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Abstract

This study investigates the complete stall process of a counter-rotating axial
compressor through multi-passage unsteady numerical simulations, inte-
grating the Liutex vortex identification method and reduced-order vari-
ational mode decomposition (RVMD) technique. The analysis reveals that
the tip secondary vortex (TSV) plays a pivotal role in stall inception. During
stall initiation, two TSVs emerge within the tip passage: the upstream TSV
generates backflow and undergoes periodic vortex shedding, while the
downstream TSV interacts with adjacent blades, triggering leading-edge
spillage that produces stall spikes. These TSVs collectively form an axially
fluctuating structure with periodic and self-sustained unsteadiness, propa-
gating circumferentially. The accumulation of fluctuation energy disrupts
the stability of tip leakage vortex, ultimately causing complete blockage at
the rotor 2 tip and initiating compressor stall. Furthermore, the RVMD tech-
nique proves effective in identifying non-periodic and transitional features
during stall evolution, enabling efficient extraction of dominant flow struc-
tures from large-scale unsteady data. To address the high computational
complexity of RVMD, singular value decomposition is employed for spatial
dimensionality reduction. However, challenges persist in parameter opti-
mization, often leading to over- or under-decomposition of flow character-
istics. The findings highlight the dynamic interplay of TSV-driven
mechanisms in stall development and demonstrate the potential of RVMD
for complex flow diagnostics, while underscoring the need for improved
adaptive parameter selection to enhance its practicality. This work provides
insights into compressor stall dynamics and advances data-driven methods
for turbomachinery flow analysis.

Introduction

In the pursuit of aircraft engines with higher thrust-to-weight ratios,
there is a growing need for compressors capable of achieving a higher
stage pressure ratio. However, increasing the average stage pressure ratio
of traditional axial flow compressors, which consist of alternating rows of
rotating and static blades, poses significant challenges. To overcome
these limitations, researchers have proposed an innovative compressor
aerodynamic layout of the counter-rotating axial compressor (CRAC).
Compared to conventional axial flow compressors, CRACs offer reduced
axial length and lower weight while maintaining an equivalent pressure
ratio, making them a promising solution for enhancing compressor stage
pressure ratio and improving the aeroengine thrust-to-weight ratio
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(Wilcox, 1952; Sharma and Adekoya, 1996; Yang and Shan, 2011). Furthermore, CRACs with the absence of
stator components and the counter-rotating effect of adjacent rotors, significantly increase the relative rotating
speed between the two rotor rows, leading to pronounced rotor/rotor unsteady interactions. These unsteady phe-
nomena, arising from the interaction between adjacent rotors, are distinctly different from the rotor/stator
unsteady interference found in traditional compressors (Zhang and Liu, 2024). For instance, the tip leakage flow
(TLF) of the front and rear rotors has a more potent direct interference effect (Gao et al., 2012a; Liu et al.,
2017). The tip blockage in the rear rotor is typically more severe near stall condition, exhibiting stronger
unsteadiness due to the significant influence of TLF, leading to a more substantial potential flow interference
effect on the front rotor tip region (Gao et al., 2012b, 2015; Chen et al., 2018). These effects also make the
stall characteristics of CRACs more complex than those of conventional compressors.
Extensive literature exists on the investigation of stall mechanisms in CRACs. Toge and Pradeep (2015,

