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Abstract: The objective of this work is to reveal the effect of a passive control method called wedge-type cavitating-bubble 
generator (WCG) on the cloud cavitation dynamics of National Advisory Committee for Aeronautics (NACA) 66 hydrofoil. The 
simulations are performed using the Partially-averaged Navier-Stokes (PANS) method coupled with the Zwart cavitation model. The 
proper orthogonal decomposition (POD) method is applied to extract the dominant flow structures. The results show that the WCG 
can induce the attached cavity to occur just behind the WCG instead of the hydrofoil leading edge. During the periodical 
time-evolution process of the unsteady cavity, it is found that the attached cavity with a larger scale around the hydrofoil with WCG 
has a rougher surface, accompanied with more shedding behaviors of small cavities. This is further illustrated by the POD modes, 
that is, the mode 1 and modes 2-4 present the large and small cavity vortex structures respectively. Meanwhile, the dominant 
frequencies of 50 Hz, 47.5 Hz are given by the POD method respectively for the hydrofoils without and with WCG, which is in good 
agreement with that of FFT analysis. In addition, the correlation distribution of POD modal coefficients shows that the WCG can 
strengthen the vortex energy as well as the turbulence intensity. 
  
Key words: Cavitating-bubble generator, proper orthogonal decomposition (POD), attached cavity, vortex structures 
 
0. Introduction  

Cavitation is a complex phase-change pheno- 
menon, which commonly occurs in marine engi- 
neering and hydraulic machinery systems. It is well 
known that the unsteady cavitation will cause various 
destructive and undesirable effects, such as erosion, 
vibration and noise[1]. Therefore, the investigation of 
controlling cavitation is necessary and promising for 
engineering applications. 

Recently some passive methods, such as changing 
the wall roughness, installing obstacles on the surface, 
etc. have been applied to control cavitation, especially 
restraining the unsteady behaviors. Coutier-Delgosha 
et al.[2] studied the effect of surface roughness on the 
cavitation characteristics on a 2-D foil section. The 
results showed that the roughness weakened the kine- 

                                                             

Project supported by the National Natural Science Foundation 
of China (Grant No. 52076108). 
Biography: Bo-jie Hong (1998-), Male, Master,  
E-mail: hbj2915673846@163.com 
Corresponding author: Chang-li Hu,  
E-mail: changlihu@njust.edu.cn 
 
 

tic energy of the re-entrant jet, reduced the cavity 
length, and suppressed the cavity shedding. Kawanami 
et al.[3] installed a 2 mm2 mm rectangular cross- 
section obstacle at 37% of the foil chord length. They 
found that the re-entrant jet could not reach the 
leading edge of the cavity to cut it off, then the forma- 
tion of cloud cavitation was suppressed. This con- 
clusion can also be obtained from the study of Zhang 
et al.[4]. Huang et al.[5] reported that the trip bar placed 
on the surface of projectile could weaken the re- 
entrant jet and prevent the pressure wave caused by 
the cavity rupture, so that a stable sheet cavity could 
be formed between the shoulder of projectile and trip 
bar. Zhao and Zhao[6] showed that the obstacles placed 
on the suction surface of the centrifugal pump im- 
peller could cause relatively high pressure on the 
impeller surface and optimize the flow structure, 
resulting in the cavitation being suppressed to a cer- 
tain extent. In addition, Cheng et al.[7-9] investigated 
the tip-leakage vortex (TLV) cavitation and showed 
that TLV cavitation can be well controlled by 
installing the overhanging grooves (OHGs) at the 
hydrofoil tip. 

