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ABSTRACT

Cavitation and cavitation erosion often occur and seriously threaten the safe and stable operation of hydraulic
machinery. However, during the operation of hydraulic machinery, the cavitation flow field is often difficult to
contact and measure, and the shedding and development characteristics of cavitation flow are unknown. This paper
uses the Detached Eddy Simulation (DES) turbulence model and Zwart-Gerber-Belamri (ZGB) cavitation model to
conduct numerical research on the cavitation flow of a twisted hydrofoil and verifies the effectiveness of numerical
simulation by comparing it with experimental results. Then, based on the fractal dimension method, the number
and fractal dimension of the main cavitation clusters in two different views are analyzed. The research results show
that with the continuous flow of fluid, the cavitation at the tail of the hydrofoil periodically falls off, and the number
of cavitation bubbles shows a strong randomness between 1 and 2. The fractal dimension method calculates that the
frequency of cavitation bubbles falling off is 30 Hz. The fractal dimension of cavitation also fluctuates periodically.
The fractal dimension of cavitation in the side view fluctuates between 1.30–1.38, and the fractal dimension of
cavitation in the top view fluctuates between 1.31–1.42. The fractal dimension of the cavitation is closely related to
the size and shape of the cavitation. By analyzing the relationship between the cavitation development process and
the fractal dimension in the side view, we found the relationship between the development of cavitation in a cycle
and the change of fractal dimension, which is of great significance to understanding the characteristics of cavitation
flow through the image of the cavitation flow field.
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Nomenclature

ui Velocity component
t Time
ρ Density of the working medium
ρFi Mass force
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p Pressure term
μ Dynamic viscosity
ṁ+ Evaporation source term
ṁ_ Condensation source term
αnuc Volume fraction
Rb Bubble radius at nucleation position
Fvap Evaporation coefficient of steam
Fcond Condensation coefficient of steam
pv Saturated steam pressure
P Circumference
A Area
D Fractal dimension
K Scale constant
Pmin Minimum pressure on different sections
Pin Average pressure at the inlet of the calculation domain
V in Average velocity at the inlet of the calculation domain.

1 Introduction

Cavitation and cavitation erosion have always been the key problems that perplex the safe and
stable operation of hydraulic machinery. In pumps, hydraulic turbines, and other hydraulic machinery
with liquid as the medium, the distribution and variation of the pressure field have always been a
concern to researchers [1–3]. This is closely related to the cavitation phenomenon after the pressure
drops to the saturation limit. According to a large number of previous studies, cavitation occurs
in hydraulic machinery, and the most significant adverse effects include vibration [4], noise [5],
performance degradation [6], and material damage [7]. In particular, vibration, noise, and performance
degradation are immediate and easy to attract people’s attention. This is closely related to the periodic
generation, growth, and collapse of cavitation, and the shock wave and micro-jet caused by cavitation
are the key to this series of adverse effects.

Cavitation of bladed hydraulic machinery often occurs on the blade surface. There are several
reasons for this. First of all, the liquid flow on the blade surface strikes and separates. There is a local
low-pressure region on the blade profile (usually near the leading edge) [8–10]. The pressure in the
local zone is often lower than the saturation pressure. Secondly, one of the conditions for vaporization
nucleation is that the free energy exceeds the threshold, which is closely related to the surface tension
and tensile strength of the nucleus [11]. The tensile strength near the wall is lower than off-wall, and
cavitation is easier to be triggered. Thirdly, some blades have poor surface processing with local bulges
or pits. The existence of these micro-structures will cause a sharp drop in local pressure and sometimes
local cavitation [12,13]. Of course, the factor of blade profile cavitation is the most critical one and is
very difficult to avoid. This is because the blade profile is also related to the performance of hydraulic
machinery. Changing the blade shape rashly to avoid cavitation will cause significant changes in the
performance of the machine [14].

The phenomenon of cavitation and cavitation erosion in hydraulic machinery is widespread and
poses a great threat to the safe and stable operation of hydraulic machinery. Monitoring the devel-
opment characteristics of cavitation and cavitation erosion in hydraulic machinery under continuous
working conditions is of great significance for extending the service life of hydraulic machinery and
reducing maintenance costs. However, during the operation of hydraulic machinery, the cavitation
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flow field is often difficult to contact and measure, which brings great difficulties to monitoring
the cavitation and erosion characteristics of hydraulic machinery. A large number of scholars have
proposed methods for continuously monitoring the cavitation and erosion characteristics of hydraulic
machinery through indirect measurement. Al Obaidi et al. [15,16] used vibration technology to detect
cavitation phenomena in pumps, and the results showed that when cavitation occurs, the amplitude of
the vibration signal is more random and the peak value is higher. Al Obaidi [17] proposed a method
for monitoring cavitation characteristics using acoustic analysis techniques based on the inevitable
changes in noise in hydraulic machinery caused by cavitation and erosion. The research results show
that this method is effective in predicting cavitation in the low-frequency range.

