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A B S T R A C T   

In this paper, wavelet analysis of the cavitating flow over a sphere is reported. Unsteady and dynamic behaviors 
of cavitation were captured using large eddy simulation (LES) turbulence approach and Sauer mass transfer 
models. Numerical simulation is implemented under the framework of OpenFOAM within the inter-
PhaseChangeFoam solver. The simulation is conducted over a wide range of cavitation numbers. Two more 
essential variations, pressures and kinetic energies, were considered at specific points in front and behind of the 
sphere’s body for sufficient simulation period. The oscillations global frequency modes and spectral content of 
the cavity cloud are computed and analyzed using Fourier and continuous wavelet transformations. The 
computed results show that the flow fluctuations enhance by increasing the cavitation number. The low- 
frequency fluctuations play a pivotal role in the cavitating flow and possess almost the same magnitude in all 
investigated cavitation numbers. The frequencies enhance as the simulation time increases in all cases. One of the 
primary frequencies that happened in all cavitation numbers in the cavity cloud separation is due to a Strouhal 
number within the range of 0.046 and 0.05. Therefore, this Strouhal number can be used for the purpose of cloud 
cavitation detection.   

1. Introduction 

Cavitation is a multi-phase and complex physical phenomenon that 
happens when the local pressure of the liquid becomes lower than its 
saturated vapor pressure. In most cases, cavitation damages the equip-
ment, reduces the system efficiency by making erosion, noises, vibra-
tions and unsteady behaviors, which are not favorable. Due to such 
problems, this phenomenon has long been under scrutiny. Cavitation 
number, σ ¼ ðP∞ � PvÞ=0:5ρU2

∞ categories cavitation regimes, where ρ 
is the liquid density, Pv is the vapor pressure and P∞ ; U∞ are the free 
stream flow pressure and velocity, respectively. Several cavitation re-
gimes are depending on the cavitation numbers such as incipient cavi-
tation, shear cavitation, sheet/cloud cavitation, and supercavitation. 
Diagnosing different phenomena such as shedding and collapsing in 
different cavitation regimes appears very helpful in realizing physical 
behavior in the considered fluid. Signal processing is one of the versatile 
tools to analyze the fluctuations and changes in unsteady systems or 

processes. Therefore, it is evidently useful in the detection of cavitation 
phenomena. 

Many different experimental and numerical investigations reported 
on cavitating flow, although there are just a few studies considering 
cavitating flows over the sphere. Marston et al. (2011), using a 
high-speed camera, considered the dynamics of cavitating flow passing 
over a sphere to investigate cavitation structures in both Newtonian and 
non-Newtonian liquids by changing its viscosity. Shang et al. (2012) 
investigated the cavitating flow numerically around a submarine, using 
LES turbulence models, validating their data with that of experiments. 
Then they found out how the cavitation number affected the circum-
fluence of the tail regions. They also found that in small cavitation 
numbers, between 0.1 and 0.4, the cavity cloud lasted continuously. 
Gnanaskandan and Mahesh (2016) reported a numerical investigation 
on cavitation around a circular cylinder at Reynolds numbers ranging 
between 200 and 3900 for different cavitation numbers, from 0.5 to 2. 
They captured the dynamics of cavity formation and its collapse in their 
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simulations. The reported results show that when σ ¼ 1.0, the cavity 
detaches itself from the body at the shedding frequency. However, in the 
transitory regime of cavitation, when the cavitation number was be-
tween 0.5 and 0.7, in addition to the shedding frequency, there exists a 
cavity detachment phenomenon in low frequencies. Pendar and Roohi 
(2016) stimulated cavitating flow in hemispherical head bodies and 
conical cavitators. They compared the result of LES and k-ω SST tur-
bulence models as well as predictions of various cavitation mass transfer 
models. In another study (Roohi et al., 2016), they investigated unsteady 
cavitating flow behind a 3-D disk cavitator. Pendar and Roohi (2018) 
simulated the cavitating flow passing over a sphere at a constant Rey-
nolds number of 1.5 � 106 and a wide range of cavitation numbers, 
varying from 0.36 to 1, and compared the results with the experimental 
data. They reported the detailed analyses of the instantaneous cavity 
leading edge, its separation point location, and vortex shedding. 