2017a,b) conducted experiments on a low-speed CRAC, finding that stall inception primarily originates from
long-scale disturbances, with visible stall spikes. Wang et al. (2015a,b) and Yue et al. (2020) identified modal
stall in low-speed counter-rotating axial fans, with stall inception at the leading edge (LE) of the rear rotors,
causing the rear rotor to stall first. Research (Joshi et al., 2019; Manas and Pradeep, 2020) indicates that the
rotating speed ratio affects the aerodynamic performance by altering the interference of the front rotor wake on
the suction surface of the rear rotor, with the suction effect of the rear rotor playing a significant role in the stall
process. Studies by Gao et al. (2015, 2023), Mao et al. (2019), and Chen et al. (2019) collectively show that
rotor/rotor interference between the two rotors amplifies the TLF instability. The TLF instability and secondary
flow from the rear rotor are recognized as the main triggers for the stall of that CRAC. Current research on stall
characteristics of CRACs has mainly focused on low-speed fans or compressors, with a significant gap in high-
speed CRAC studies, which face higher pressure ratios and more severe aerodynamic challenges. Additionally,
understanding of stall mechanisms in high-speed CRACs is incomplete, and comprehensive analyses of stall
inception, progression, and flow structures are lacking. Furthermore, there remains a lack of consensus regarding
the progression of flow structures during the stall process of CRACs. Consequently, there is a significant need for
research to be conducted on the stall of CRACs, which holds considerable value in advancing our understanding
and improving their performance.
In recent years, data-driven decomposition techniques have emerged as indispensable tools in the field of fluid

dynamics research (Mendez et al., 2019). These techniques are extensively utilized for the unsteady analysis of
flow fields, enabling the extraction of profound insights into flow evolution from extensive computational data of
unsteady flow fields. The most prevalent modal decomposition methods applied to flow fields encompass three
principal approaches: Proper Orthogonal Decomposition (POD) (Lumley, 1967), Dynamic Mode
Decomposition (DMD) (Schmid, 2010), and Spectral Proper Orthogonal Decomposition (SPOD) (Sieber et al.,
2016). A large amount of research has employed POD, DMD, and SPOD methodologies to analyze unsteady
flow phenomena in compressors. Chen et al. (2022) employed POD and DMD to evaluate the impact of
endwall pulsed jets and suction surface swept jet actuators on the flow separation within the corner region of a
compressor cascade. The study revealed that the endwall pulsed jets effectively mitigated the progression of
endwall transverse secondary flows, and the swept jet actuator was observed to manage the corner separation
through the acceleration of low-energy fluid. Song et al. (2022) used the DMD method to analyze the evolution
of the tip flow field at the blade tip of a transonic compressor from the stall inception to a deep stable stall condi-
tion. They found that the breakdown of the tip leakage vortex triggered spike destabilization, causing low-
frequency oscillations to gradually replace high-frequency oscillations during the development of stall. He et al.
(2021) applied the SPOD method to analyze the unsteady modal components of the leakage flow at the com-
pressor blade tip. The results indicated that as the compressor transitions from the peak efficiency conditions to
the near-stall conditions, the total fluctuating energy of the compressor increases, and the dominant frequency of
the blade tip leakage vortex mode shifts to lower frequencies, with a corresponding weakening of its low rank
characteristics.
Beyond the three aforementioned modal decomposition methods, a decomposition technique suitable for the

analysis of non-stationary processes has recently been proposed: reduced-order variational mode decomposition
(RVMD) (Liao et al., 2023). RVMD is adept at extracting a predefined number of intrinsic mode functions
(IMFs) from space-time field data, thereby facilitating the simplification of complex, high-dimensional datasets.
Notably, the IMFs derived through this process are capable of preserving non-stationary modal structures within
their time coefficients. Given that the compressor stall process is inherently non-periodic and stall characteristic
structures display a multitude of non-stationary and transitional characteristics, traditional methods such as POD,
DMD, and SPOD encounter considerable difficulties in their analysis. Consequently, to effectively identify and
extract the non-stationary characteristics inherent in the stall process, this study will adopt the RVMD technique
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for modal decomposition and subsequent analysis. To the best of the authors’ knowledge, this is the first applica-
tion of the RVMD technique within the context of compressor stall process analysis.
To clarify the stall mechanism of a high-speed CRAC, this paper employs multi-passage unsteady numerical

simulations to capture the stall process. The analysis begins with an investigation of the vortex structures develop-
ing during the stall process, identifying the characteristics of stall inception. Subsequently, the RVMD technique
is applied to further analyze these flow structures within the tip flow field. This paper concludes with a compre-
hensive synthesis of the stall mechanism.

