Pilot-Stage

0.44 0.60 0.71

Blade angle/(◦) 32◦ 40◦ 48◦

Outer radius of inlet/mm 21.2 22.5 24.3
Inner radius of inlet/mm 6 6.5 7

2.2. Numerical Method

The flow characteristics of the centrally staged combustor with three different pilot-
stage swirl numbers were determined using LES. Based on the work by Zhang et al. [28],
a numerical study on the transient flow and combustion in an SGT-100 combustor was
performed using the LES-WMLES model, and the calculation results reproduced adequately
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the test results in [29]. On this basis, it can be considered that the LES-WMLES model is
suitable for the unsteady calculation of the combustor with a strong swirling flow. Hence,
this paper adopted the LES-WMLES model. The simulations were performed using Ansys
Fluent. The LES method can accurately capture the transient information of the flow field,
solve the large-scale turbulence directly, and solve the remaining small-scale turbulence by
a sub-grid model. The filtered Navier–Stokes equation can be expressed as:
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= 0 (2)
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In the LES model, it can be determined with the Boussinesq assumption:

τ
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ij = ρ

(
ũiuj − ũiũj

)
= −2µsgsS̃D

ij +
2
3

ρkδij (6)

In order to close the governing equation, this paper selects the Algebraic Wall-Modeled
LES model (WMLES). It uses the RANS method to simulate the flow field inside the
boundary layer, while it uses the LES method to simulate the flow field outside the near
wall area. The eddy viscosity is defined as:

µt = min
[
(κdw)

2,
(
CSmag∆

)2
]
·S
{

1− e[−(y
+/25)3

]
}

(7)

where S is the strain rate, dw is the distance between the point and the wall. Filter size ∆ is
selected according to the flow field conditions:

∆ = min(max(Cw·dw; Cw·hmax; hwn); hmax) (8)

where Cw = 0.15, hmax is the maximum step size of the wall grid, hwn is the mesh step size
of the extension wall’s normal direction.

2.3. Boundary Conditions

Since the airflow velocity in the combustor is relatively low, the air was treated as
incompressible ideal gas for calculation. The working pressure was 0.9 MPa, the temper-
ature was 700 K, and at the inlet, a velocity of 10 m/s was set. The pressure outlet was
adopted, and in this case, the total pressure loss coefficient of the combustor was 4%. In the
calculation process, the time step was dynamically adjusted, and the maximum time step
was 10−5 s. Thus, the CFL number was less than 0.5. In order to make the LES converge
faster, Reynolds-averaged Navier–Stokes (RANS) simulation was performed first to obtain
the steady-state flow characteristics. After the RANS simulation converged, the RANS
simulation was converted into the LES simulation. Based on the combustor length and the
average inlet velocity, the flow characteristic time ∆t was estimated to be about 27.5 ms.
After two characteristic time periods, unsteady flow data were collected. The statistical
process lasted for 10 ∆t, i.e., 0.275 s.
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2.4. Grid Partition

Figure 2 illustrates the grid partition of the simulation model. The air intake section
and the flame tube were 1.28 × 1.96 (the combustor size was expressed as the result of
100 mm normalization) rectangular, and the restricted ratio, i.e., the ratio of the flame tube
section area to the swirler outlet area, was 3.82. The axial position of the swirler inlet was
z = 0, the swirler outlet was z = 0.35, and the outlet of the combustor was z = 2.45. A
polyhedral grid was adopted for the entire 3D computational domain, and the grids in the
swirler zone were denser in order to improve computational accuracy. To reduce the effect
of the grid partition factors on the calculation results, the dimension, density, and change
ratio of the grids in the combustor were consistent for all models. In the models, the points
P (z = 0.5, y = 0.1) and Q (z = 0.5, y = 0.4) were located at the outlets of the pilot and main
stages on Plane-M, respectively.

Aerospace 2022, 9, x FOR PEER REVIEW  6  of  22 
 

 

 

Figure 2. Grid distributions. (a) Computational grid, (b) grid around the swirler outlet, and (c) grid 

on the surface of swirler. 