Alongside numerical and experimental studies focused on under-
standing the physics of cavitating flows, there is experimental research 
considering signal processing in different cavitation regimes. Cudina 
(�CDina, 2003) used the audible sound of a centrifugal pump to detect the 
cavitation. He did experiments to discover the incipient and the devel-
opment of cavity cloud. Experimental results illustrated that there was a 
discrete frequency tone within the audible noise spectra which was 
strongly dependent on the cavitation process and its development. 
Escaler et al. (2006) evaluated the detection of cavitation in an actual 
hydraulic turbine experimentally. They analyzed the acoustic emissions, 
measurements of the structural vibrations, and hydrodynamic pressures 
in a particular machine. They found out that by increasing the cavitation 
strength, the amplitude of the entire spectrum increases without any 
significant change in its shape. Using an algorithm based on the Hilbert 
transform, they computed the amplitude of the filtered signal. He and 
Liu (2011) used the wavelet scalogram analysis to figure out the char-
acteristics of the cavitation noise. They investigated the time-frequency 
characteristics of the cavitation noise in various cavitating states and 
processes experimentally by recording audible sounds. Their results 
showed that the cavitation noise could be distinguished from the 
background noise because of its different frequency characteristic. 
Furthermore, they mentioned that the wavelet scalogram method was 
very potent for the time-frequency analysis of the cavitation noise. Lee 
et al. (2013) expressed the useful application of signal processing 
techniques in the detection of the vortex tip and cavitating noise in 
marine propeller based on the acoustical measurements. In their study, 
the Short-Time Fourier Transform (STFT) analysis and the Detection of 
Envelope Modulation on Noise (DEMON) spectrum analysis were 
employed. They illustrated that these two techniques are appropriate for 
finding such a repeating frequency. Also, they observed that these two 
techniques had been successfully employed for identifying the vortex 
tip. Ji et al. (2013) considered cavitating flow around hydrofoils using 
the Partially-Averaged Navier–Stokes method. Their predicted cavity 
characteristic compared favorably with the experimental data. Ji et al. 
(Ji et al., 2014/09) investigated the structure of the cavitating flow 
around a twisted hydrofoil using a modified k-ε model with a local 
density correction for turbulent eddy viscosity. Their prediction for the 
cavity structures and the shedding frequency were in suitable agreement 
with the experimental observations. Giorgi et al. (De Giorgi et al., 2015) 
implemented an experimental study of cavitating flows inside a 
restricted nozzle. The cavitation phenomena were characterized by four 
different flow regimes at the variation of the pressure and temperature. 
They analyzed the signals with the wavelet transform to highlight the 
influence of the temperature. The required data is acquired by pressure 
signals and images of the cavitating flow-field. Kang et al. (2017) 
employed the wavelet transform for their experiments on aa 
hydro-turbine to diagnose whether the cavitation occurs. The results 
illustrated that the characteristics of incipient cavitation could be 
detected in the audible frequency band. They found that the wavelet 
analysis of noise signals can distinguish the differences of the various 
operating conditions, and also can discriminate between the incipient 

cavitation and the other regimes of cavitation by visual observations. On 
the other hand, Long et al. (Long et al., 2019/06) recently simulated the 
cavitating flow around a Clark-Y hydrofoil using implicitly filtered LES 
and a homogenous cavitation model. They compared the unsteady 
cavitating with non-cavitating flows. The cavitating flow had more 
fluctuation and total error compared to that of non-cavitating. 

Recently, experimental studies on signal processing and spectrum 
content analysis of cavitating flow passing over spheres have been re-
ported. Brandner et al. (2010) investigated the cloud cavitation passed 
over a sphere and captured high-speed imaging of the sphere in water 
tunnel in a constant Reynolds number (Re ¼ 1.5 � 106) in different re-
gimes of cavitation from inception to supercavitation. Pixel intensity of 
photos in different cavitation numbers was studied using wavelet 
transform. Because of the limitation in data collection in their study, 
they asserted that higher spatial and temporal resolutions are required. 
Graaf et al. (de Graaf et al., 2016) investigated the physics and spectral 
content of cloud cavitation of a sphere experimentally in a water tunnel 
by high-speed imaging and surface pressure measurement. The power 
spectral densities of the long sampled normalized pressure signals were 
analyzed using the Welch and wavelet methods. They identified three 
distinct shedding regimes: an uni-modal regime for σ > 0.9 and two 
bi-modal regimes for 0.675>σ > 0.9 and 0.3>σ > 0.675. They found 
that at high cavitation numbers (σ > 0.9) where cavity lengths are small, 
the breakup was driven by small-scale instabilities in the overlying 
boundary layer. However, in cavitation numbers below 0.9, greater 
cavity lengths allow large-scale shedding to develop driven by coupled 
re-entrant jet formation and shockwave propagation. In a recent work, 
Venning et al. (2018) used a high-speed image set of cloud cavitation 
about a sphere. Then, they used fast Fourier transforms applied to in-
dividual pixel intensities of image frames. They found three shedding 
frequencies in their analyses including the main shedding mode, the 
subharmonic mode, and the harmonic mode. Brandner et al. (2018) 
investigated wavelet methods used in cavitating fluid flows precisely, 
containing cross-wavelet transform and wavelet transform plots to 
comprehensive review into this complex phenomenon. 