Research object and numerical methods

Research object

The subject of this study is a two-stage counter-rotating axial compressor, as shown in Figure 1. The compressor
consists of four blade rows, namely: inlet guide vanes (IGV), front rotor (R1), rear rotor (R2), and outlet guide
vanes (OGV). The blade number for the inlet guide vanes and the outlet guide vanes are 22 and 32, respectively.
Operating at the design flow rate of 6.4 kg/s, the compressor has a total pressure ratio of 1.22 and an isentropic
efficiency of 89%. Other key design parameters of the CRAC are presented in Table 1.

Numerical methods

Given that the focus of this study is on the stall evolution process and mechanisms of CRAC, with particular
emphasis on the aerodynamic stability and flow field characteristics in the tip region, only the two rows of rotors
were simulated in the numerical computations. Additionally, the blade number of R1 was increased from 19 to

Figure 1. Physical picture of the CRAC test bench.

Table 1. Main design parameters of CRAC.

Design parameters R1 R2

Rotating speed/rpm 8,000 −8,000

Tip clearance/mm 0.5 0.5

Tip speed/(m/s) 167.6 −167.6

Tip chord length/mm 83.2 76.9

Number of blades 19 20

Hub-tip ratio 0.485 0.641
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20 through a computational domain scaling method, while ensuring that the blade pitch remained unchanged.
The mesh was automatically generated using NUMECA/Autogrid5, as depicted in Figure 2. The inlet and outlet
computational domains are H-type grids, while the inter-rotor tip clearances are discretized using O4H-type
grids. The tip clearances themselves are meshed with butterfly grid topology, with a radial node count of 25.
The height of the first grid layer adjacent to the solid walls is set to 0.5 μm to ensure that y+ is less than 2.0,
which satisfies the requirements for the Spalart-Allmaras turbulence model used in this paper. The research
group had previously conducted a grid independence study (Guo et al., 2023), which determined that when the
grid number for a single blade passage was approximately 1.68 million, the computational results no longer
exhibited significant changes with further increases in grid number. Therefore, in this study, the numerical calcu-
lations for a single passage adopt this grid configuration. According to the research by Pullan et al. (2015), in the
numerical computation process, when the circumferential coverage of the computational domain exceeds 1/4 of
the whole annulus passage, the computational results can essentially capture the inception of stall cells in the stall
process. Therefore, this paper sets the total number of blade passages in the numerical computation to 5 to meet
the circumferential coverage requirement.
This paper employs NUMECA/Fine Turbo for numerical simulation, utilizing the finite volume method in

conjunction with the Spalart-Allmaras turbulence model to solve the three-dimensional Reynolds-averaged
Navier-Stokes equations in a relative coordinate system. The spatial discretization is performed using a
second-order accurate central difference scheme. In the steady calculations, the time term is iteratively solved
using the fourth-order Runge-Kutta method, and data is transferred across the interface of the two rotors using
the circumferential conservation method. In the unsteady calculations, a dual-time stepping implicit iteration
method is used for solving the equations, and data is transferred across the interface of the two rotors using the
sliding mesh interface method. The physical time is set to 80 steps per blade passage, with 30 pseudo-time itera-
tions performed for each physical time step (Guo et al., 2023). The results from the steady calculations are used
as the initial flow field for the unsteady calculations. The boundary conditions are set as follows: the inlet is spe-
cified with total temperature and total pressure, and the flow direction is axial. The outlet is set to an average
static pressure, and the solid walls are designated as smooth and adiabatic. The overall characteristic curve of the
compressor is obtained by varying the average static pressure at the compressor outlet. As the compressor
approaches stall, to more accurately determine the stall boundary, the bisection method is employed to alter the
outlet average static pressure, with the minimum step size set to 25 Pa. At the design rotating speed, the numer-
ical calculations were compared with experimental results to verify the reliability of the numerical method.
Figure 3 presents a comparison between numerical calculations and experiments. The mass flow rate in Figure 3
is normalized based on the blockage mass flow rate calculated by CFD. It can be observed that there is a good
agreement between numerical simulations and experimental data, indicating that the numerical method
employed in this paper possesses a reasonably reliable predictive accuracy.