Among these passive controlling methods of 
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cavitation, the vortex generator (VG) is a promising 
technology, which was first applied in the field of 
aerospace engineering. Using this method, the stream- 
flow vortices can be generated to mix the fluid inside 
and outside the boundary layer, thus delaying the flow 
separation and increasing the lift. Lu et al.[10] showed 
that VGs installed on both sides of the stern could 
induce the sheet cavity more stable and reduce the 
surface pressure fluctuation by 1/2 to 1/3. Che et 
al.[11-12] studied the control effect of micro-vortex 
generators (MVGs) on the attached cavitation and 
found that the MVGs played the role of rectification 
for the flow near wall and fixed the initial position of 
the cavity. In addition, another derived passive control 
cavitation device called cavitating-bubble generator 
(CG) was proposed recently. Kadivar et al.[13-14] 
studied the influence of cylindrical cavitation genera- 
tors (CCGs) mounted at different locations on 
cavitating flow. They found that the CCGs inserted in 
a proper position could reduce the strength of the 
re-entrant jets and suppress the instability behavior of 
the cloud cavitation. This result can also be achieved 
by installing the hemispherical vortex generators near 
the cavitation inception location[15]. Moreover, they 
pointed out that the wedge-type cavitation-bubble 
generator (WCG) inserted in the turbulent boundary 
layer could reduce the amplitude of pressure pulsation 
in the wake region and prevent the formation of cavi- 
tation cloud[16-17]. Javadi et al.[18] found that the stable 
cavitating bubble could be formed behind the WCG if 
the WCG was located near the cavitation inception on 
the suction surface of the 2-D hydrofoil. As mentioned 
above, most of the previous studies mainly focused on 
the effect of cavitation-bubble generators on su- 
ppressing the instability or fluctuation of cloud cavi- 
tating flows. Moreover, the WCG was always 
installed in the separation region or its downstream. 
However, some previous studies indicated that the 
laminar separation played a vital role in attached 
cavitation inception[19-20]. As a result, we attempt to 
place the WCG upstream the laminar separation bu- 
bble to the highest degree of controlling it. Also, the 
influence of WCG on the inception and turbulence 
vorticity structures of unsteady attached cavitation 
will be investigated. 

The proper orthogonal decomposition (POD) me- 
thod has been widely applied to study the cavitating 
flows in recent years. Danlos et al.[21] used the POD 
method to decompose the velocity fields of different 
longitudinal grooved surfaces in the venturi tube. 
They found that the POD method could identify the 
cavitation state and the shedding frequency of cloud 
cavitation. Wang et al.[22] applied the POD method to 
reveal the effect of ventilated cavitation on vortex 
shedding. They found that the energy of the first two 
modes decreased with the increase of the gas entrain- 

ment coefficient vQ , indicating that the strength of 
the large-scale vortex structure was weakened and 
vortex shedding was suppressed. Prothin et al.[23] 
applied the POD method to highlight the 3-D effects 
due to the re-entrant jet instability or shock wave pro- 
pagation. Yin et al.[24] used the POD method to study 
unsteady cavitating flow around a symmetrically 
twisted hydrofoil. They found that the first mode 
could capture the large-scale coherent structures 
during the cavity shedding. Similarly, Liu et al.[25] 
employed the POD method to analyze the cavitating 
turbulence fields of the rigid and flexible hydrofoils. 
They revealed the cavity and vortex structure corres- 
ponding to the modes occupying different energy. The 
POD method optimally reconstructs flow field dataset 
based on the energy content of the modes, which has 
great advantages in the extraction and analysis of 
higher energetic turbulent structures. Therefore, this 
method is adopted to investigate the dominant struc- 
tures in cavitating flows in this study. 
 

 
1. Mathematical formulations and numerical me- 

thods 
In this study, the homogeneous flow model was 

used. The vapor phase and the liquid phase are uni- 
formly mixed and there is no speed slip between the 
two phases. The basic governing equations include 
mass conservation equation and momentum conserva- 
tion equation: 
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where  , p  and   are the mixture density, mix- 

ture pressure and viscosity, iu  and ju  represent the 

flow velocity of the fluid in the i  and j  directions 

respectively. The density   and viscosity   are 

defined as: 
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where v  is the vapor volume fraction, subscripts v  

and l  represent vapor phase and liquid phase, res- 
pectively. 
 
