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The non-cavitating and cavitating wake flow of a circular cylinder, which contains
multiscale vortices, is numerically investigated by Large Eddy Simulation
combined with the Schnerr–Sauer cavitation model in this paper. In order to
investigate the spatiotemporal evolution of cavitation vortex structures, the Proper
Orthogonal Decomposition (POD) method is employed to perform
spatiotemporal decomposition on the cylinder wake flow field obtained by
numerical simulation. The results reveal that the low-order Proper Orthogonal
Decomposition modes correspond to large-scale flow structures with relatively
high energy and predominantly single frequencies in both non-cavitating and
cavitating conditions. The presence of cavitation bubbles in the flow field leads to
a more pronounced deformation of the vortex structures in the low-order modes
compared to the non-cavitating case. The dissipation of pressure energy in the
cylinder non-cavitating wake occurs faster than the kinetic energy. While in the
cavitating wake, the kinetic energy dissipates more rapidly than the pressure
energy.
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1 Introduction

Vortex cavitation is a common physical phenomenon in hydraulic machinery (Arndt,
1981; Lei et al., 2014; Tan et al., 2015), typically occurring at the inlet and outlet edges of
hydraulic components (Gu et al., 2024) and at the rear of flow-obstructing bodies (Leonard
and Koumoutsakos, 1993; Li et al., 2019; Ghahramani et al., 2020). Cavitation induces
fluctuations in fluid pressure within the flow field (Liu et al., 2020; Ji et al., 2020), resulting in
uneven surface load distribution on flow components and generating hydrodynamic noise
(Sadri and Kadivar, 2023). In severe cases, it can lead to cavitation damage on flow
components (Zhang et al., 2016), thereby affecting the operational stability of hydraulic
machinery. To mitigate the adverse effects of cavitation on hydraulic machinery, a clear and
comprehensive understanding of the evolution mechanism of cavitation vortex structures is
imperative. However, direct investigation of cavitation vortex shedding characteristics
through hydraulic machinery is extremely challenging. Commonly used hydraulic
machinery in engineering exhibits not only com-plex structures but also necessitates
substantial computational resources for numerical simulations. Simultaneously, the
influence of dynamic and static flow components on each other complicates the accurate
capture of intricate vortex systems (Lei et al., 2018). Flow around a circular cylinder is one of
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the classical problems in fluid mechanics (Berger and Wille, 1972).
At low Reynolds numbers, the flow is steady, and as the Reynolds
number gradually in-creases, vortex shedding occurs around the
cylinder, eventually forming a pair of wake vortices. At higher
Reynolds numbers, the wake vortices become unstable, leading to
periodic oscillations and the formation of a von Kármán vortex
street (Williamson, 1996). Studies have revealed (Norberg, 2003;
Desai et al., 2020) that at high Reynolds numbers, the wake flow field
around a cylinder exhibits a rich array of multiscale vortex
structures. Starting from the separation points on the upper and
lower surfaces of the cylinder, multiscale vortex structures emerge
continuously relative to spatial scales. These vortex structures of
different scales constitute the unique multiscale vortex system in the
wake flow field, making it an ideal model for studying vortex
cavitation characteristics (Kumar et al., 2017; Dobroselsky, 2019;
Brandao et al., 2020).