Figure 2. Schematic diagram of computational domain.
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Results analysis and discussion

Overall performance and stall evolution analysis of CRAC

This paper first investigates the stall evolution process of the CRAC. Figure 4 presents the characteristic curves of
the isentropic efficiency and total pressure ratio for the CRAC, R1, and R2, where NS, PE, and NC denote the
near-stall, peak efficiency, and near-choke conditions respectively. One can see that the isentropic efficiency of
R1 is higher than that of R2 within the whole operating flow range. However, the pressure rise capability of R1
is weaker than that of R2, except near NC. Moreover, Figure 4 (right) demonstrates that R1 is less sensitive to
flow variations compared to R2, which implies that the overall characteristic variations of the CRAC are primarily
dominated by R2. As the CRAC operating state shifts from PE to NS, the decrease in isentropic efficiency is
mainly due to the efficiency drop of R2, and the deceleration of the total pressure ratio increase is also attributed
to the reduced pressure rise of R2. Therefore, the stall of the CRAC is more likely to be initiated by R2.
Subsequently, the stall process of the compressor is further analyzed using the results of unsteady calculations.

Figure 5 presents the variation curves of the inlet and outlet massflow rates of CRAC during the stall process. As
illustrated in the figure, the entire stall process is divided into three distinct stages based on the evolution of the
flow rate: stable flow, pre-stall and stall stage. The stable flow stage is defined as the period where the flow rate
remains stable. The pre-stall stage is characterized by the onset of flow rate decline. The stall stage is identified
by a significant decrease in the flow rate. One moment from the stable flow stage and one from the pre-stall
stage were selected for analysis, while two moments were chosen from the stall stage. These four moments repre-
sent four typical flow characteristic moments during the complete stall process (stable flow, stall inception, stall
development, and deep stall), and they are denoted chronologically as A, B, C, and D. Figure 6 presents the
vortex structures of the CRAC for the four moments from A to D, utilizing the third-generation vortex identifi-
cation method proposed by Liu et al., known as the Liutex-Omega method (Liu et al, 2019, 2020). The
method identifies vortex regions based on the relative vortex intensity ωR and employs the absolute vortex

Figure 3. Comparison of overall characteristics between numerical and experimental results.

Figure 4. Comparison of overall characteristic of CRAC.
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intensity R for vortex coloring. Unlike conventional vortex identification methods such as Q, λ2, Δ, λci, and
other second-generation vortex identification techniques, the Liutex-Omega method effectively eliminates the
contamination of vortex identification by shear and stretching compression. It offers clear physical significance,
ease of implementation, normalization, the ability to capture both strong and weak vortices simultaneously, and
the advantage of not requiring significant threshold adjustments. Therefore, using the Liutex-Omega method to
identify the vortex structures during the stall process ensures that the vortex structures are accurately depicted,
preventing interference in the flow field analysis that could arise from ambiguous vortex structures.
The results depicted in Figure 6 indicate that during the stall process of compressor, the vortex structures of

R1 do not undergo significant changes. Moreover, the stall inception and the rotating stall phenomena are
predominantly concentrated in R2. Therefore, by analyzing R2, a relatively comprehensive description of the

Figure 5. Variations in inlet and outlet massflow rates during the stall process of CRAC.