1.1 Turbulence model 

The PANS turbulence model based on the 
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standard -k   model is used in this study. The form 
of the model control equation is the same as that of the 
standard -k  , but the dissipation coefficient is modi- 
fied. The control equations are as follows: 
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where = 0.09C , 1 = 1.44C  and 1 = 1.92C , the 

other modified coefficients are as follows: 
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where = 1.0k , = 1.3 , the control parameter kf  
refers to the ratio of unresolved turbulent kinetic 
energy to total turbulent kinetic energy and f  refers 
to the ratio of unresolved dissipation to total dissipa- 
tion, respectively defined as 
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The subscript u  represents the physical quantity of 
the PANS model, = 1kf  means that the turbulence 

equation is restored to the standard -k   model, 
= 0kf  means that no turbulence model is introduced 

and it is the solution method of DNS. The value of 

kf  in this study is 0.2. 
 
1.2 Cavitation model 

The Zwart cavitation model based on the simpli- 
fied Rayleigh-Plesset equation is used to simulate the 
cavitation process. The model assumes that there are 

spherical bubbles in the liquid region, there is no 
interaction between the bubbles, and all the bubbles 
are the same size. The mass transfer equation is given 
by 
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where +m  and m  represent the evaporation source 
term and the condensation source term, respectively 
defined as 
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where vapF  and condF  are the coefficients for the 

vaporization and condensation processes with the 
values of 50 and 0.01, v  is the vapor volume frac- 

tion, the nucleation site volume fraction nuc = 5 
410  and the value of bubble radius is 6=10 mBR  . 

 
1.3 Control of cavitation with WCG 

When the fluid on the surface of the hydrofoil 
cannot overcome the adverse pressure gradient due to 
the effect of viscosity, flow separation will occur. It is 
one of the important causes of cavitation. The laminar 
separation bubble (LSB) is the recirculation region 
between the boundary layer separation point and the 
reattachment point. One of the main reasons for its 
formation is Tollmien-Schlichting instability. Figure 
1(a) shows the schematic of boundary-layer separation 
point, laminar bubble separation region, and reattach- 
ment point of the suction surface when the benchmark 
hydrofoil has no cavitation. Kadivar et al.[17] found 
that the WCG inserted behind the reattachment point 
could increase the local pressure, suppress laminar 
separation bubble and the cavitation inception, leading 
to cavity occurred downstream of the WCG, as shown 
in Fig. 1(b). As mentioned in the introduction, the 
formation characteristics of cavitation are closely 
related to laminar flow separation. Actually, due to the 
existence of cavitating vortices downstream of the 
WCG, the WCG located upstream of the separation 
point also plays a vital role in the laminar separation 
bubble as well as the inception of attached cavitation. 
In the present study, we try to insert a miniature WCG 
upstream of the boundary layer separation point to 
study its influence on cavitation, as shown in Fig. 1(a). 
Figure 1(b) shows the parameters of the WCG, where 
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c , x , a  and b  represent the length of the hydro- 
foil chord, the distance of WCG from the leading edge 
and the length and height of WCG, respectively. 
 
1.4 Boundary conditions and numerical setup 

The research object of this paper is the NACA66 
benchmark hydrofoil with an angle of attack of 8. 
The chord length of the hydrofoil is = 0.1 mc  and 

the span length is = 0.15 ms . Due to the symmetry 
of the hydrofoil, only half of the space was taken as 
the computational domain. Numerical simulations 
were performed in the domain of length, width and 
height of 9c , 0.75c  and 2.5c , respectively. The 
boundaries of the computational domain were set to 
free slip and the hydrofoil surface was non-slip, as 
shown in Fig. 2. The time step of numerical calcula- 
tion was set to 210-4 s. 

The water at 25C and water vapor at the same 
temperature were selected as fluid medium for nume-  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

rical calculation, and the saturated vapor pressure is 
= 3169 Pavp . The constant inlet velocity and outlet 

pressure were given as = 10 m / sU , = 78 019 Pap , 
respectively, which results in the cavitation number 

= 1.5 . The right region of Fig. 2 shows the grid 
distribution around the two hydrofoils surfaces. The 
computational domain adopts a hexahedral structured 
grid, and the grid refinement is performed on the 
near-wall region of the hydrofoil. 
 