By taking the model with a pilot‐stage swirl number S of 0.44 as an example, Figure 

3 shows the axial velocity and pressure distribution along the path at Z = 0.7 on Plane m 

for the three meshes with different dimensions. In general, the position Z = 0.7 on Plane 

m is near the swirler outlet and the airflow runs through the main characteristic vortices 

of the centrally staged combustor. Consequently, the distribution can effectively charac‐

terize the flow inside the combustor. In the compromise of spatial resolution and compu‐

tational cost, the computational domain was divided into 3.4 million elements in order to 

solve this multi‐scale problem. 

(a)

(b) (c)

P

Q Plane-M

Figure 2. Grid distributions. (a) Computational grid, (b) grid around the swirler outlet, and (c) grid
on the surface of swirler.

By taking the model with a pilot-stage swirl number S of 0.44 as an example, Figure 3
shows the axial velocity and pressure distribution along the path at Z = 0.7 on Plane m for
the three meshes with different dimensions. In general, the position Z = 0.7 on Plane m
is near the swirler outlet and the airflow runs through the main characteristic vortices of
the centrally staged combustor. Consequently, the distribution can effectively characterize
the flow inside the combustor. In the compromise of spatial resolution and computational
cost, the computational domain was divided into 3.4 million elements in order to solve this
multi-scale problem.
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Figure 4 depicts the energy spectral graph obtained by a Fourier analysis of the
instantaneous axial velocity at point P at the pilot-stage outlet. It can be observed that the
variation relationship between amplitude and frequency conforms to the −5/3 law in the
inertial subregion of the Kolmogorov–Obukhov Theory [30]. This indicates that the grid
partition method used in this paper can effectively distinguish the turbulent pulsation in
the combustor. Therefore, the abovementioned grid partition parameters were used to
divide the computational domain of the combustors with three different structures.
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2.5. Post-Processing Method

In this study, the POD and DMD methods were introduced in order to conduct a
dimension reduction analysis of the LES flow field results. Both POD and DMD are
dataset-based modal analysis methods, which can transform the flow field data at the
moment {t1, t2, · · · , tN} into a column vector xi. The reconstruction was achieved by
preserving the corresponding relationship between the coordinates of spatial points and
vector elements. For multivariable snapshots, only the corresponding relationship between
vector elements and variables needs to be maintained. The dimension number of xi can
be denoted as M, and it is assumed that there are N time moments in total; that is, the
number of samples is N. Thus, all data samples constitute a two-dimensional matrix UM×N,
UM×N = [x1, x2, · · · , xN ]. In practical applications, time series data require a sufficiently
high number of sampling space points, i.e., M � N. The essence of the POD and DMD
methods is to seek basis functions of different properties for the data samples UM×N. The
projections of the target snapshot data xi on these two different basis functions are defined
as POD and DMD modes, respectively.

The POD method requires pre-processing treatment. Here, xi can be expressed by the
average and pulsation quantities as:

xi = x + x̃i =
1
N

N

∑
j=1

xj + x̃j (9)

Subsequently, the pulsation snapshot sequence ŨM×N = [x̃1, x̃2, · · · , x̃n] is constructed
based on the snapshot pulsation quantity. Since this study mainly focuses on the unsteady
flow structure in the combustor, the average values of the snapshots were removed and
only the pulsation values of the snapshots were decomposed by POD. The essence of
POD is to transform the time-domain signals into frequency-domain signals by Fourier
transform according to the Wiener–Khinchin Theorem, and then complete the decoupling
of the time–space correlation in the frequency domain. POD seeks a set of orthogonal bases
{φ1, φ2, · · · , φN} defined on a Hilbert space such that the projection of xi onto them is opti-
mal in the least-squares sense. In this study, a POD based on singular value decomposition
is adopted, which can significantly reduce the computation amount compared to the direct
POD method proposed by Lumley [25]:

U′ = U·S·V′ = ∑ Ai(t)·φi(x) (10)

where Ai(t) is the time evolution information corresponding to a certain mode, and φi(x) is
the corresponding i-th POD mode.