For vortex cavitation, accurately describing and understanding
the complex variations in flow structures and the mechanisms of
instability are crucial. Among the various methods for obtaining
main flow structures, Proper Orthogonal Decomposition (POD) has
been widely utilized (Berkooz et al., 1993; Holmes et al., 1997; Hu
et al., 2023). The POD method is an efficient order reduced
technique, grounded in the core principle of identifying an
optimal set of standard orthogonal bases (Chatterjee, 2000).
These bases are chosen to maximize the successive reduction of
the projection of sample data onto them. By selectively retaining the
larger projections (containing higher energy), the first fewmodes are
captured. Consequently, this method allows for the representation of
the majority of the flow energy with a limited number of low-order
POD modes. The classic POD method was first introduced to the
fluid-dynamics community by Lumley (Lumley, 1967) as an attempt
to reveal the elusive coherent structures that populate turbulent
flows. Then Sirovich et al. (Sirovich, 1987a; Sirovich, 1987b)
improved the classical POD method by introducing the Snapshot
POD approach. In this method, the concept of spatiotemporal
transformation is applied, enabling the POD method to handle
complex flow fields effectively. The effectiveness of POD has been
validated by numerical and experimental studies in analyzing
coherent structures. Utturkar et al. (Utturkar et al., 2005) stated
that this modal analysis enables to discern the flow structures
obtained in numerical simulations considering various turbulence
models. Danlos et al. (Danlos et al., 2014) studied the effect of
surface roughness on the cavitation shedding behavior using
longitudinal grooves, and applied POD on snapshots to classify
the cavitation regime of sheet or cloud cavity. Results show that the
phase portraits, the Lissajous figure, and the energy content of the
first mode are validated to identify different regimes. Miyanawala
et al. (Miyanawala and Jaiman, 2019) used the POD method to
analyze the dominant coherent structures of wake flow around a
square cylinder. Smith et al. (Smith et al., 2020) employed the POD
method to identify various cloud cavitation shedding modes by their
spatial locations. In this paper, in order to investigate the
spatiotemporal evolution mechanism of cavitation vortex
structures and reveal the interactions between multiscale vortex
systems and cavitation, we employ the POD method to perform
spatiotemporal decomposition on the wake flow field around a
cylinder and make a comprehensive comparative analysis in the
cavitating and non-cavitating conditions.

2 Methodology

2.1 Governing equations and the LES
approach

The cavitating flow involves liquid and vapor phases. In this
work, the homogeneous mixture model was adopted, assuming the
multiphase fluid components share the same velocity and pressure.
The mass and momentum conservation equations for the mixture
flow are shown as follows:

∂ρm
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+ ∂ ρmuj( )
∂xj

� 0 (1)

∂ ρmui( )
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+ ∂ ρmuiuj( )
∂xj
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∂ui
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∂xi
− 2
3
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δij( )[ ]

(2)
ρm � ρ]α] + ρl 1 − α]( ) (3)
μm � μ]α] + μl 1 − α]( ) (4)

where ui represents the velocity in the i direction; p is the pressure;
ρm and μm represent the mixture density and dynamic viscosity
respectively; the subscripts l and ] denote the water and vapor
phases respectively; α] is the vapor volume fraction.

In order to solve the above conservation equations, the LES
approach was used, carrying out filtering in a small-space area, and
dividing the turbulent flow into large-scale motion and small-scale
motion. The large-scale motion is solved directly while the small-scale
motion is modelled using the Smagorinsky-Lilly subgrid-scale model.

2.2 Cavitation model

The mass transfer between the vapor and liquid phases in
cavitating flows is depicted using the following governing equation:

∂
∂t

ρ]α]( ) + ∂
∂xj

ρ]α]uj( ) � me −mc (5)

The source terms me and mc represent the evaporation and
condensation rates during the phase change. The source terms have
different expressions. In the present study, the Schnerr–Sauer
cavitation model is used, expressed as,

me � 3ρvρl
ρm

αv 1 − αv( )
RB
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√
, p≤pv( ) (6)

mc � 3ρvρl
ρm

αv 1 − αv( )
RB










2 |P − Pv|

3ρl

√
, p>pv( ) (7)

where pv is the saturated vapor pressure; RB is the nucleus radius,
expressed as RB � ((αv/(1−αv))(3/4πn))1/3, where n is the given
empirical constant and the default value is n = 1×1013.