In the above studies, the cavitation characteristics were predicted by using vibration, noise, and
other factors, while the cavitation image is the most intuitive performance of cavitation flow, and
the research on the prediction of cavitation characteristics by using cavitation image is still less. The
cavitation phenomenon (especially the cavitation that causes adverse effects), its shape is complex
and broken under the influence of turbulence [18]. When the shedding does not occur, the cavitation
cluster is a whole with a non-smooth boundary [19]. When shedding occurs, it will form many isolated
elements [20]. Are there any laws in these complex geometric patterns of blade or hydrofoil cavitation?
What do these possible laws mean? Are these laws related to hydrodynamics? These questions have
always been outstanding, and they may provide new perspectives and ideas for the in-depth analysis
of hydraulic machinery cavitation. Since the 1960s, scientists have begun to use fractal geometry to
describe geometric objects with irregular and broken shapes [21]. Fractal geometry plays an important
role in correlation analysis from the coastline, snowflakes, and biological tissue structures to turbulent
flows [22]. Many scientists have proposed turbulence fractal dimension measurement methods, such
as Divider method [23], Sausage method [24], Box-Counting method [25]. In the early 1980s, Lovejoy
[26] believed that the edge line of tropical clouds could be described by fractal, and applied it to study
the fractal dimension of cloud and rain regions. Since then, fractal dimension has been widely used to
research the properties of clouds. Inspired by Lovejoy’s work, Batista-Tomás et al. [27–31] conducted
a lot of research on cloud morphology using fractal analysis, and found that fractal analysis can be
used to predict cyclone movement, which is of great significance to weather prediction. These studies
provide a foundation for correlation analysis based on cavitation images.

Based on a twisted hydrofoil with NACA 4-digit as the basic shape [32], this study carried out
computational fluid dynamics (CFD) simulation calculation under steady inflow conditions, and
compared it with the experimental pressure distribution data and image data. On this basis, the image
law of cavitation changing with time is obtained in this study. The number and fractal dimension of
the main cavitation clusters in two different 2-dimensional views are obtained by fractal geometric
operations, which provides support for the periodic change of cavitation in the case of flow over a
hydrofoil.

2 Mathematical Methods
2.1 Governing Equation

The fluid flow must follow the basic laws of matter movement, i.e., the conservation of mass,
momentum, and energy. Applying these three basic laws to the flow model, three control equations
can be obtained, namely, continuity equation, momentum equation, and energy equation. At present,
all CFD software simulations are based on the basic control equations of fluid dynamics. In this
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study, the numerical simulation of the flow around a twisted hydrofoil can be considered as a three-
dimensional viscous incompressible turbulent flow. Therefore, the related flow is described by the
continuity equation and momentum equation, i.e., Navier-Stokes equation, abbreviated as the N-S
equation [33]. In a Cartesian coordinate system, the N-S equation can be written as:
∂ui

∂xi

= 0 (1)

∂ (ρui)

∂t
+ ∂

(
ρuiuj

)
∂xj

= ρFi − ∂p
∂xi

+ ∂

∂xj

(
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∂ui

∂xj

)
(2)

2.2 DES Turbulence Model
Due to the complexity of turbulent flow and the development level of computers, it is very difficult

to use direct numerical solutions for turbulence. To solve this problem, Strelets [34] proposed the
detached eddy simulation (DES). DES is a hybrid model of RANS and LES. It uses the RANS
method in the boundary layer region and the LES method in the outer layer region. DES overcomes
the problem that the LES method has a large amount of computation in the near wall region, and at the
same time, it takes advantage of the LES method that has better simulation accuracy for turbulent flow
and retains more detailed flow field details. It is the most effective turbulence model for simulating
turbulence at present and in the future. The use of the RANS turbulence model or LES turbulence
model in DES is determined by the scale of dissipation term, and its formula [35] is:

l = min {lRANS, lLES} (3)

lRANS = k0.5/Cμω (4)

lLES = CDES� (5)

� = min {�x, �y, �z} (6)

2.3 ZGB Cavitation Model
The selection of the cavitation model is critical to the numerical solution of twisted hydrofoil

cavitation [36,37]. A large number of examples show that the Zwart-Gerber-Belamri (ZGB) cavitation
model based on the simplified Rayleigh-Plesset (R-P) equation [38] has good simulation accuracy and
convergence. It is the most widely used cavitation model at present. Therefore, the ZGB cavitation
model is used in this paper to capture the characteristics of two-phase flow caused by cavitation. The
ZGB cavitation model mass transport process [35] can be described as:
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2.4 Fractal Dimension
The dimension of geometric figures is an important feature, and in Euclidean geometry, integers

are usually used to describe the dimensions of objects. In Euclidean geometry, straight lines or curves
are one-dimensional, planes or spheres are two-dimensional, and objects with length, width, and height
are three-dimensional. However, some complex graphics, such as the coastline and Koch curve, are
unable to be described by the number of dimensions equal to 1, 2, and 3. The Koch curve is an infinitely
long and continuous loop that never intersects itself. The area around the loop is limited and it is
smaller than the area of an outer circle. Therefore, the Koch curve squeezed in a limited area with its
infinite length, does occupy space. Therefore, its dimension is more than 1 dimension, but less than
a 2-dimension graph, that is, its dimension is between 1 and 2, and its dimension is a fraction. The
fractal dimension is a noninteger dimension, which is mainly used to measure the effectiveness of the
space occupied by complex shapes, and can also reflect the degree of irregularity of these shapes.