A Koopman operator A is introduced in the DMD method in order to the mapping of
the Ui ∼ Ui+1 snapshot:

Ui+1 = A ∗Ui (11)

The key is to solve matrix A. In this study, the similarity transformation order reduction
method based on POD proposed by Schmid is used to solve the matrix A. By using the flow
field snapshots at the moments from 1 to N, two snapshot matrices X = [x1, x2, · · · , xN−1]
and Y = [x2, x3, · · · , xN ] can be constructed. Thus, the following relationship can be
obtained:

Y = [x2, x3, · · · , xN ] = [Ax1, Ax2, · · · , AxN−1] = AX (12)

For matrix X, there is an order-reduced matrix Ã similar to matrix A, which can replace
the high-dimensional matrix A to make X = UΣVH , where Σ is a diagonal matrix and its
diagonal elements have r singular values. Thus, the following relationship can be obtained:

Ã = UH AU = UHYVΣ−1 (13)



Aerospace 2022, 9, 782 8 of 19

The matrix Ã contains the main characteristic values of matrix A. The j-th characteristic
value of Ã is denoted as µj and the proper vector as ωj. Subsequently, the j-th DMD mode
is φj = Uωj. Based on the characteristic values, the growth rate and change frequency of
the system can be obtained as well.

The snapshot at an arbitrary moment can be estimated as follows:

xi = Axi−1 = UÃUHxi−1 = UWNW−1UHxi−1 = UWNi−1W−1UHx1 (14)

where W is a matrix in which the column vector is the proper vector ωj, and N is a diagonal
matrix which contains the singular values of the matrix Ã.

Each column of φ is defined as one DMD mode; that is, φ = UW. The mode amplitude
is defined as α = W−1UHx1, and the DMD modes are ranked according to the mode
amplitude. Thus, the following relationship can be obtained:

xi = φΛi−1α =
r

∑
j=1

φj(µj)
i−1αj (15)

3. Experimental Validations
3.1. Experimental Settings

Particle imaging velocimetry (PIV) was used to capture the cold flow field in a combus-
tor with a pilot-stage swirl number of S = 0.44. The experimental system mainly included
the combustor, air supply system, and PIV flow field measurement system (Figure 5).
The air was stored in a high-pressure bottle to ensure stable airflow before entering the
combustor. A total pressure rake was installed at the trailing end of the inlet pipeline
rectification section to determine the total pressure at the inlet and outlet of the combustor;
the measurement uncertainty was 1%. The inlet flow rate was acquired through an orifice
flowmeter with a measurement uncertainty of 2%. The MicroVec SM3-8M200 PIV system
was adopted, it includes an ND-YAG double-pulse laser with 532 nm wavelength and
200 mJ working on the 15 Hz frequency and a 2360 × 1776 pixels charge-coupled device
(CCD) camera. The time interval between the two laser pulses was set to 5–8 µs for the
flow conditions studied. The valid area of the PIV post-processing is 170 × 100 mm. The
estimated uncertainty is about 8% in the wake region of the swirler [31]. The essence of PIV
measurement is to characterize the flow structure by acquiring the flow characteristics of
the tracer particles. Stokes number (Stk) is introduced as the criterion for selecting tracer
particles [32]. The Stk is defined as the ratio of the particle relaxation time to the fluid
characteristic time, which represents the ratio of the particle inertia effect to the diffusion
effect. Its calculation equation is as follows:

Stk = τf /τp (16)

when Stk < 1, particle diffusion is more dominant than the inertial force; thus, the PIV
testing results are more reliable. To ensure that Stk < 1 during the test, the tracer particles
were introduced 1 m upstream of the air intake section. Al2O3 particles with a size of 2 µm
were selected as the tracer particles.
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3.2. Experimental Result Validation