2.3 Numerical setup

The computational model is shown in Figure 1. The cylinder
diameter D is 9.5 mm, and the two-dimensional computational
domain is 60D × 30D with an upstream dimension 10D and a
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downstream dimension 50D. The computational domain is
discretized using structured grids, and the grids in the cylinder
surface and wake region are locally refined. The total number of
elements is about 336,000 and the average wall y + value is less
than 4.6.

In the present study, the commercial software Fluent is employed
for numerical simulation. Boundary 1 of the computational domain is
set as a velocity inlet with a value V∞ = 1m/s, and the corresponding
Reynolds number is Re = 9500. Boundary 3 is set as a pressure outlet,
and the value p∞ is set according to the cavitation number, defined as
σ � (p∞ − p])/(0.5ρlV2

∞). A no-slip boundary condition is imposed
on the cylinder surface and the free slip condition on the up and down
walls (Boundary 4 and Boundary 2). The working fluid is water and
vapor, in which the density of water is 1,000 kg/m3, the dynamic
viscosity being 0.001 Pa s, and the saturated vapor pressure is
3,540 Pa. The solution method adopts pressure-based solver and a
coupled pressure–velocity coupling algorithm. The pressure dispersion
mode is second-order discrete mode, and the momentum equation is
discrete by finite central difference scheme. The transient scheme is a
second-order backward Euler algorithm. The time step is set to 0.05 ms
such that the courant number does not exceed 1.0 in the computations.
The convergence criterion of all residuals is 10–6. The validation of the
present numerical simulation can be found in our previous work (Gu
et al., 2021). It should be mentioned that in the following analyses, all
parameters shown in the figures are nondimensionalized via the
cylinder diameter and the inlet velocity.

2.4 Proper orthogonal decomposition

The core idea of the POD method is to search for the optimal
orthogonal basis function space in terms of mean-square sense from
a set of spatial data of time series. It uses a smaller number of
orthogonal bases to approximate the high-order data description.
The flow field information in this study is derived from CFD
simulation results, primarily encompassing pressure and velocity
fields. The initial step involves selecting a set of sample snapshots.
Specifically, N snapshots at different time instants are chosen at
equal time intervals from the numerical simulation results. These
snapshots constitute a sample information matrix U, which
combines temporal and spatial dimensions, as described in Eq.
(8). Here, M represents the number of grid nodes.

U xi, tj( ) � u x1, t1( ) u x1, t2( ) / u x1, tN( )
u x2, t1( ) u x2, t2( ) / u x2, tN( )

..

. ..
. ..

. ..
.

u xM, t1( ) u xM, t2( ) / u xM, tN( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (8)

In general, the spatial length M is much larger than the time
length N. Therefore, the covariance matrix constructed from the
sample snapshot set U is an M×M matrix, making the computation
of its eigenvalues and eigenvectors challenging. To address this issue,
this paper employs the Snapshot POD method to perform modal
decomposition on the matrix U, transforming a high-dimensional
M-order matrix into a lower-dimensional N-order matrix,
significantly simplifying the computation process. The specific
calculation procedure is as follows:

Compute the time average of each collected sample,

U
—

xi( ) � 1
N

∑N
j�1
U xi, tj( ) (9)

The pulsating flow field can be obtained by subtracting the time
average from the original sample snapshot,

Û xi, tj( ) � U xi, tj( ) − U
—

xi( ) (10)

The next step is to compute the covariance matrix C,

C � 1
M

Û
T
Û (11)

We then compute the eigenvalues and eigenvectors of C,

CA � λA (12)
where A � (A1,A2, ...,AN) represents the eigenvectors of matrix C,
λ � (λ1, λ2, ...,λN)T represents the eigenvalues of matrix C, and they
are arranged in descending order. Utilizing the eigenvalues and
eigenvectors, we can calculate the various orders of POD modes
ϕj(x) and their corresponding modal coefficients aj(t),

ϕj x( ) � 1


λj

√ ÛAj (13)

aj t( ) � ϕj x( )T·Û
ϕj x( )T·ϕj x( ) (14)