As the above literature survey indicates, a few reports on the spectral 
content analysis of cavitating flows, with an emphasis on sphere cavi-
tation, are available. On the other hand, the available signal processing 
research on the sphere cavitation are experimental (Brandner et al., 
2010; de Graaf et al., 2016; Venning et al., 2018), which were claimed 
that because of limitations in data collection, higher spatial and tem-
poral resolutions are required. Furthermore, numerical studies help to 
widen the range of studied cavitation numbers. In contrast to previous 
works on signal processing of cavitating flows, where fluctuation data 
was gained by capturing images, acoustic recorders, or pressure sensors, 
here flow properties in different points near the sphere are captured 
numerically during the time over a wide range of cavitation numbers. 
Then, the data is analyzed utilizing wavelet, and Fourier transforms. 

2. Mathematical modeling 

2.1. Governing equations 

Cavitating flow is a multiphase flow obeying the Navier-Stokes 
equations. In this study, the incompressible homogeneous mixture 
multiphase flow was assumed; thus the governing equations are 
described as follows: 

∂tρþr:ðρvÞ ¼ 0∂tðρvÞ þ r:ðρv� vÞ ¼ � rpþr:s (1)  

where ρ, v, p, and s are density, velocity, pressure and viscous stress 
tensor, respectively. 

The rate-of-strain tensor, D, is given as: 

D ¼
�
v þ vT� (2)  

where viscous stress tensor defined as s ¼ 2μD. 
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A multiphase flow modeling should be used to describe a phase 
change from liquid to vapor that happens under cavitation. In this study, 
we consider a “two-phase mixture” method. 

This method uses a local volume fraction transport equation with a 
source term incorporating the rate of mass transfer between the two 
phases due to cavitation: 

∂tγ þr:ðvγÞ ¼ Sa (3) 

The mixture density ρ and dynamic viscosity μ are given as follows: 

μ ¼ γlμl þ ð1 � γlÞμϑ (4)  

ρ ¼ ρlγl þ ð1 � γlÞρϑ (5) 

Also, Sa is the phase change rate between vapor and liquid and γ is 
the liquid volume fraction indicator defined as follows: 

γ ¼

8
<

:

1
0

0 < γ < 1

Water
Vapor

interface
(6) 

For tracking the interface between the vapor and liquid phases, a 
compressive volume of fluid (VOF) method is utilized to treat Eq. (3). 
The compressive VOF equation utilized in the OpenFOAM considers Eq. 
(5) in the following form: 

∂tγ þr⋅ðγ v!Þ þr⋅½ v!cγð1 � γÞ� ¼ Sa (7)  

where vc is the compressive velocity term as suggested by Rusche 
(2003), and the last term in the left side of the VOF equation (Eq. (7)) is a 
surface compression term that is active at the interfaces. For further 
information on the compressive velocity VOF technique, see (Roohi 
et al., 2013/05; Klostermann et al., 2013). 

The Schnerr-Sauer mass transfer model is used in this study, given 
by: 

∂tγ þ r
!⋅ðγv→ Þ ¼

ρϑρl

ρ ð1 � γÞγ
3
Rb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
jpϑ � pj

ρl

s

(8)  

Where Rb is the radius of bubbles is derived as follow: 

Rb ¼

�
3

4πn0

γ
1 � γ

�1=3

(9)  

where, in the interPhaseChangeFoam solver, the initial number of bubbles 
(n0) is set as 1.6 � 109. For further information on the Schnerr-Sauer 
mass transfer model, see (Schnerr and Sauer, 2001). 

2.2. Large eddy governing equations 

The construction of large eddy simulation (LES) turbulence approach 
is based on computing the large-scale structures that are determined on 
the computational grid, whereas the smaller sub-grid eddies are 
modeled. Filtering operation of a variable, e.g., ∅, is carried out using a 
predefined filtering function G ¼G (X,Δ). This function employs a cut- 
off length scale Δ where smaller scales than that are not involved in 
∅. In other words, scales smaller than Δ are subtracted from the filtered 
function ∅ðx; tÞ, where Δ is defined as sub-grid scale and ∅0 is a sub-grid 
term that consists of sub-grid scales. 

∅ðx; tÞ ¼
Z ∞

� ∞

Z ∞

� ∞
∅
�
r; t

0�
G
�
x � r; t � t

0�
dt
0

dr (10)  

∅ ¼ ∅ � ∅0 (11) 

Δ depends on the computational grid size, e.g., 

Δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔxΔyΔz3

p
(12) 

Convolving G function within continuity and momentum equations, 

filtered equations of continuity and momentum employed in the LES 
approach are derived: 

∂ui

∂xi
¼ 0 (13)  

∂ui

∂t
þ

∂
∂xj

�
uiuj

�
¼ �

1
ρ

∂p
∂xi
�

∂
∂xj

τij þ
∂

∂xj

�

υ
�

∂ui

∂xj
þ

∂uj

∂xi

��

(14) 

Here, all variables with an overbar denote filtered parameters. The 
most crucial aspect of the equations mentioned above is the presence of 
∂

∂xj
τij term that is unknown a priori, and is present in the Navier-Stokes 

equations. Following (Shang et al., 2012), it is feasible to express τij as: 

τij ¼ uiuj � uiuj; (15) 

τij is termed as SGS stress tensor and is usually modeled. Indeed, τij 

resembles the Reynolds stresses in the Reynolds averaged Navier-Stokes 
(RANS) methods. There are various types of approaches to model the 
sub-grid stress tensor ðτijÞ. Prevalent sub-grid modeling approaches 
utilize an eddy or sub-grid viscosity, μk, where μk can be calculated using 
a wide variety of approaches. In the eddy-viscosity model we have, 

τij ¼
2
3

ρkI � 2μkSij (16)  

Sij ¼
1
2

 
∂ui

∂xj
þ

∂uj

∂xi

!