The PIV flow field experiment was performed under the conditions of 1 atm and
300 K. To verify the accuracy of the numerical calculation in predicting the flow structure
of the combustor, the LES method was performed with the same boundary conditions,
same computational grids, and under the same working conditions as those in the PIV test.
Figure 6a shows the average flow field on both the experiment and simulation. It can be
found that the flow field structure is similar in the two cases. Figure 6b shows the axial
velocity distributions at different axial positions of the cold time-average flow field obtained
from the PIV test as well as the time-average results obtained by LES. It can be observed
that the velocity profiles captured by LES agreed well with the PIV measurement results.
Furthermore, the corresponding relationship between the data points measured by the PIV
system and those predicted by the numerical simulation was verified, and the correlation
coefficient (R2) values between the numerical simulation and experimental results were
analyzed. Table 2 lists the correlation coefficient values of the axial velocity at different axial
positions obtained by PIV and LES. It can be seen that the correlation coefficients between
the simulated velocity component and the experimentally measured velocity component
were both greater than 82%, indicating the high reliability of the numerical simulation
results. The reason for the gap of errors between LES and PIV in Figure 6b may be that the
primary recirculation zone of the combustor is small, a small number of tracer particles
enter the primary recirculation zone during the experiment, resulting in a certain error in
the discrimination of the PIV system. Therefore, the grids and methods used for the LES in
this study can efficiently simulate the combustor flow field.

Table 2. R2 of axial velocity.

Z 0.55 0.75 0.95

R2(%) 92 87 82
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4. Results and Discussion
4.1. Effects of Pilot-Stage Structure on the Time-Average Vortex Structure

The generation of a coherent structure depends mainly on the swirling intensity at the
outlet of the swirler, which can lead to the formation of a PRZ surrounded by the inner
shear layer [33]. The Strouhal number is a similarity criterion used to characterize the
periodicity of flow, which is defined as:

Sr =
l f
v

(17)

where l is the characteristic size of the structure, and f and v are the frequency and average
flow velocity at the junction, respectively. Huang et al. [34] reported that the periodic flow
frequency of the PVC or vortex shedding in cold swirling flow is positively correlated with
the average velocity. On this account, in this study, the effects of different pilot-stage swirl
numbers on the unsteady flow characteristics are investigated under the same inlet velocity.

The time-average results by LES can represent the characteristics of the time-average
flow in the combustor and reflect the main structure of the vortex. Since the LES process is
sufficiently long, the airflow in the combustor can be fully developed, and the structure of
the time-average flow field is basically symmetric about the central axis; thus, only half of
the flow field is presented in this study. Figure 7 shows the time-average flow field of the
combustors with three different pilot-stage structures on Plane-M under an inlet velocity
of 10 m/s. As it can be observed, the main and pilot module jets exhibited a stratified
flow state, forming a typical stratified vortex structure of CRZ, LRZ, and PRZ. Due to
the mixing effect of the main-stage swirling flow and the non-swirling air, the main-stage
jet moved downstream along the axial direction, and basically did not participate in the
formation of recirculation zones. On the contrary, the jet at the outlet of the pilot-stage
swirler possessed strong tangential velocity, which could expand outward under the action
of centrifugal force. Furthermore, the decrease of the jet axial velocity and the jet radial
expansion could make the air flow produce a pressure gradient along the axial direction,
and facilitate the formation of a stable PRZ, which was conducive to flame stability. The
“step” structures between the main- and pilot-stage outlets as well as between the main-
stage outlet and the flame tube wall could produce low-pressure zones and form an LRZ
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and a CRZ, respectively, effectively achieving the purpose of staged airflow. With the
increase of the pilot-stage swirl number, the centrifugal force was enhanced, and the jet
tension angle of the pilot stage became larger. Consequently, the LRZ was squeezed to be
smaller, while the length and width of the PRZ were increased.
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To quantitatively describe the characteristics of the recirculation zones in the centrally
staged combustor, the main characteristic parameters are defined as follows: P1 represents
the posterior stagnation point of the PRZ, which describes its axial length; P2 represents
the posterior stagnation point of the LRZ, which describes its axial length (L denotes to
the axial distance from the swirler outlet); Hp represents the maximum distance from the
PRZ to the central axis of the combustor, which describes the PRZ width. Table 3 lists
the characteristic parameters of the recirculation zones for different pilot-stage structures.
With the increase of the pilot-stage swirl number, the centrifugal force of the jet at the
pilot-stage outlet was increased, which was conducive to the establishment of an adverse
pressure gradient and the radial expansion of the pilot module jet. After the pilot-stage jet
was mixed with the main-stage jet, the flow field exhibited an increasing PRZ width and
a retroposition of the stagnation point, i.e., the PRZ became gradually wider and longer.
Moreover, the pilot-stage jet could compress the LRZ, the length of which became gradually
smaller. Thus, the squeezing effect of the corner vortex on the main-stage jet was weakened,
promoting the development and expansion of the PRZ.