The energy of each order of POD mode can be characterized by
the eigenvalues λ. Based on the decomposed modes and their

FIGURE 1
Computational model: (A) computational domain; (B) local grids.
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corresponding modal coefficients, one can select the first modes with
a high percentage of energy for flow field reconstruction. For
instance, if you choose to use k modes, the reconstructed flow
field at any given time can be expressed as:

U x, tj( ) � �U x( ) +∑k
i�1

ai tj( )*Φi x( ) (15)

3 Results and discussion

To provide a comprehensive view of transient flow field
information, we extracted 200 transient data files for the wake
flow around a cylinder under both non-cavitating and cavitating
flow conditions. The total duration covered by these 200 transient
files corresponds to 20 quasi-periods of the cylinder’s surface lift
coefficient for each respective operating condition. For each of these
200 transient files, velocity field snapshots and pressure field
snapshots were extracted. Subsequently, the POD on the flow
field was performed using MATLAB R2016b.

3.1 Analysis of wake flow field around a
cylinder without cavitation

In the non-cavitating case, the first six modes of proper
orthogonal decomposition of the wake flow around the cylinder,
using the transient pressure field, are shown in Figure 2. The first six
PODmodes using the transient velocity field are depicted in Figure 3.

From the average pressure field, it can be observed that the non-
cavitating wake flow field around the cylinder exhibits basically
symmetry about the wake centerline. The region near the leading-
edge stagnation point corresponds to the highest average pressure
area, while the region near the trailing edge stagnation point
represents the lowest average pressure area. When examining the
spatial distribution of various order of PODmodes of the fluctuating
pressure field, it becomes evident that with an increase in mode
order, different degrees of localized high-pressure and low-pressure
regions appear alternately within the wake flow field around the
cylinder. Additionally, the pressure in the wake flow field exhibits an
asymmetric distribution along the wake centerline. This asymmetry
primarily arises from the interactions and evolution of multi-scale
vortices generated within the wake flow field.

From the average velocity field, it is evident that, in the non-
cavitating case, the average flow field in the wake region around the
cylinder exhibits a symmetric distribution about the wake centerline
basically. The areas near the leading-edge stagnation point and
trailing-edge stagnation point correspond to the lowest average
velocity regions, while the regions near the upper and lower
surfaces of the cylinder represent the highest average velocity
areas. Examining the spatial distribution of various order of POD
modes of the fluctuating velocity field, it becomes apparent that in
the lower-order modes, the flow structures corresponding to
fluctuating velocity are concentrated in the region near the
trailing-edge stagnation point and exhibit basic symmetry about
the wake centerline. For instance, in modes 1 and 2, two large,
oppositely oriented vortices are present in the region near the
trailing-edge stagnation point, and both are distributed along the
wake centerline. In mode 2, two smaller shedding vortices are

FIGURE 2
Mean pressure field and the first six POD modes based on pressure field (without cavitation).
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observed near the upper and lower surfaces of the cylinder. In mode
3, two similarly sized and oppositely oriented vortices are present on
the cylinder’s rear surface and near the wake region, with smaller
shedding vortices on the cylinder’s surface. Starting from mode 4,
the vortex structures in the wake flow field are no longer regular,
their spatial distribution lacks strong symmetry, and the flow
structures become more fragmented and finer.

Overall, in the non-cavitating wake flow field around the
cylinder, the various order of modes obtained through POD of
the two types of fluctuating fields tend to exhibit a transition toward
finer and more intricate flow scales as the mode order increases.

The eigenvalues obtained through POD represent the energy
content of various order mode. The maximum eigenvalue is related
to the structure of the flow field with the maximum energy. The
energy distribution of various order of POD modes based on
fluctuating pressure field and fluctuating velocity field in the
non-cavitating wake flow field around the cylinder is depicted in
Figure 4.