(17)  

where Sij is the rate-of-strain tensor for the resolved scale and the sub- 
grid scale turbulent viscosity, μk, is closed by a “Local Eddy-Viscosity” 
model. Here, the “one equation eddy viscosity model” (OEEVM) sub-grid 
scale is used. To obtain turbulence kinetic energy k, OEEVM solves the 
following equation: 

∂ðρkÞ þ r:ðρk~uÞ ¼ � τij:Sij þr:ðμkrkÞ þ ρε (18)  

ε ¼ cεk3=2�Δ (19) 

Sub-grid scale turbulent viscosity, μk is then computed by: 

μk ¼ ckρΔ
ffiffiffi
k
p

(20) 

while cε and ck are set as 1.048 and 0.094 in OpenFOAM, 
respectively. 

In Large Eddy Simulation approach, the eddies are divided into two 
categories including grid scales and sub-grid scales (SGS). The conser-
vation equations are governed for grid scales, while SGS models are used 
for simulating the small-scale elements in the flow. In the current study, 
the flow is modeled using One-Equation Eddy Viscosity Model (OEEVM) 
as sub-grid scales modeling. This model is selected because of two rea-
sons including its successful usage in previous cavitation works and its 
lower computational cost. First, previous works (Pendar and Roohi, 
2018; Roohi et al., 2013/05; Zahiri and Roohi, 2018/12) showed that 
OEEVM model is accurate enough in simulating cavitating flow and 
capturing cavity shedding. Second, the computational cost is an essen-
tial factor in cavitating flow simulations. Recently, different sub-grid 
scale models, namely OEEVM and dynamic Smagorinsky (DS), were 
studied in treating cavitating sphere flow (Zahiri and Roohi, 2018/12). 
In addition to accurate prediction of general properties of the cavity 
cloud such as the length, diameter, and pressure drag coefficient, the 
computational cost of the OEEVM was slightly lower than the DS model. 
Therefore, OEEVM sub-grid scales model is selected here and well 
validated with the experimental data (de Graaf et al., 2016). 

For managing different values of y þ for the first grid cell, a blending 
function is employed in OpenFOAM, which is given by Spalding Law as 
given by (Dami�an and Nigro, 2010; De Villiers, 2006): 
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yþ ¼ uþ
1
E

�

eκuþ � 1 � κuþ �
1
2
�
κuþ
�2
�

1
6
�
κuþ
�3
�

(21) 

where κ ¼ 0:4187, E ¼ 9, yþ ¼ yuτ=ν, and uþ ¼ u=uτ. Therefore, 
the first off-the-wall grid point can be in the buffer or viscous regions 
(yþ < 30) without the loss of accuracy, as the function beneficiary. 

2.3. Pressure-velocity coupling 

The velocity-pressure coupling is achieved using the PIMPLE algo-
rithm that is a hybrid PISO-SIMPLE algorithm employed in the Open-
FOAM. The PIMPLE consists of three parts, a momentum predictor, a 
pressure solver, and a momentum corrector. In the PIMPLE, for stability 
purposes, an outer correction loops, i.e., cycling over a given time step 
for a number of iterations, and equation under-relaxation, between 
outer correctors, are allowed. The PIMPLE provides a more robust 
pressure-velocity coupling by coupling a SIMPLE outer-corrector loop 
with a PISO inner-corrector loop. This algorithm demonstrates better 
stability for larger time-steps compared to PISO. Here, we employed two 
PISO iterations and one SIMPLE iteration. More details of the numerical 
procedure are available in (Pendar and Roohi, 2018). 

2.4. Spectrum analysis 

In this study, two methods, fast Fourier transforms (FFT), and 
wavelet transforms are used for processing data obtained using the 
interPhaseChangeFoam solver. The FFT disintegrates time-series data into 
the frequencies that influence it. The Fourier transformation of a func-
tion x(t) is expressed as: 

Xðf Þ ¼
Z ∞

� ∞
xðtÞ:e� 2jπftdt (22) 

Let x0, …., xN� 1 be complex numbers. The discrete Fourier transform 
(DFT) is defined by the following formula: 

Xk ¼
XN� 1

n¼0
xne� i2πkn=N k ¼ 0; :::;N � 1 (23) 

DFT performs O(N2) operations. To reduce the number of operations 
and calculation time, the FFT is introduced that produce the same results 
but with a much lower number of operations, e.g., O(N � logN). 