1.5 Numerical calculation method verification 

The cloud cavitation evolution during one typical 
oscillation cycle for the benchmark hydrofoil under 
experiment[26] and numerical simulation is shown in 
Fig. 3. Cavitating flows were simulated based on the 
commercial software ANSYS CFX 19.0. The results 
show that the cavity evolution of numerical simulation 
agrees well with the experiment. The cavity first 
occurs on the leading edge of the hydrofoil, as time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Fig. 1 (Color online) (a) Schematic diagram of boundary layer separation point, laminar bubble separation region, and attachment 

point of the benchmark hydrofoil suction surface, and the location of WCG, (b) Schematic view of the position of 
cavitation inception for the hydrofoil with WCG, the size of WCG and the development direction of re-entrant jet of the 
hydrofoil suction surface. The symbols , ,  and  represent the length of the hydrofoil chord, the distance of 
WCG from the leading edge and the length and height of WCG, respectively
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goes by, the cavity gradually develops downstream. 
When the cavity develops to a certain length, the 
cavity breaks in the spanwise direction, and then 
shedding and collapse of the cavitation clouds appear. 

Table 1 shows the time-average value of the drag 
coefficients of benchmark hydrofoil and the hydrofoil 
with WCG under different meshes. It can be seen 
from the figure that after the third set of mesh, with 
the increase of nodes, the drag coefficient hardly 
increases. Therefore, to balance computing applicabi- 
lity and efficiency, the Mid-size 2 was selected in this 
paper. 
 

 
2. Proper orthogonal decomposition 

POD is a kind of optimization technology in the 
sense of energy, because it only needs a few charac- 
teristic functions to restore the flow dynamics. In this 
study, the spatial nodes are dense. In order to improve 
computational efficiency, the snapshot POD method 
proposed by Sirovich[27] is chosen. Its basic idea is to 
solve the correlation matrix C  of the matrix U  
containing N time steps for the flow field, and then 
find out the first r  modes which represent the main 
characteristics of the flow field. The specific solution 
is as follows: 

All velocity components from the N  snapshots 
are arranged in a matrix U  as 
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    Time correlation matrix C  of matrix U  is 
 

T1
=C U U

N
                                                               (15) 

 
    Solve the eigenvalues i  and eigenvectors iA  

of the matrix C  
 

=i i
iCA A                                                                  (16) 

 
    The eigenvector of matrix C  determines the 
construction of the POD mode, and the eigenvalue 
represents the energy of the corresponding mode. 
Large eigenvalues correspond to POD modes with 
higher weights, hence only a few high-energy modes 
need to be retained to effectively capture the main 
characteristics of the original flow field. Usually, the 
solutions are arranged in descending order according 
to the size of eigenvalues, namely 

 

 
 
Fig. 2 (Color online) The computational domain, boundary conditions and grid refinement 
 
Table 1 The time-average value of the drag coefficients of the hydrofoil without WCG and with WCG under different 

meshes 

Mesh size 
Nodes  

Without WCG With WCG Without WCG With WCG 

Coarse 261 126 1 732 275 0.094 0.131 
Mid-size 1 580 280 3 118 095 0.089 0.123 
Mid-size 2 870 420 4 157 460 0.090 0.122 

Fine 1 160 560 5 196 825 0.089 0.122 
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Fig. 3 (Color online) Instantaneous photographs of the un- 
steady cloud cavitation evolution during one typical 
oscillation cycle for the benchmark hydrofoil under 
experiment[26] and numerical simulation 
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    The POD modes i  are then given by 
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where i
nA  is the thn  component of the eigenvector 

corresponding to the thi  eigenvalue, N  is the num- 
ber of snapshots and   represents the 2-norm on the 

inner product space. 
By projecting the velocity field to the POD 

modes, the modal coefficients (also called POD coe- 
fficients or time varying coefficients) are obtained 
 

T=na U                                                                    (19) 
 

where 1 2= [ ]N     is the modal matrix of each 
order. 