Research has shown that in the case of flow around a square
cylinder at Re = 100, the first four POD modes account for 99.4% of
the total energy (Wang et al., 2014). In contrast, for the wake flow
field around a cylinder at Re = 9500, the initial modes do not contain

FIGURE 3
Mean velocity field and the first six POD modes based on velocity field (without cavitation).

FIGURE 4
Energy distribution of all POD modes based on pulsating pressure field (A) and pulsating velocity field (B) in the non-cavitating case.
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a significant portion of the energy, and it takes up to the 80th mode
to reach 91.67% of the total energy, highlighting the complexity of
the flow at Re = 9500. In the non-cavitating wake flow around the
circular cylinder, compared to the energy distribution of various
POD modes based on the fluctuating velocity field, the energy
content in the lower-order modes corresponding to the
fluctuating pressure field is lower. In contrast, the higher-order
modes correspond to smaller-scale flow structures and have a higher
energy contribution, eventually dissipating in the form of heat.
These results indicate that in the non-cavitating wake flow
around the circular cylinder, the dissipation of pressure energy
occurs faster than the dissipation of kinetic energy.

After decomposing the flow field by the POD method, the flow
structures corresponding to the low-order modes exhibit “coherent”
characteristics. The coherence of the flow structures between modes
mainly refer to the similarity in time evolution characteristics of
adjacent modes, with a specific phase difference, as shown in
Figure 5. The modal coefficients representing the time evolution
characteristics of each selected flow field structure are subjected to
FFT transformation to obtain the frequency characteristics of the

corresponding flow structures for different modes, as shown in
Figure 6.

According to Figures 5A, 6A, it can be seen that the frequency
composition component of the flow structures in low-order modes is
relatively few, and the corresponding main frequency is distributed
in the low-frequency band, which is consistent with the main
frequency of vortex shedding in the non-cavitating wake flow.
When the flow structures are in high-order modes, the frequency
composition component is more complex, and both the wavelength
and amplitude are significantly reduced compared to those in low-
order modes. The fluctuation amplitude is uneven, and the wave
composition is more complex, as shown in Figure 5B. Figure 6B
shows the frequency distribution of flow structures corresponding to
different modes. Modes 29 and 30 represent low-order modes,
modes 99 and 100 represent intermediate modes, and modes
197 and 198 represent high-order modes. It can be seen that the
frequency corresponding to low-order modes is concentrated in the
low-frequency region, while that corresponding to high-order
modes is concentrated in the high-frequency region. As the mode
increases from low to high, the corresponding frequency also

FIGURE 5
Variation of PODmodal coefficients of the non-cavitating wake flow around the cylinder based on pulsating pressure field: (A) low order modes; (B)
high order modes.

FIGURE 6
Frequency characteristics of POD modal coefficients of the non-cavitating wake flow around the cylinder based on pulsating pressure field: (A)
mode 1; (B) higher order modes.
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changes from low to high, and the frequency concentration area
becomes wider, indicating that the flow structures in high-order
modes exhibit multi-frequency characteristics.

In summary, as the modal order increases, the frequency of the
flow structures in the wake flow around the circular cylinder at Re =
9500 gradually shifts towards high frequency and multi-frequency,
indicating that the flow structures corresponding to each mode are
not a single flow but are composed of multiple flow scales with
different frequency characteristics.

According to the modal energy ratio curve in Figure 4, the first
three modes contain relatively high energy ratios in the non-
cavitating wake flow around the cylinder. Therefore, scatter plots
of two-mode coefficients between each pair are conducted, as shown
in Figure 7.