Table 3. Parameters of the three different combustors.

Parameters
Pilot Swirl Number

0.44 0.60 0.71

Lp1 0.62 0.75 0.79
Lp2 0.25 0.17 0.13
Hp 0.12 0.14 0.19
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4.2. Effects of Pilot-Stage Structure on Vortex Dynamic Evolution

The breakdown process of large-scale vortices plays an important role in the mixing,
transport, and instability of turbulent flows, while the PVC is the most typical coherent
structure in a swirling flow field. Figure 8 presents the instantaneous pressure isosurface
(P = −30,000 Pa) in the combustor. As it can be observed, for all centrally staged swirl
flows, there are PVCs rotating clockwise along the axial direction in the combustor, and
the rotation direction is the same as that of the blades of the pilot-stage swirler. PVCs exist
only near the shear layer at the outlet of the pilot stage, and the axial velocity gradient
around the shear layer is high. PVCs develop downstream along the flow field, gradually
break, and finally disappear. The increase of the pilot-stage swirl number can lead to an
increase in the shear stress of the flow field. Consequently, the location of vortex breakdown
moves clearly upstream of the combustor. The solid black line in Figure 8 represents the
3D streamline of the average velocity field passing through the vortex structure. It can be
observed that the vortex axis of each combustor had an orthogonality relation with the
streamline of the average velocity field in space. This suggests that the PVC structures
near the shear layer of the pilot-stage outlet were all generated by the Kelvin–Helmholtz
instability in the shear layer [35].
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Figure 9 demonstrates the frequency spectra of the instantaneous axial pulsation
velocity u’ at different monitoring points of the centrally staged combustor by fast Fourier
transform (FFT). For the three models, there was a dominant frequency in the axial pulsation
velocity spectrum of point P at the pilot-stage outlet; however, there was no obvious
dominant frequency in the axial pulsation velocity spectrum of point Q at the main-stage
outlet. This means that the main pulsation zones were distributed near the PRZs wrapped
by the inner shear layer. The pulsating dominant frequencies decreased gradually with the
increase of the pilot-stage swirl number, i.e., 1670, 1425, and 1400 Hz, respectively.

The continuous equally spaced flow snapshots of the plane-M obtained by LES were
processed by POD. The samples comprised 2000 instantaneous flow fields, and the fre-
quency resolution was 5 Hz. Here, the mean flow field is denoted as the zero-order mode.
Figure 10 illustrates the energy distribution of each mode calculated based on the proper
values of the orthogonal decomposition for the flow field snapshots from the three different
centrally staged combustors. It can be seen that, in all cases, the energy distribution of the
different combustor flow fields presented a “long-tail” pattern. The energy proportion of
the first-order mode accounted for about 8% of the different pilot-stage swirl numbers, and
it increased slightly with the increase of the pilot-stage swirl number. These results con-
firmed that the coherent structures captured by POD are small fluctuations near large-scale
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structures, it can be deduced that the downstream flow field pulsation can be enhanced by
increasing the pilot-stage swirl number.
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Figure 10. Energy distributions of POD modes.