    Then, the flow field of the thn  snapshot can be 
reconstructed from the modal decomposition 
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The measured flow field is regarded as composed 

of several main structures, and these structures are 
displayed in order of energy level by the POD method, 
so as to find out the flow field that plays a main con- 
trol role in the flow field. In this study, POD is used to 
study cavity dynamics by modal decomposition of 
flow field snapshot data. 
 
 
3. Results and discussion 

Figure 4 shows the vapor volume fraction iso- 
surface and the -Q criterion iso-surface for the cloud 
cavitation during one oscillation cycle for the hydro- 
foil without and with WCG. The -Q criterion defines 
the second invariant of the velocity gradient tensor. 
When > 0Q , it indicates that the rotation effect is 

dominant, and when < 0Q , the shear effect is domi- 

nant. -Q criterion is one of the effective methods to 
visualize the vortex structure of the flow field[28], 
whose expression can be given by 
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As shown in Fig. 4, the periodic process of cavity 

formation, growth, break-off, shedding and collapse 
during cavity evolution can be observed for the two 
hydrofoils. The cavity forms on the hydrofoil suction 
surface at t0 and develops downstream with the cavi- 
tation cloud shedding of the previous cycle. At about 

0 + 0.6t T , the length of the attached cavity reaches the 
maximum, and then the cavity breaks due to the 
re-entrant jet[29], as shown at 0 + 0.9t T . Finally, these 
broken cavities merge again to form the cavitation 
cloud, which sheds and collapses downstream, as 
shown at 0 +t T . 

Compared with the hydrofoil without WCG, the 
hydrofoil with WCG shows some differences during 
cavity evolution. First of all, the cavity of the hydro- 
foil with WCG forms behind the WCG and appears as 
irregular lines of different sizes, while the cavity of 
the hydrofoil without WCG covers the hydrofoil 
leading edge in a sheet shape and develops smoothly 
downstream, as shown in Fig. 5. This is because using  
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WCG significantly increases the pressure behind 
WCG and moves the lowest pressure region down- 
stream, then alters the initial position of the attached 
cavity, as shown in Fig. 6. The pressure coefficient 

pC  is calculated by the equation = ( ) /pC p p
2(0.5 )lU , where p , p  and l  are the local 

pressure, reference pressure and the density of the 
fluid, respectively. In addition, the perturbation of 
cavitating vortices behind WCG on flow field resulted 
in the cavity for the hydrofoil with WCG shows a 
more irregular and chaotic state during cavity evo- 
lution, accompanied by more shedding of small-scale 
cavity structures, as shown at 0 + 0.9t T , 0 +t T . 
Thus, more abundant small-scale vortex structures can 
be seen from the -Q criterion iso-surface in Fig. 4. 
Moreover, it is found that WCG can increase the 
thickness of the attached cavity (the thickness for the 
hydrofoil without WCG is about 0.094c , and for the 
hydrofoil with WCG is about 0.143c ), resulting in an 
attached cavity of larger scale for the hydrofoil with 
WCG. 

The time history of lift and drag coefficients fluc- 
tuations for the two hydrofoils under cloud cavitation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
is shown in Fig. 7. The time-average lift coefficient 
for the hydrofoil with WCG is higher than that for the 
hydrofoil without WCG. However, due to the time- 
average drag coefficient increased significantly after 
using WCG, the time-average lift to drag ratio for the 
hydrofoil with WCG is slightly lower than that for the 
hydrofoil without WCG, which are / =l dC C 9.26, 
11.93, respectively. This result is consistent with the 
conclusion of Kadivar et al.[15]. In addition, from the 
FFT results of time history of drag coefficient in Fig. 
8, it can be seen that the dominant frequency for the 
hydrofoil with WCG is obtained at = / =St fc U

0.475 , while for the hydrofoil without WCG it is 
obtained at = 0.525St , which indicates that the 
characteristic frequency of the cavity evolution for the 
hydrofoil with WCG is lower. 

POD is a powerful tool for identifying spatial and 
temporal coherent structures in a flow. In order to 
further analyze the characteristics of the cavitation 
flow field for the two types of hydrofoils, the snapshot 
velocity field data of the domain around hydrofoils 
were extracted, as shown in Fig. 9, and the POD me- 
thod was used for modal decomposition. 
 