Figure 6. Evolution of vortex structures of CRAC (ωR= 0.55).
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non-stationary phenomena during the stall process can be obtained. Consequently, this paper only focuses on a
detailed analysis of the evolution of the vortex structures in R2. At the moment A, which corresponds to the
stable flow condition, the main vortices in the tip region of R2 include the tip leakage vortex (TLV), the tip sec-
ondary vortex (TSV) (Zhang et al., 2022), and the shedding vortex (SHV). As the TSV moves to the adjacent
blade, it gradually disintegrates and dissipates. The remaining segments with higher intensity do not dissipate
but instead collide with the LE of the adjacent blade, inducing the occurrence of LE spillage. After several rota-
tion periods at the moment B, which marks the stall inception, two TSVs emerged at the tip of R2. TSV①
moved upstream, while TSV② migrated towards the adjacent blade and collided with its leading edge. A com-
parison of the orange solid lines in Figure 6a and b indicates that at moment B, the fluctuation of the LE vorti-
ces at the tip of R2 is more intense, and the unsteadiness of the vortex structures is enhanced. After three
rotation periods at the moment C, the formation positions of the two TSVs have both further shifted upstream.
TSV① compressed the coverage space of the TLV and suppressed the generation of the TLV, while the interfer-
ence of TSV② with the adjacent blade intensified, leading to aggravated blockage at the tip leading edge,
increased backflow within the tip passage, and the compressor massflow rate begins to rapidly decrease.
Simultaneously, at the trailing edge (TE) of the suction surface near the tip, the volume of SHV increased and
its intensity is enhanced, further exacerbating the blockage at the TE. After one rotation period at the moment
D, the compressor massflow rate rapidly decreases. The TSV completely suppressed the generation of the TLV,
and the spillage almost entirely covered the tip leading edge.
The study outlined above of the stall process demonstrates that the TSV gradually moves forward with the

reduction of flow rate then interfered and collided with the leading edge of the adjacent blade. The collision
induces periodic excitation and progressively enhances the volume and intensity of the LE spillage. Throughout
this process, the flow capacity in the tip region gradually diminishes, ultimately leading to a deep stall in the
compressor. In contrast to the conclusions drawn from conventional unsteady methods cited in (Gao et al.,
2015; Chen et al., 2019; Mao et al., 2019), this study reveals that the breakdown of the TLV and the emergence
of LE spillage are not the causes of stall, but rather flow characteristics that appear in the blade LE region immi-
nently before stall. Weichert also arrived at a similar conclusion in his experimental study on the stall inception
in axial flow rotors (Weichert, 2012). However, the analysis presented above still does not provide an explanation
for the mechanism of TSV generation or the reasons for its forward movement.
In the existing public literature, Wu et al. (2012a,b) in their research on the stall inception in a subsonic com-

pressor, found that the tip separation vortex forms from the interaction of low-energy fluid from blade tip
leakage with incoming flow and the breakdown of the leakage vortex. The tip separation vortex which is also
referred to as the tip secondary vortex and back flow vortex — essentially similar vortex phenomena but with dif-
ferent names in various literatures. This periodic self-sustaining unsteady flow phenomenon leads to the occur-
rence of stall spike in the compressor. Chen et al. (2017) investigated the flow structure of an axial compressor
rotor at the stall inception. Their study indicated that the occurrence of rotating stall and rotating instability is
associated with the development and circumferential propagation of back flow vortex and their unsteady inter-
action with adjacent blades. Other public literature on the study of TSV tends to focus on the causes for TSV
generation and their impact on the stability of compressors. To date, there is no literature analyzing the mechan-
ism of TSV forward movement. Therefore, further exploration is needed to understand the evolutionary mechan-
ism of TSV during the stall inception.

Analysis of stall evolutionrom the perspective of RVMD technique

The analysis in the previous section was limited to a few representative instantaneous flow fields and could not
fully describe the entire stall inception process. To further extract the unsteady characteristics of the complete
stall process from the data, this section analyzes the space-time evolution of the R2 tip flow field, a key indicator
of stall information. Given that axial velocity Vz is the most direct indicator of flow blockage, this study uses the
RVMD technique to analyze the 2D axial velocity field at 99% blade height of R2. The analysis decomposes the
axial velocity field data from the 10th to 20th rotation periods. In this context, the space-time field data q(x, t)
∈ Rm×n is considered, where each column vector of q(x, t) represents flow parameters at a specific time, with m
denoting the number of spatial nodes and n representing the number of temporal nodes.
The RVMD technique is capable of extracting a fixed number of modal information from space-time field