Combined with modes 1 and 2 of the fluctuating velocity field,
we can find that there are two opposite-directional vortices near the
stagnation point behind the cylinder in mode 1, and the vortex near
the stagnation point is stronger. In mode 2, there are also two
opposite-directional vortices on the centerline near the stagnation
point behind the cylinder, and these two shedding vortices are
located at the edge region of two vortices in mode 1. The centers
of these two vortices move away from the stagnation point.
Meanwhile, there are two small shedding vortices attached
symmetrically about the wake centerline on the surface of the
cylinder. In mode 3, there are no longer any vortices on the
centerline near the wake region. Instead, a pair of vortices with
similar sizes and opposite directions are distributed symmetrically
on both sides of the centerline near the wake region. The wake
centerline region is where two vortex edges are squeezed together
and their directions form a 180-degree angle with respect to the
mainstream direction, which results in reverse impact on the
stagnation point behind the cylinder and flow separation around
it on its surface. Therefore, it can be seen from Figure 7 that there is a
circular distribution of correlation between the two-mode
coefficients being analyzed, indicating that the flow fields
corresponding to both modes alternate cyclically.

According to POD modes, complex flows exist in the wake flow
around a circular cylinder, including large-scale vortex structures as
well as a large number of small-scale vortices. To identify dominant
structures in the flow field more clearly, flow field reconstruction can
be performed on decomposed flow fields. Figure 8 shows the

pressure field reconstruction based using the first 13 modes with
an energy content of 51.13% plus mean pressure field. Comparison
shows that the POD-reconstructed flow field maintains overall
characteristics of the original one. Local high-pressure and low-
pressure areas as well as larger-scale vortex distributions in wake
flow field are basically consistent with those in original flow field.
Meanwhile, reconstructed flow fields remove small-scale flow
structures from original ones, making the large-scale coherent
structures smoother and more prominent.

3.2 Analysis of cavitating wake flow field
around a cylinder

The studied cavitation in the wake flow around a cylinder is
induced by reducing the outlet pressure to a certain extent (σ = 2.92).
A Proper Orthogonal Decomposition (POD) analysis is conducted
on the cavitating wake flow field around the cylinder aiming to
explore the structural features and temporal evolution
characteristics of various POD modes. Figure 9 illustrates the
first six modes of proper orthogonal decomposition of the
cavitating wake flow around the cylinder based on the transient
pressure field. Figure 10 presents the first 6 POD modes using the
transient velocity field.

From the average pressure field, it is evident that the cavitating
wake flow field around the cylinder is also essentially symmetric
about the centerline of the wake. The distribution trend is largely
consistent with the trend of the average pressure field under non-
cavitating conditions. However, under cavitation conditions, the
area of the low-pressure region in the wake flow field significantly
increases. This is primarily because under non-cavitating
conditions, with increasing fluid velocity in the flow field, the
local fluid pressure decreases. Thus, under non-cavitating
conditions, the pressure in the flow field continues to decrease
without restriction. However, after cavitation conditions are
reached, when the pressure in the flow field drops below the
saturated vapor pressure of the fluid, cavitation occurs. Existing
cavitation models use pressure as a criterion to determine cavitation
regions. Therefore, it is assumed that the pressure inside the
cavitation is equal to the saturated vapor pressure of the liquid.
This sets a lower limit on the pressure drop in regions with fast-

FIGURE 7
Scatter plot of modal coefficients (without cavitation).
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flowing fluid, meaning that once the pressure drops to the saturated
vapor pressure, it does not decrease further. Hence, under cavitation
conditions, the area of low-pressure regions in the average pressure
field is larger than that under non-cavitating conditions. Analyzing
the spatial distribution of fluctuating pressure fields at various
modes, it is observed that, apart from mode 1, starting from
mode 2, the wake flow field exhibits alternating regions of
varying degrees of local high and low pressure as the mode order
increases. The distribution area is also larger than that under non-
cavitating conditions. In mode 1, the pressure field structure in the
wake region of the cylinder is predominantly characterized by high-
pressure regions, with only occasional locally low-pressure regions
near the centerline of the wake in the wake region, but with

indistinct boundaries. As the mode order increases, due to the
interaction of multiscale vortices in the wake flow field, the
pressure exhibits characteristics of an asymmetric distribution
along the centerline of the wake.