Continuous wavelet transforms (CWT) is a way to transform a time- 
based function into wavelets which provide a time-frequency 

Fig. 1. Computational domain (a) boundary conditions (b) The computational structured grid distribution around the sphere.  
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representation of a signal specifying the location of frequencies at 
different times. The continuous wavelet transformation of a function f(t) 
is expressed by: 

�
f ðtÞ; ψa;bðtÞ

�
¼

1
jaj1=2

Z ∞

� ∞
f ðtÞψ*

�
t � b

a

�

dt; (24)  

where a, b and ψ(t) are scale (a>0), translational time and mother 
wavelet, respectively. The primary purpose of the mother wavelet is to 
give a source capacity to generate the little daughter wavelets which are 
the interpreted and scaled forms of the mother wavelet. When the scale 
factor is moderately low, the signal is more contracted which in turn 
results in a more detailed resulting graph. However, when the scale 
factor is high, the signal is extended. 

To analyze the spectral content of the cavitating flows, in the sequel 
of this paper we use CWT since discrete signals are noticeable. The 
reason is that interpreting the amplitude of wavelet coefficients is 
difficult in a discrete wavelet transform (DWT). Sampling and 
decreasing time intervals to zero give approximate of CWT. In this 
method, the scale parameter is discretized on logarithmic cells, and the 
time parameter is discretized on its scale. 

If it is defined: 

~ψaðtÞ ¼
1
ffiffiffi
a
p ψ*

�
�

t
a

�
(25) 

To discretize CWT equation (Eq. (24)), assume that the input func-
tion f(t) is a length N vector x [n]. Thus, the discretized variant of CWT 
is: 

Wa½b� ¼
XN� 1

n¼0
x½n�~ψa½b � n� (26) 

The discretized version of CWT solves this equation for each value of 
the shift parameter, b, and repeat this process for each scale, a. 

There is an approximate relation which converts scales to fre-
quencies. This relation is determined by the center frequency of the 
wavelet, fc, as given: 

fa ¼
fc

a:Δ
(27)  

where Δ and fa are the sampling period and the pseudo-frequency cor-
responding to the scale a, respectively. 

The Strouhal number is a dimensionless number describing an 
oscillating flow, e.g.: 

St ¼
f L
U

(28)  

where L is the characteristic length. 

2.5. Problem description 

Fig. 1 and Fig. 2 show schematically the geometry of the considered 
problem, boundary conditions, and solution procedure, respectively. In 
agreement with the experimental data of Australian Maritime College’s 
Tom Fink Cavitation Tunnel (Brandner et al., 2010), a sphere, whose 
diameter is 0.15 m, is placed at the center of a water tunnel with a 
dimension of 0.6 m � 0.6 m � 2.6 m. The inlet velocity of the water 
tunnel is 9 m/s. The spherical surface is specified as a no-slip wall 
reflector. The quality of the computational grid has a direct influence on 
the accuracy of numerical results. The grid convergence indicates that 
grid with around 5 � 106 cells provides a converged solution for the 
cavity characteristic. The spacing of the grid near the surface of the 
sphere’s body is the same size in all three directions. In the mentioned 
grid, the normalized wall distance of the first layer of grid nodes near the 
wall is 6.236 � 10� 4. Fig. 1-b illustrates that structured quadrilateral 
meshes were utilized. For a typical simulation case at σ ¼ 0.5; mean 
values of yþ are 2.19 and 5.73, and minimum values of yþ are around 

Fig. 2. Problem solution procedure.  

Table 1 
Grid study on cavity length and diameter (σ ¼ 0.5).  

Dcavity/ 
Dsphere 

Lcavity/ 
Dsphere 

(Minimum cell size)/ 
Dsphere 

Number of cells 
( � 106) 

Mesh 
No. 

1.688 2.226 7.330 � 10� 4 2 Grid-1 
1.423 1.926 6.662 � 10� 4 3.5 Grid-2 
1.402 1.935 6.236 � 10� 4 5 Grid-3 
1.411 1.939 2.723 � 10� 4 9 Grid-4  
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0.205 and 0.425 for Grid-4 and Grid-3, respectively. 
There should be a balance between accuracy and computational cost 

in numerical simulations. In this work, four different sizes for the case 
σ ¼ 0.5 are considered which are called Grid-1 to Grid-4 whose number 
of cells varies from 2 � 106 to 9 � 106. In all the studied grids, the space 
near the surface of the geometry is the same size in all directions. 

Table 1 reports non-dimensional data from all studied grids 
including the minimum size of the cell and length and the diameter of 
the cavity. By comparing the data of the table, Grid-3 which provides a 
converged solution for the cavity characteristic, is selected to perform 
simulations of the current research. In the selected grid, the normalized 
wall distance of the first layer of grid nodes near the wall is 
6.236 � 10� 4. 

In the current research, the length and diameter of the cavity is 
computed considering the iso-surface of the simulated volume fraction 
with values of 0.25. A commercial software, namely Tecplot, is 
employed for finding the length and diameter of the cavity. 