data, thereby simplifying the unsteady flow field. The mode decomposition process is as follows. Firstly, multidi-
mensional space-time field data q(x, t) is acquired. In this study, the CRAC data dimensions are m = 44,845 and
n = 4,000. In order to reduce computation time, we use SVD to preprocess the data and reduce its spatial dimen-
sion. Subsequently, a series of triplet data points (with a total number of K) is identified, namely the RVMD
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modes:

{ψk(x), ck(t), ωk}jKk ¼1 (1)

In the equation, ψk(x) represents the spatial modes, ck(t) denotes the time-evolution coefficients, and ωk is
the central frequency of the time-evolution coefficients. The triplet is the solution to the following optimization
problem:

min

{ψk(x), ck(t), ωk}jKk ¼1

α
XK
k ¼1

jj@t {[(δ(t)þ i=πt)�ck(t)]exp(�iωkt)}jj2t
(

þ jjq(x, t) �
XK
k ¼1

ψk(x)ck(t)jj2F
) (2)

The optimization problem is equivalent in the frequency domain to:

min

{ψk(x), ĉk(ω), ω̂k}jKk ¼1

XK
k ¼1

ð1
0
2α(ω� ω̂k)

2 ĵck(ω)j2dω
(

þ
ð
Ω

ð1
0

q̂(x, ω)�
XK
k ¼1

ψk(x )̂ck(ω)

�����
�����
2

dωdx

) (3)

The problem is solved using block coordinate descent algorithm. First, the modes, time coefficients, and
central frequencies are initialized. Subsequently, the RVMD modes are obtained through multiple iterations. For
detailed calculation procedures, one can refer to literature (Liao et al., 2023). Since this paper focuses on frequen-
cies of the same order of magnitude as blade passing frequency (BPF) and low-frequency fluctuations associated
with stall, the central frequencies are initialized uniformly across the 0 to 4 BPF range. This approach ensures
rapid convergence to the frequencies of interest. Similarly to the VMD method, computing RVMD modes
requires manually inputting the empirical filter parameter α and the number of decomposition modes K. This
paper determines these two empirical parameters based on the RVMD decomposition of the stall process in the
CRAC. Figure 7 presents the spatially averaged PSD across various stages of the stall process. The characteristic
frequency bands, representing the main structures of the stall process and targets for RVMD modal identifica-
tion, are highlighted in gray. The filter parameter α and the number of decomposition modes K should be
chosen such that the RVMD modes encompass the aforementioned characteristics.
Figure 8 illustrates the variation of the central frequencies of the RVMD modes with respect to the filter par-

ameter α and the number of decomposition modes K. In Figure 8a, K is fixed at 20, while in Figure 8b, α is
fixed at 106. The results depicted in the figure show that the filter parameter α has a significant impact on the
central frequencies of the decomposed modes. In this scenario, the choice of the filter parameter α plays a crucial
role in the performance of the RVMD technique. When α is set less than 105, the decomposition tends to
capture predominantly low-frequency modes, which may not be sufficient for capturing the high-frequency
characteristics that are often critical in the analysis of complex flow phenomena such as stall. This limitation can