From the average velocity field, it is apparent that the average
wake flow field around the cylinder under cavitation conditions is
also essentially symmetric about the centerline of the wake. The
specific distribution trend of the flow field is largely consistent with
the flow field distribution under non-cavitating conditions.
Examining the spatial distribution of various modes of flow in
the fluctuating velocity field, it is observed that, compared to
non-cavitating conditions, under cavitation conditions, the mode
order with large-scale flow structures is increased in the near-wake

FIGURE 8
Flow field reconstruction [(A) original pressure field; (B) Reconstructed pressure field].

FIGURE 9
Mean pressure field and the first six POD modes based on pressure field (σ = 2.92).
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region close to the rear stagnation point. Comparing low-order
modes, it is found that the spatial distribution of flow structures in
the first three modes under cavitation conditions is generally similar
to that under non-cavitating conditions. However, in mode 2 under
cavitation conditions, the directions of two larger-scale vortices are
opposite to those under non-cavitating conditions. Meanwhile,
among the modes under cavitation conditions, the flow structure
of mode 5 is similar to that of mode 4 under non-cavitating
conditions. This suggests that the generation of cavitation has a
certain impact on the evolution of wake flow structures. Overall, the
multiscale vortex structures in the fluctuating velocity field
corresponding to various modes of flow under non-cavitating
conditions are relatively regular, while under cavitation
conditions, these structures undergo more severe deformation.
Additionally, with the increase in mode order, the flow structures
under cavitation conditions gradually exhibit more diverse small-
scale flow characteristics.

The energy distribution of various modes obtained through
Proper Orthogonal Decomposition based on the fluctuating
pressure field and fluctuating velocity field in the cavitating wake
flow around the cylinder is presented in Figure 11. The first mode of
the fluctuating pressure field contributes to approximately 65.62% of
the total energy, with the first five modes accounting for around
79.43%. For the fluctuating velocity field, the first eight modes
contribute approximately 52.33% of the total energy, and the first
15 modes contribute about 64.24%. Clearly, the low-order modes of
the fluctuating pressure field have a higher energy content than the
fluctuating velocity field. Furthermore, in comparison to non-
cavitating conditions, where the first 13 modes of the fluctuating
pressure field contribute approximately 51.13% of the total energy,

and the first 24 modes contribute around 63.40%, as well as the
fluctuating velocity field with the first 10 modes contributing
approximately 51.69% and the first 20 modes contributing
approximately 63.88%, it is evident that under cavitation
conditions, the low-order modes of both the fluctuating pressure
field and fluctuating velocity field have higher energy content than
under non-cavitating conditions. By comparing the modal
structures based on the fluctuating pressure field under non-
cavitating and cavitation conditions, it is observed that, under
cavitation conditions, the pressure field structure becomes similar
to that of non-cavitating conditions only from the second mode
onward. The first mode under cavitation conditions exhibits a
pressure field structure in the wake region characterized
predominantly by high-pressure regions, with occasional locally
low-pressure regions near the centerline of the wake, but with
indistinct boundaries. Therefore, the structure of the first mode
based on the fluctuating pressure field under cavitation conditions
may be a contributing factor to the overall increase in energy content
of the low-order modes.

In the cavitating wake flow field around the cylinder, in
comparison to the energy distribution of various flow modes
based on the fluctuating pressure field, the energy content in the
structures corresponding to low-order modes in the fluctuating
velocity field of is relatively low. Conversely, in the structures
corresponding to high-order modes, there is a higher proportion
of energy associated with small-scale flow structures, ultimately
dissipating in the form of thermal energy. These results indicate
that in the cavitating wake flow field around the cylinder, the
dissipation of kinetic energy is faster than pressure energy, which
is opposite to the situation under non-cavitating conditions.