The difference between the current and the previously calculated 
parameter values specifies residual. It increases at the start of each time 
step and drops some orders of magnitude. Fig. 3 indicates the conver-
gence history of the liquid volume fraction and pressure residuals for a 
typical case at σ ¼ 0.45. The figure also shows the pressure need more 

iterations in comparison with the volume fraction to reach the appro-
priate pre-set threshold value. The residuals of pressure and volume 
fraction reach around 10� 8 and 10� 12, respectively. The residuals of 
velocity, turbulent kinetic energy were both set at 10� 6. 

In this work, the cavitating flow is solved using inter-
PhaseChangeFoam solver at twelve different cavitation numbers, 
(0.1<σ < 1), and a constant Reynolds number of 1.5 � 106. The flow is 
assumed to be unsteady, and computations start from initial conditions 
and continue to about 500 ms. The time step size was calculated auto-
matically during the simulation based on the specified Courant number. 
We set a small Courant number of 0.175 that resulted in an average time 
step around 10� 7 s, which is a sufficiently small period to capture cavity 
shedding. The data of volume fraction, pressure and kinetic energy are 
captured during the time in the whole of the domain. The fluid prop-
erties are specified as: ρl ¼ 1000 kg/m3, ρv0 ¼ 0.02308 kg/m3, 
μl ¼ 9 � 10� 4kg (m.s), μv ¼ 1 � 10� 5kg (m.s) and pv ¼ 2300 Pa. The 
pressure data is sampled in 345 points around the sphere, from its 
leading edge towards the wake region, see Fig. 2 on the central axis 
behind the geometry, where cloud cavitation occurs. Next, the average 
of the gathered data is computed during the simulation time. Subse-
quently, wavelet and Fourier transformations are employed to investi-
gate cavity frequency modes. In this study, the Daubechies wavelet, 
which provides desirable results in detecting cavity cycles, is considered. 

3. Result and discussion 

3.1. Validation 

The numerical results of cavitating flow around the sphere also are 
compared with the experimental results of Brandner’s work (Brandner 
et al., 2010), which has studied cavitation at Re ¼ 1.5 � 106 with a σ 
ranging from 1.0 to 0.36. Fig. 4 illustrates a comparison between these 
numerical results and a series of low-speed photographic images which 
is obtained from experimental data. 

Fig. 5 indicates that LES solution in comparison to k-ω SST turbu-
lence model suitably captures the unsteady vapor shedding of the cavity 
behind the sphere that is in agreement with the experimental results. 

Fig. 6 compares Power Spectral Density (PSD) fraction of current 
numerical study with that of experimental data reported in (Venning 
et al., 2018) at σ ¼ 0.8, which shows similarity. The figure shows a 
general agreement between the current numerical simulation and 
experimental data. 

Fig. 7 illustrates mean velocity contours and the velocity streamlines 
of flow visualized by LIC method (Line Integral Convolution) (Stalling 
and Hege, 1997) at three cavitation numbers. As LIC velocity and 
vorticity pattern depicted in Figs. 7–8 show, the created cavity may little 
be affected by the walls of water tunnel. Indeed, the presence of the 

Fig. 3. Residuals convergence in a typical sphere cavitation simula-
tion, σ ¼ 0.45. 

Fig. 4. Cavity cloud over the sphere: experimental results (Brandner et al., 2010) (right frames), numerical result- LES/Sauer models (left frames).  
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Fig. 5. Comparison of LES and k-ω SST turbulence models with experimental data (Brandner et al., 2010).  

Fig. 6. PSD fraction of current numerical study compared with that of experimental (Venning et al., 2018) at σ ¼ 0.8.  

Fig. 7. Contours of mean velocity with LIC streamlines.  Fig. 8. Mean vorticity contour with its LIC pattern over a broad range of 
cavitation number 0.2� σ � 0.7. 
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boundary layer is observable over the tunnel walls. 

3.2. Fourier transform analysis 

In this section, the fluctuation of cloud cavitation past the sphere is 

investigated using a fast Fourier transform (FFT). The FFT is applied to 
the mean pressure of selected points inside the domain in each studied 
cavitation numbers. Then, the dominant frequencies are extracted from 
the results. Frequencies are also converted to the Strouhal number which 
is a dimensionless parameter depicting the fluctuations of a system. 

Fig. 9. PSD Fractions of six distinct dominant Strouhal number in different cavitation numbers.  
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Fig. 9 compares the PSD fractions of the dominant Strouhal numbers 
at different cavitation numbers. The PSD fraction is defined by dividing 
PSD to the mean PSD which is a parameter to show the percentage of 
each Strouhal numbers in the flow. According to the figure, there are 
three different regions regarding cavitation numbers. Also, in a recent 
experimental study, three distinct regimes for cavitating flow passing 
over a sphere were demonstrated as a function of cavitation number (de 
Graaf et al., 2016). 