 

 
 

Fig. 4 (Color online) Vapor volume fraction iso-surface  and the criterion iso-surface ( , colored by 

streamwise velocity) for the cloud cavitation during one oscillation cycle for the hydrofoil without and with WCG
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Fig. 5 (Color online) Vapor volume fraction iso-surface 
( = 0.1)v  at three cavitation inception moments 

( = 1.5)  on the hydrofoil suction surface 

 
 
 
 

 
 

 

 

 

 
 
 
 

 
 

 
 

Fig. 6 (Color online) Instantaneous pressure coefficient on the 
monitoring line of the hydrofoil suction surface 

 
For the accuracy of POD mode analysis, the first 

step is to check the convergence in the domain, and 
the calculation of POD convergence can determine the 
number of snapshots needed for validating the decom- 
position. That is, by using different time intervals to 
calculate the energy of the low-order mode under 
different snapshot numbers, if the energy of the mode 
does not change significantly with the increase in the 
number of snapshots, this would indicate that the 
modes have converged. In other words, adding more 
snapshots does not provide additional information. 

Figure 10 shows the contribution of the modes 
( = 0 - 3)j j  in the reconstruction of instantaneous 

images calculated as =0/ N
j j j  . It can be seen 

from the figure that with the increase of the number of 
snapshots, the energy change amplitude of each mode 
decreases, and tends to be constant when it reaches 
500. This analysis shows that 500 snapshots are suffi- 
cient to obtain accurate results. 
 
 
 
 

 
 

 

 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
Fig. 7 (Color online) Time history of lift and drag coefficients 
 
 
 
 

 
 

 

 

 

 
 
 
 

 
 

 
 

Fig. 8 (Color online) Instantaneous pressure coefficient on the 
monitoring line of the hydrofoil suction surface 

 
The mode 0 of POD represents the mean flow in 



 

 
 

322 

which the flow structure neither increases nor decays 
with time, and the comparison of time-averaged 
original flow fields and mean flow represented by 
mode 0 for the two hydrofoils is shown in Figs. 11(a), 
11(b) respectively. It can be seen that the mean flow 
profile captured by POD is very similar to the 
time-averaged original flow field, indicating that the 
number of snapshots is sufficient for the analysis, this 
is a simple verification of the stationarity and accu- 
racy of the statistical data[30]. 
 
 
 
 

 
 
 

Fig. 9 (Color online) The POD data processing domain 
 

Since the value of eigenvalues corresponds to the 
weight of POD modes, if they are arranged in descen- 
ding order, the energy contribution rate of the modes 
with lower order to the original flow field is greater, 
that is, they correspond to the structure with higher 
energy. POD eigenvalues and cumulative contribu- 
tions according to energy order are shown in Fig. 12. 
It can be seen that the first five modes (modes 0-4) for 
the two hydrofoils contribute about 94.99%, 94.51% 
(more than 90%) of the flow field energy, and the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

energy contribution of mode 4 occupies about 0.9%, 
0.73% (less than 1%) respectively. Therefore, the first 
5 modes are retained to reconstruct the original flow 
field, and the remaining modes with lower energy are 
filtered out in this paper. 

The main modes of POD can reveal the spatial 
structures of higher energy in the flow field. Therefore, 
the main characteristics of cavity evolution can be 
obtained by analyzing the structure distribution of the 
main POD modes. Figure 13 shows the dominant 
POD modes (modes 1-4), where mode 1 represents the 
flow structure with maximum energy on the surface of 
the two hydrofoils. For the hydrofoil without WCG, 
mode 1 represents the large-scale cavitation cloud 
structure formed by the cavity being cut off at the 
leading edge of the hydrofoil by the re-entrant jet, 
while for the hydrofoil with WCG, it represents the 
large-scale cavity structure that develops downstream. 
The positive and negative structures of modes 2-4 
highlight the small-scale vortex structures with less 
energy separated from the hydrofoil suction surface, 
and they reveal the oscillations near the large-scale 
coherent structure, so as to correct the features of the 
flow field and obtain the accurate flow field. In 
addition, it can be found that the regions of positive 
and negative structures of the hydrofoil with WCG in 
modes 2-4 are smaller, which highlights the shedding 
of small-scale cavity structures during cavity evolu- 
tion. It should be noted that each mode in the POD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Fig. 10 (Color online) Convergence of the POD calculation with , energy of modes according to the number of snapshots 