FIGURE 10
Mean velocity field and the first six POD modes based on velocity field (σ = 2.92).
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The temporal and frequency domain distributions of POD modal
coefficients for the cavitating wake flow field around the cylinder are
illustrated in Figures 12, 13, respectively. In comparison to the non-
cavitating conditions, the waveform characteristics of modal
coefficients for various flow modes under cavitation conditions are
generally similar. The frequencies predominantly exhibit low-
frequency, singular characteristics corresponding to the low-order
flow structures. Unlike the non-cavitating conditions, under
cavitation conditions, the low-order flow structures in the wake
flow field correspond to low characteristic frequencies, with
relatively smaller amplitudes. As the modal order increases, the
wavelength of the modal coefficients shortens, the amplitudes
decrease, and the composition of the waves becomes more intricate.
Simultaneously, the frequency characteristics of various flow structures
tend to evolve towards higher frequency and multifrequency patterns.
This suggests that under cavitation conditions, with increasing modal
order, the flow structures in the wake flow field becomemore complex,
demonstrating higher-frequency and multifrequency characteristics.

Scatter plots illustrating the pairwise relationship between the
modal coefficients for the first three modes of the cavitating flow

field are depicted in Figure 14. It can be observed that the correlation
between the coefficients of the first and second modes exhibits a
circular distribution, indicating that the flow field alternates
cyclically between the first and second modes. The correlation
between the coefficients of the first and third modes, as well as
the second and third modes, displays a weaker circular distribution,
suggesting that the flow field for these two modes alternates in a
weak cyclic manner. This pattern aligns closely with the
observations under non-cavitating conditions.

To facilitate a clearer identification of dominant structures
within the flow field, a reconstruction of the wake flow field
around the cylinder under cavitation conditions can be
performed. Figure 15 presents the reconstructed pressure field
with the addition of the first mode, accounting for 65.62% of the
energy, and the average pressure field. The left side of the figure
displays the original pressure field at the same instant, while the right
side shows the reconstructed pressure field. It is evident that the
reconstructed flow field eliminates smaller-scale flow structures
from the original field, emphasizing the smoother and
highlighted larger-scale coherent structures.

FIGURE 11
Energy distribution of all POD modes based on pulsating pressure field (A) and pulsating velocity field (B) (σ = 2.92).

FIGURE 12
Variation of PODmodal coefficients of the cavitating wake flow around the cylinder based on pulsating pressure field: (A) low order modes; (B) high
order modes (σ = 2.92).
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4 Conclusion

The study based on the Proper Orthogonal Decomposition
(POD) method reveals that, under both non-cavitating and

cavitating conditions in the wake flow field around a cylinder,
low-order modes correspond to large-scale flow structures with
relatively high energy and predominantly single frequencies. As
the modal order increases, smaller-scale flow structures with higher

FIGURE 13
Frequency characteristics of PODmodal coefficients of the cavitating wake flow around the cylinder based on pulsating pressure field: (A)mode 1;
(B) higher order modes (σ = 2.92).

FIGURE 14
Scatter plot of modal coefficients (σ = 2.92).

FIGURE 15
Flow field reconstruction at σ = 2.92 [(A) original pressure field; (B) Reconstructed pressure field).
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frequencies and more complex frequency compositions emerge,
accompanied by a decrease in modal coefficients’ amplitudes,
indicating a relatively minor impact of high-order modes on the
flow field. However, under cavitation conditions, the presence of
cavitation bubbles in the flow field leads to a more pronounced
deformation of the vortex structures in the low-order modes
compared to the non-cavitating case. Additionally, modes with
similar flow field structures have higher modal orders under
cavitation conditions. Moreover, the energy content of low-order
modes is significantly greater under cavitation conditions than
under non-cavitating conditions. Furthermore, under non-
cavitating conditions, the dissipation of pressure energy in the
wake flow field around the cylinder occurs faster than the
dissipation of kinetic energy. In contrast, under cavitation
conditions, the dissipation of kinetic energy occurs more rapidly
than the dissipation of pressure energy.
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