Fig. 9-a shows two low Strouhal numbers which are the most 
dominant, 0.042 and 0.079 labeled as A and B. From σ ¼ 0.1 to 0.36, 
PSD fractions of A and B experience reductions by increasing the cavi-
tation number. It means that by increasing the cavitation number, the 

effect of low-frequency parameters of the flow reduces. Then, there are 
almost sudden increases in those of A and B between σ ¼ 0.4 and 0.5. It 
demonstrates that this range of cavitation numbers is a location where 
the flow experiences changing in its regime. Similar to the first region of 
the line graph, that of A and B encounter decrements until σ ¼ 0.8. From 
σ ¼ 0.9 to 1, there are slight increases in both A and B. 

Fig. 9-b illustrates two higher frequencies which are labeled as C and 
D. As the figure shows, there are three distinct regions regarding cavi-
tation numbers. First, for 0.1<σ < 0.4, the PSD fractions of C and D 
decrease by increasing cavitation number and fractions are the lowest at 
σ ¼ 0.4. Next, there is a region between 0.4 and 0.8 where those of C and 
D fluctuate by increasing the cavitation number. Then, those of C and D 

Fig. 10. The depiction of three different modes of cavitation around the sphere from the inception cavitation to supercavitation.  

Fig. 11. Wavelet transform and volume fraction contours of cavitating flow passing over the studied sphere (cavitation number 0.1).  
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remain constant from σ ¼ 0.9 to σ ¼ 1; this is the third region regarding 
the cavitation number. 

Fig. 9-c compares two high-frequency signals in the cavitational 
flow. The PSD fraction of E and F, with Strouhal numbers of 0.196 and 
0.238, have almost a reverse correlation. It means that when one of them 
has a high value in the PSD fraction, another one has a lower impact on 
the cavitating flow. In conclusion, two Strouhal numbers 0.048 and 
0.086 are the two most dominant frequencies in the studied cavitating 
flow over the sphere. Fourier analysis shows that three regions appeared 
by changing the cavitation number. First, oscillation in a cavitating flow 
with σ < 0.4 decreases by increasing the cavitation number. Next, the 
region where the cavitation number is between 0.4 and 0.9 has higher 
fractions of high frequencies. Then, there is a region where the cavita-
tion number is higher than 0.9 and has almost constant PSD fractions 
with the cavitation numbers. 

3.3. Wavelet analysis 

Due to the unsteady behavior and various fluctuations of the cavi-
tating flow, it is necessary to consider time in the spectrum analysis. In 
this case, signals have short-term high-frequency components and long- 
term low-frequency components. Thus, a method is required to produce 
accurate time resolution and low-frequency resolution as well as proper 
frequency resolution and weak time-resolution for high and low fre-
quencies, respectively. 

There are different frequencies in different time inside the flow. 
Therefore, the wavelet analysis may prepare more details about the 
flow. Unlike the Fourier analysis which provides the same transform for 
all times, the continuous wavelet transform is calculated separately for 
different parts of the signal in the time dimension. In this section, the 
effect of cavitation number on flow fluctuations will be examined based 
on the time-frequency graphs. 

Before analyzing the Wavelet precisely, we briefly explain the for-
mation and development of the cloud cavity in Fig. 10. Cavitation past 
the sphere can be divided into three different regimes based on how the 
cavity is shed. At very high cavitation numbers (σ ¼ 1.0), a small, stable 
cavity cloud with breakup due to the re-entrant jet is formed. At lower 
cavitation numbers (σ ¼ 0.9), a moderate length cavity cloud is estab-
lished which is sufficient enough for the formation of the re-entrant jet. 
Cavity breakup occurs followed by a vortex shedding in the cavity cloud 
and also the instabilities of the cavity with a cyclic shedding increase. In 
very low cavitation number, i.e. (σ ¼ 0.36), an extended supercavity 
cloud forms without any considerable re-entrant jet or large-scale 
breakup. 

Fig. 11 illustrates the continuous wavelet transform of the cavitating 
flow around the sphere with a cavitation number of 0.1 until t ¼ 500 ms. 
It can be observed that lower Strouhal numbers, e.g., St < 0.1, have 
higher altitude in comparison with high range frequencies Strouhal 
numbers. Moreover, according to the figure, high range frequencies, 
depicted by E, are damped in almost 0.15 s. In the previous section, the 

Fig. 12. Wavelet transform and phase fraction contours of cavitating flow passing over the studied sphere (cavitation number 0.36).  
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flow was analyzed by the Fourier transform method, and the five 
dominant Strouhal numbers according to Fig. 9 were 0.047, 0.084, 
0.120, 0.156 and 0.192, respectively. Similarly, as it is shown in the 
figure, five lines A to E are equivalent to them, respectively. Another 
point perceived from the above figure is that the assigned lines are 
positively sloped, indicating the increase in the Strouhal number with 
time. It also can be seen that high frequencies are damped with time. 