used for the POD
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Fig. 12 (Color online) POD eigenvalues and cumulative contri- 
butions according to energy order 

 
algorithm contains energy features from multiple 
flows, thus the POD mode alone cannot reproduce the 
transient flow field. 

The temporal eigenfunctions and their FFT re- 
sults of the modal coefficients for POD modes 1-4 of 
the two hydrofoils are shown in Fig. 14. Since the 
POD modes may contain multiple frequency compo- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nents, it can be seen from the left of Fig. 14 that the 
temporal eigenfunctions are not completely simple 
harmonic waves. In addition, as shown at the right of 
Fig. 14, the dominant frequencies of the first two 
modal coefficients of the two hydrofoils are the same, 
which are = 0.500St  ( = = 50 Hz)f StU / c , =St

0.475  (47.5 Hz) respectively. They are very close to 
the characteristic frequencies of the cavitation cloud 
shedding, which are 52.5 Hz, 47.5 Hz respectively. 
Therefore, the first two modes can characterize the 
periodic shedding process of cavitation cloud, and the 
shedding frequency of cavitation cloud for the hydro- 
foil with WCG is lower than that for the hydrofoil 
without WCG. At the same time, due to the shedding 
frequency of the cavitation cloud being dominant in 
the cavitating field, the amplitude of the dominant 
frequency usually decreases as the mode increases, 
matching with the energy attenuation. As for the 
dominant frequencies of the third and fourth modes, 
they represent the shedding frequency of cavities or 
vortices with smaller scale. 

The correlation distribution of the modal coeffi- 
cients 1a , 2a  for the two hydrofoils is shown in Fig. 

15. It can be found that the modal coefficients 1a , 2a  
oscillate around zero, the distribution radius of these 
coefficient points is quite different due to the 
abundant scale of vortex structures around the hydro- 
foils, and the energy content of these vortex structures 
is positively correlated with the distribution radius[31]. 
The modal coefficient points of the hydrofoil without 
WCG are more concentrated near the zero point, 
indicating that the vortex structures around the hydro- 
foil without WCG have less energy and lower tur- 
bulence intensity. This is related to the smaller scale 

 

 
 

Fig. 11 (Color online) Comparison of time-averaged original flow fields and mean flow represented by mode 0 of POD 
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cavities shedding during cavity evolution. On the 
other hand, whether the distribution of coefficient 
points is circumferentially related to the circle in the 
Fig. 15 reflects the periodic strength of the large-scale 
vortex structures in the flow field. It can be found that 
the periodicity of the vortex structures for the two 
hydrofoils is weak, which may be due to the influence 
of the vortex structures of different scales and the 
irregular turbulence caused by the cavitation. 

The reconstruction of the flow field based on the 
first 5 POD modes can basically reflect the charac- 
teristics of the flow field. The root mean square error 
(RMSE) of the reconstructed flow field in Fig. 16 
shows how well the reconstructed flow matches the 
original flow field, which can be calculated as given 
by 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

actual reconstructed 2

=1

1
RMSE = ( )

m

i ii
u u

m
                   (22) 

 
where m  is the number of grid nodes in a given 
snapshot. 