Figure 7. Spatially averaged PSD at each stage of stall process.
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lead to a decomposition that is more likely to POD, where each mode contains a broad range of frequencies
rather than being representative of specific flow characteristics. When α exceeds 106 the frequency concentration
of the decomposed modes begins to decrease significantly. According to the narrowband constraint theory of
RVMD, an increase in α can cause each frequency band of RVMD mode to be more concentrated around the
central frequency. However, the increased concentration of frequency bands due to the increase in α makes the
decomposition effect of RVMD more similar to DMD, with its ability to characterize non-stationary states grad-
ually diminishing. Therefore, α must be large enough to ensure that each mode contains only one characteristic
frequency, yet small enough to guarantee that RVMD can represent non-stationary characteristics. The results in
the figure also demonstrate that the number of decomposition modes K has a significant impact on the central
frequencies of the RVMD modes. When K is less than 16, the decomposition modes fail to encompass all the
characteristic frequencies of the main stall structures. Conversely, when K is greater than 20, multiple modes
exist within the same frequency band, indicating over-decomposition. In summary, this paper sets the filter par-
ameter α to 106 and the number of modes K to 20 to ensure that the RVMD modes that dominate the stall
process can be accurately captured.
Figure 9 presents a comparison between the spatially averaged PSD of the reconstruction flow field using

RVMD modes and time coefficients and the original space-time data. Within the frequency range of 0 to
20 kHz, the PSD peaks of the reconstruction data correspond well with those of the original data, validating the
effective identification capability of RVMD for the main characteristics of the complete stall process. However, it
should be noted that the RVMD technique is not perfect. In the region outlined by the blue dotted lines in
Figure 9, there is a peak in the original data that disappears after RVMD reconstruction, indicating that RVMD
failed to effectively identify the characteristics of this frequency band. The reasons for the aforementioned issues
may lie in the fact that this paper did not employ the optimal filter parameter α and the number of modes K. In
this paper, parameters are selected based on the identification effect of the PSD characteristic frequency bands,
which can effectively identify overall characteristics but may not yield the most optimal decomposition results. In
fact, distinguishing between different flow structures remains challenging, and defining “optimal decomposition”
is still an unresolved issue. The parameter selection method used in this paper is not best but reliable based on
the results. The characteristic frequency band not identified in Figure 9 exceeds 10 kHz, which is not significant
in the stall process. Therefore, for the research objects in this paper, the issues of under-decomposition and over-
decomposition present in RVMD do not affect the analysis of stall process.

Figure 8. Variation of center frequency with filtering parameter α and number of modes K.

Figure 9. Comparison of spatially averaged PSD between original and reconstruction data.
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Figure 10 illustrates the relationship between the energy fraction of each mode and their central frequencies.
For the complete stall process of the original CRAC, the energy is primarily concentrated in the first six modes,
with mode1 and mode2 accounting for approximately 95.3% of the total energy. These two modes have very
low frequencies, nearly approaching 0 Hz. Mode3 has a central frequency of 1,857 Hz, while modes 4 to 6 have
central frequencies closely concentrated between 4,200 and 4,300 Hz. A series of modes in a flow field with fre-
quencies that are close to each other should exhibit similar structures, because they are likely to represent the
same true characteristic. However, the RVMD technique’s over-decomposition may break a single structure into
several modes. Subsequent analyses will focus on their primary modes. Figures 11 and 12 present the main
RVMD mode contour maps and time evolution coefficients. In the figures, (a) to (f ) represent mode1 to
mode6, with the horizontal axis in the time coefficient representing the rotation periods. In the mode contour
maps, E/ΣE is the ratio of a mode’s energy to the total energy, while E/ΣE∼ is the ratio excluding stable modes.
Specifically, ΣE∼ = ΣE-E1-E2. The time-evolution coefficient indicate the central frequency fc of each mode.
In Figures 11 and 12, mode1 and mode2 together characterize the evolution of the space-averaged value of Vz

at the blade tip during the stall process. The contour maps of mode4 to mode6 (Figure 11d–f ) are nearly identi-
cal, with strong fluctuation regions almost entirely overlapping the TLF coverage area. Moreover, these contour
maps closely resemble the morphology of TLF, with central frequencies near 0.8 BPF. This frequency is nearly
consistent with that of TLF structures found by Guo et al. (2023) using the DMD method on pressure fields.
Thus, this paper concludes that mode4 to mode6 represent TLF structures throughout the stall process. The
results indicate that TLF development during the stall process follows a characteristic pattern: initial strengthen-
ing, followed by weakening, and eventual dissipation, consistent with previous vortex structure evolution analysis.
The amplitude of the time coefficient for mode3 (Figure 12c) is essentially zero from T = 10 to T = 16, then

rapidly increases and decays between T = 16 and T = 20. This evolution closely resembles the intermediate vortex
shedding time coefficient reported by Liao et al. (2023), obtained using RVMD on the transient cylinder wake.