Furthermore, according to Fig. 11, numbers 1 and 2 are two peaks of 
line A which is related to the St ¼ 0.047 based on the Fourier transform. 
As the volume fraction contours show, they are the moments which 
show one dominant type of separation in the cavitating flow in σ ¼ 0.1. 
This type of separation is available in other studied cavitation numbers, 
but it is not the only one in higher cavitation numbers. Numbers 3 and 4 
are two moments in the flow which show one type of shedding at the end 
of the cloud cavity which is located on peaks of line E in Fig. 12. 

Fig. 12 illustrates the wavelet transform of cavitating flow in 
σ ¼ 0.36. Besides, it shows phase fraction contours in specified moments 
in the flow. Similar to σ ¼ 0.1, it can be observed in this figure, lower 
Strouhal numbers, St < 0.1, has higher altitude in comparison with high 
range frequency ones. Moreover, according to the figure, high range 
frequencies, which is shown as E, are damped in almost 0.2 s which is 

higher than σ ¼ 0.1. Similar to Fourier analysis of σ ¼ 0.36 which shows 
that the dominant St of the flow is 0.046, 0.084, 0.121, 0.158 and 0.191, 
respectively, wavelet transform shows the same which are labeled A to E 
in the figure. 

Moreover, numbers 1, 2 and 3 in Fig. 12 are three specified moments 
in the flow which are on the peaks of line A demonstrating St ¼ 0.046 
based on the Fourier transform results. These are shedding moments in 
the flow as depicted in the contour plot. Similar to σ ¼ 0.1, numbers 4 
and 5 are located in peaks of line E depicting shedding at the end of the 
cloud cavity with a divergent shape. 

Fig. 13 shows the wavelet transform and phase fraction contours in 
specified moments during the flow simulation where σ ¼ 0.5. As the 
figure shows, the wavelet transform has the same structure compared to 
previous cases. Labeled lines A to E show the same Strouhal numbers as 
the previous figures. Similar to σ ¼ 0.1 and σ ¼ 0.36, line A shows flow 
separation and line E shows divergent shedding at the back of the cavity 
cloud. According to the wavelet transform, by increasing the cavitation 
number, the number of cycles is increased. For instance, in σ ¼ 0.5, the 
number of cycles of divergent shedding is more than previous cases 
which have lower cavitation numbers. 

Fig. 14 shows the wavelet transform and phase fraction contours at 

Fig. 13. Wavelet transform and phase fraction contours of cavitating flow passing over the studied sphere (cavitation number 0.5).  
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different moments in the flow with σ ¼ 0.7. The number of cycles of high 
frequencies, in this case, is more than previous ones. Also, the duration 
of cycles before damping is longer than previously studied cases. Similar 
to previous cases, the assigned numbers show separations and divergent 
shedding. 

Generally, it has been observed that an increase in the cavitation 
number causes more fluctuations in the cavitating flow, especially in 
higher Strouhal numbers. Moreover, the wavelet transformation of 
cavitating flow shows that, in all studied cavitation numbers, Strouhal 
number, which is a dimensionless expression of frequency, increases 
during the studied span of time. In other words, all labeled lines in 
Figs. 11–14 have an ascending trend regarding the time, but the slop of 
lines are different regarding cavitation number and Strouhal number. 
Besides, the line E which almost equals to St~0.196 shows a particular 
type of shedding in the cavitating flow which is like a divergent funnel, 
and the line A which almost equals to St~0.048 shows a specific type of 
separation which is dominant in lower cavitation numbers. 

4. Concluding remarks 

In the present study, the cavitation phenomenon around the sphere 
in different cavitation numbers was analyzed numerically, where the 
effect of changing the cavitation number was shown on the flow fluc-
tuations compared with experimental data. Besides the Fourier trans-
form, the flow is analyzed by a wavelet transform. The latter is suitable 
for unsteady, three-dimensional, and discontinuous phenomena like 
cavitation, to show the effects of the time dimension. Fourier analysis 
shows that St~0.048 and St~0.086 are two dominant frequencies in the 

cavitating flow around the sphere at the studied Reynolds number. 
Moreover, while the dominant Strouhal numbers are almost the same in 
all studied cases, the value of each one is varying based on the flow 
regime. In other words, overall there are three regions in the flow 
regarding the cavitation number. Wavelet analysis shows that by 
increasing the cavitation number more fluctuations in the cavitating 
flow is obtained, especially in higher Strouhal numbers. In all studied 
cavitation numbers, Strouhal number increases during the studied span 
of time. The slop of Strouhal numbers lines over time are ascending and 
different regarding cavitation number and Strouhal number. Therefore, 
Fourier analysis cannot be a proper analysis of the cavitating flow. 
St~0.196 shows a special type of shedding in the cavitating flow which 
is like a divergent funnel. Similarly, St~0.048 illustrates a particular 
type of separation which is dominant in lower cavitation numbers, 
especially in σ ¼ 0.1, but it exists in higher cavitation numbers as well. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.oceaneng.2019.04.070. 
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