It can be seen from Fig. 16 that the RMSE of the 
reconstructed flow field for the hydrofoils fluctuates 
with cavity evolution. However, the time-averaged 
reconstruction error for the hydrofoil with WCG is 
higher than that without WCG. This is because the 
hydrofoil with WCG is accompanied by the shedding 
of more abundant small-scale vortex structures during 
the cavity evolution. Therefore, more small-scale struc-  
tures will be selectively filtered during flow field 
reconstruction, resulting in higher errors. In addition, 
from the time-averaged RMSE contour of reconstructed  

 

 
 

Fig. 13 (Color online) Dominant POD modes (modes 1-4, ). Percentages represent the contribution of the POD modes to 
flow field reconstruction
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flow field in Fig. 17, it can be found that the higher 
error regions for the two hydrofoils are above the 
suction surface, especially the vapor-liquid interface 
region of the cavitation flow field. It is caused by the 
instability of the vapor-liquid interface which will 
induce more small-scale vortex structures. 

The flow field contains various vortex structures 
with different scales. Due to the influence of various 
small-scale vortex structures and turbulent dissipation 
on the flow, it is difficult to visually observe the 
spatial distribution characteristics of large-scale co- 
herent structures in the flow field. Therefore, recon-  
structing the flow field to filter out small-scale 
structures and background noise is one of the purposes 
of using the POD method. The flow fields recon- 
structed by the first 5 modes during one oscillation 
cycle for the two hydrofoils are shown in Figs. 18, 19, 
respectively. It is obvious that the boundary between 
different velocity regions of the reconstructed flow 
field is clearer and smoother. The re-entrant jet that 
gradually develops upstream along the hydrofoil suc- 
tion surface and the high positive velocity region that 
gradually diffuses from the leading edge to the down- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

stream are captured, which implies the periodic 
evolution of cavity. However, during the reconstruc- 
tion for the hydrofoil with WCG, more small-scale 
structures are filtered, which leads to a larger recon- 
struction error, as shown in Fig. 16. 
 
 
4. Conclusions 

In this paper, a passive method of cavitating flow 
control called WCG was investigated. The WCG was 
installed upstream of the flow separation point on the 
suction surface of NACA66 hydrofoil. The PANS 
turbulence model based on standard -k   and the 
Zwart cavitation model were used to simulate the 
unsteady cloud cavitation. Then, the effects of the 
WCG on cavity evolution, vortex structure and hydro- 
dynamic performance were investigated. In addition, 
the POD method was adopted to further analyze the 
characteristics of the cavitation flow field with and 
without WCG. The results are summarized as follows: 
    (1) The WCG can increase the thickness of the 
attached cavity, alter the attached cavity to be with a 
rough surface and cause the cavity inception behind 

 

 
 

Fig. 14 (Color online) Modal coefficients for POD modes 1-4
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the WCG instead of the leading edge. For the 
hydrofoil with WCG, there is a larger-scale attached 
cavity accompanied with more shedding behaviors of 
cavities with small scales, which probably explains 
why it can decrease the dominant frequency of the 
unsteady cavitation evolution. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15 (Color online) The correlation distribution of POD mo- 
dal coefficients for modes 1, 2. The radius R  of the 

circle is obtained by the calculation formula 2
1 +a

2 2
2 =a R ,   is the average operator 

 
    (2) The POD method can extract the dominant 
flow structures, identify the energy content of the 
vortex structures, and obtain the reconstructed flow 
field with the main characteristics. The frequency 
obtained by the analysis of the first two POD modal 
coefficients can represent the dominant frequency of 
cloud shedding behaviors. The hydrofoil with WCG 
has more small-scale vortex structures during the 
cavity evolution, resulting in a larger reconstruction 
error. The correlation distribution of POD modal 
coefficients shows that the vortex structures around 
the hydrofoil without WCG have less energy and 
lower turbulence intensity. 

It should be noted that the present study only 

discussed the WCG with fixed size and location, and 
found these interesting conclusions. More experimen- 
tal and numerical investigations are required to 
analyze the effects of WCG with different sizes or 
locations on the formation and development of cavity 
in future researches. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 16 (Color online) RMSE of reconstructed flow field with 

the first 5 POD modes 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 17 (Color online) Time-averaged RMSE contour of recon- 

structed flow field with the first 5 POD modes 
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Fig. 18 (Color online) The flow field reconstructed by the first 5 modes during one oscillation cycle for the hydrofoil without 

WCG
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