Figure 10. Relative energy and center frequency of RVMD modes.

Figure 11. Contour map of RVMD modes of the CRAC.
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Therefore, mode3 is considered to be a characteristic of the transitional state during the stall process. The
contour map for mode3 (Figure 12c) shows an axially oscillating and circumferentially propagating flow struc-
ture, similar to that formed by the leading edge spillage of the R2 blade tip and TSVs shedding, as shown in
Figure 6c. In other words, mode3 consists of two TSVs within the blade passage, creating positive and negative
fluctuations. Between T = 16 and T = 17, the time coefficient of mode2 exhibits a rapid decline, indicating a
reduction in flow through the blade tip passage and an increase in blockage. The rising adverse pressure gradient
causes TSVs to move upstream, forming the mode3 characterized structure. The intensification of this structure
coincides with the dissipation of the tip leakage structure, indicating that TSVs gradually replace TLVs as stall
develops. As the degree of stall further intensifies, TSVs rapidly decay and dissipate under the influence of the
backflow and the stall cells.
Integrating the earlier analysis of vortex structure evolution, here is a summary of the stall inception and devel-

opment in the original CRAC. The TSV is the most critical structure in the inception and development of
CRAC stall. Stall inception is marked by spillage from TSV collisions with adjacent blades on the R2 blade.
During the stall inception, the tip flow velocity decreases and the adverse pressure gradient increases, causing the
two TSVs to move upstream. One TSV interacts with the leading edge of an adjacent blade, causing spillage,
while the other experiences vortex shedding between the leading edges. Both the LE spillage and the shed vortex
are located on the inlet plane of the blade leading edge, and together form an axial fluctuation structure. This
axial fluctuation structure slowly propagates circumferentially, periodically interacting with adjacent blades, accu-
mulating and intensifying fluctuation energy, which disrupts and dissipates the TLV structure. In this process,
the suppressive effect of the TLV on the TSV weakens, so the TSV intensity increases and the LE spillage
further intensifies. Ultimately, the blade tip passage is completely blocked, backflow occurs at the TE, leading to
a deep stall of R2.

Conclusions

This paper employs a multi-passage unsteady numerical simulation method to investigate the complete stall
process of a CRAC. By integrating the Liutex vortex identification method with RVMD technique, a detailed
analysis of the stall mechanism of the CRAC is conducted. The main conclusions of this study are as follows:

1. In the stall process of CRAC, TSV is the most critical structure. At stall inception, two TSVs exist within the
tip passage. The upstream TSV forms a backflow and undergoes vortex shedding, while the downstream TSV
interferes with the adjacent blade, generating LE spillage that produces the stall spike. These two TSVs form
an axially fluctuating structure together that propagates circumferentially. And the structure has periodic and
self-sustained unsteady characteristics, with fluctuation energy continuously accumulating and disrupting the
stable structure of TLV, leading to complete blockage at the R2 tip and subsequently inducing compressor
stall.

2. The RVMD technique can effectively identify the non-periodic and transitional characteristics during the
compressor stall process, aiding researchers in discovering and analyzing the main flow structures and their
evolution from a vast amount of unsteady data. Therefore, this technique has broad application prospects. To

Figure 12. Time-evolution coefficients of RVMD modes of the CRAC.
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solve the problem of high computational complexity in the RVMD, we use SVD to preprocess the data and
reduce its spatial dimension. However, the technique still faces issues such as the difficulty in determining
optimal parameters, often leading to over-decomposition or under-decomposition of characteristics in practical
applications.
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