Figure 11 demonstrates the power spectral densities (PSD) of each modal coefficient
time series obtained via POD of the axial velocity field snapshots on Plane m for the
three combustors with different pilot-stage structures. For all three structures, an obvious
dominant frequency in the first- and second-order time series was found, while the other
frequencies could even be ignored completely. Moreover, the dominant frequency was
basically consistent with the PVC frequency in the combustor with the corresponding pilot-
stage structure. In addition, the frequency spectra of the other modal coefficients no longer
exhibited the pattern of extremely high intensity at a certain frequency and negligible
intensity at other frequencies. Nevertheless, when S = 0.44, the PSD pattern of the three-
and four-order modal time series also exhibited an apparent low-frequency pulsation. This
may be attributed to the existence of strong low-frequency pulsation structures in the
modes, which can be subsequently verified by the spatial distribution results of each mode.
Furthermore, according to Figure 9, the energy proportion sum of the modes after the first
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four orders of the modes was less than 3%. Hence, the first four orders of the POD modes
were selected for the subsequent analyses in this study.
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Through POD, the first four orders of the modes of the axial velocity field snapshots
on Plane m of the three combustors were shown in Figure 12. It was found that there
was a phase difference of 90◦ between the first- and second-order modes, as well as
between the third- and fourth-order modes. The first- and second-order modes were
mainly distributed near the shear layer of the pilot-stage outlet, whereas the third- and
fourth-order modes were distributed over the downstream region of the combustor. The
overall structure of each mode did not change with time, while the corresponding energy
intensity changed periodically with time, so spatio-temporal decoupling occurred. Since
the modes extracted by POD do not have frequency analyticity, the main pulsation structure
obtained by POD contains multiple frequencies. Combined with the time coefficient PSD
diagrams corresponding to each order of mode, it can be deduced that the first- and
second-order modes of each structure corresponded to the high-frequency flow structures
in the frequency domain, i.e., the PVC flow structures. This is similar to the phenomenon
obtained by the high-speed PIV experiment [36]. It shows that the dominant PVC unsteady
motions are located in the inner shear layer of pilot stage. When S = 0.44, the third- and
fourth-order modes mainly present low-frequency flow structures. On the other hand,
the third- and fourth-order modes for the pilot-stage structures with S = 0.60 and S = 0.71
also contained some high-frequency flow structures in addition to the low-frequency ones,
especially for the pilot-stage structure when S = 0.71. These indicate that, by increasing
the pilot-stage swirl number, the flow instability in the combustor is aggravated. Thus,
the above speculation about the difference in the PSD curves is verified. It should be
highlighted that the POD results are only mathematical decomposition results. It can be
found that the decomposed modes specifically reflect certain physical phenomena, such as
the average flow characteristics as well as those of various vortex systems.

Based on the sequence of the energies of all modes, the energy-frequency diagrams of
the first four orders of the modes decomposed by DMD of the axial velocity field snapshots
on Plane m of the three combustors with different pilot-stage structures were shown in
Figure 13. Since the two adjacent proper values/vectors were conjugate, that is, the real
parts were the same and the imaginary parts were opposite, the spatial distributions of
the two adjacent modes were the same. Negative and positive frequencies appeared in
pairs, and the frequencies of two adjacent modes were opposite to each other. Hence,
the modes corresponding to positive frequencies could be used for modal analysis. For
the three pilot-stage structures, the first-order modal frequency obtained by DMD was
consistent with the main frequency of the first-order modal time series obtained by POD.
Only when S = 0.44 was the third-order modal frequency obtained by DMD consistent with
the main frequency of the third-order modal time series obtained by POD, exhibiting the
characteristics of low-frequency pulsation. When S = 0.60 and S = 0.71, the third-order
modes obtained by DMD exhibited the characteristics of high-frequency pulsation.
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Figure 14 shows the spatial distribution of the real and imaginary parts corresponding
to the first and third orders of the modes obtained by DMD for the three combustors with
different pilot-stage structures. It can be observed that there was a corresponding relationship
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of a 90◦ phase difference between the real and imaginary parts of the same order of the
modes. Due to the spatio-temporal coupling characteristic of DMD, the obtained modes were
pulsation structures with a certain single frequency. Consequently, when S = 0.44, the spatial
distribution of the real and imaginary parts of the first-order mode reflected the high-frequency
pulsation structure, while that of the third-order mode reflected the low-frequency pulsation
structure with higher modal energy. When S = 0.60 and S = 0.71, the spatial distributions of
the real and imaginary parts of the first- and third-order modes reflected the high-frequency
pulsation structures. Based on the transverse comparison between POD and DMD, the real
and imaginary parts of the first pair (first and second orders) of POD modes exhibited spatial
distributions similar to those of the first-order DMD mode for the three combustors. When
S = 0.44, the real and imaginary parts of the third-order mode were significantly different from
those of the structures with S = 0.60 and S = 0.71. At this point, the real and imaginary parts of
the second pair (third and fourth orders) of POD modes exhibited spatial distributions similar
to those of the third-order DMD mode. However, for the structures with S = 0.60 and S = 0.71,
no apparent corresponding relationships between the real and imaginary parts of the second
pair (third and fourth orders) of POD modes and those of the third-order DMD modes were
found. To sum up, the order reduction methods of POD and DMD can facilitate the analysis
of complex flow fields, successfully capture and extract their important characteristics, and
help to better understand the unsteady flow characteristics of the centrally staged combustor.
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5. Conclusions

The LES method was used to explore the influences of the pilot stage structure on the
flow characteristics in the centrally staged high-temperature-rise combustor. Based on the
LES results, the POD and DMD methods were introduced to further analyze the flow field.
The main conclusions are as follows:

(1) Increasing the swirl number of the pilot-stage is conducive to the radial expansion
of the pilot-stage jet. When the pilot-stage swirl number was 0.44, 0.60, and 0.71,
the length of the recirculation zone was 0.62, 0.75, and 0.79, respectively, and its
half-height was 0.12, 0.14, and 0.19, respectively.

(2) PVCs were formed at the outlet of the pilot stage in the three combustors with different
structures (S = 0.44, S = 0.60, and S = 0.71), and the PVC frequencies were 1670 Hz,
1425 Hz, and 1400 Hz, respectively. The PVC vortex axis and the average velocity
field streamline exhibited an orthogonality relation in space, indicating that PVCs
are generated due to the Kelvin–Helmholtz instability in the shear layer. The PVC
breakdown position shifted forward with the increase of the pilot-stage swirl number.

(3) After the order reduction analysis via POD and DMD, it was determined that the
main pulsation structures of the flow field for the three pilot-stage swirl numbers
were located near the shear layer of the pilot-stage outlet. The main frequency of the
DMD modes, the time series main frequency of the POD modes, and the FFT main
frequency of the monitoring point P at the pilot-stage outlet was consistent. The modal
analysis results revealed that the increase of the pilot-stage swirl number can enhance
the energy of the main pulsation structures and aggravate the instability of the flow
field. Therefore, the appropriate pilot-stage structure needs to be combined with the
time-average flow field structure and the vortex dynamic evolution characteristics.

(4) Using the spatio-temporal decoupling characteristics of POD and the spatio-temporal
coupling characteristics of DMD, flow field analyses can be conducted from different
perspectives to capture different flow structure characteristics, which can be helpful
to understand the flow characteristics in the centrally staged high-temperature-rise
combustor.
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Nomenclature

PVC Precessing vortex core POD Proper orthogonal decomposition
LES Large eddy simulation DMD Dynamic model decomposition
PIV Particle image velocimetry LRZ Lip recirculation zone
PRZ Primary recirculation zone CRZ Corner recirculation zone
Stk Stokes number FFT Fast fourier transform
Sr Strouhal number PSD Power spectral densities
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