There are many methods to calculate the fractal dimension of objects. When studying cavitation
phenomena, irregular island-like structures are often encountered, which are called fractal islands.
Because these characteristics are suitable for using the area perimeter method to calculate the fractal
dimension of the vortex, we choose the fractal dimension based on the perimeter to calculate the fractal
dimension of cavitation. To determine the perimeter fractal dimension [39], it needs to be based on the
relationship between the perimeter and the area of the fractal island. The mathematical expression for
this relationship is as follows:

P = kA
D
2 (10)

D = 2
log P
log A

(11)

3 Computing Model and CFD Setup
3.1 Research Subject

The research subject of this paper is Delft Twist 11 hydrofoil. The profile of this hydrofoil is
NACA0009 hydrofoil with different angles of attack. The thickness yb of NACA0009 hydrofoil changes
with chord length c0 as follows [40]:⎧⎪⎪⎪⎨
⎪⎪⎪⎩
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Initial chord length c0 = 110 mm and maximum thickness hmax = 9.9 mm for NACA0009 hydrofoil.
The variation of the angle of attack extension direction of the Delft Twist 11 hydrofoil [41] can be
described as:

a (y) = amax

(
2|y − 1|3 − 3 (y − 1)

2 + 1
) + awall (13)

In this formula, amax = 11° is the maximum angle of attack at the mid-span, the chord length of
the hydrofoil L = 150 mm, and the span length S = 300 mm. y is nondimensionalized with the chord
length L and varies over the spanwise (0 ≤ y < 2) with y = 0 at the wall. The computational domain
schematics of the Delft Twist 11 hydrofoil is shown in Fig. 1.
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Figure 1: Computational domain schematics of Delft Twist-11 hydrofoil

3.2 Grid Division
Grid division is a key step in numerical simulation calculation. The quality and quantity of grid

division have a significant influence on the numerical simulation results. The hydrofoil model, which is
the research subject of this study, is divided into hexahedron structured grids by ICEM software for the
whole watershed of hydrofoil because of its simple structure and to improve the calculation accuracy
and save calculation time. First, divide the topological structure according to the geometrical structure
of the fluid domain, then divide the hexahedral structure grid, and partially refine the regional grid
such as gap and boundary layer. To reduce the influence of grid size on the calculation results, the
grid convergence index (GCI) [42] of the Richardson extrapolation method is used to check the grid
independence. Based on this method, three sets of grids (N1, N2, and N3) are established in this paper.
The total number of grids is 602500, 1394000, 3072400, the value of mesh refinement factor [42] r21 is
1.323, and the value of r32 is 1.301. Then we intercepted three different planes P1, P2, and P3 at 30%,
40%, and 50% span of the hydrofoil along the chord direction, as shown in Fig. 2. In this paper, the
minimum pressure on sections P1, P2, and P3 is taken as the index to calculate the independence of
the grid. To facilitate parameter comparison, dimensionless treatment of minimum pressure value on
hydrofoil surface is carried out with pressure coefficient Cp [43]. The formula is as follows:

CP = 2 (Pmin − Pin)

ρV 2
in

(14)

Figure 2: Section position diagram

The change curve of the pressure coefficient with grid size obtained by numerical simulation
on different sections is shown in Fig. 3. It can be seen from the figure that the simulated values
and Richardson extrapolation values under the three grid scales are relatively close, meeting the grid
convergence conditions, indicating that the grid has good independence. Considering the calculation
accuracy and speed comprehensively, the second set of grids with 1394000 grid nodes is selected as the
final grid scheme in the subsequent analysis, and the grid partition diagram is shown in Fig. 4.
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Figure 3: The variation of Cp with grid size and Richardson extrapolation value on different sections

Figure 4: Grid dividing schematics

3.3 Setup of Simulation
In this paper, commercial software ANSYS CFX is used for numerical simulation and the DES

model is used for the turbulence model. The calculation medium is pure water and water vapor at
25°C. The reference pressure in the calculation domain is set to a standard atmospheric pressure and
the critical cavitation pressure is set to 3100 Pa. The boundary of the computational domain is mainly
set as follows:

(1) The inlet of the calculation domain is set as the inlet of flow rate, the equation for inlet
conditions is V in = 6.97 m/s and ∂P/∂x = 0, and the volume fractions of the liquid phase
and gas phase at the inlet are set as 1 and 0, respectively.

(2) The static pressure boundary is used at the outlet of the computational domain, the equation
for outlet conditions is P = 29160 Pa and ∂V/∂x = 0.

(3) The hydrofoil surface is set as the no-slip wall, and the upper and lower surfaces in the
calculation domain and the end wall of the hydrofoil are set as the free-slip wall. To reduce the
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calculation, the hydrofoil is cut in the middle and the middle section is set as the symmetrical
plane.

The numerical simulation of twisted hydrofoil cavitation first carries out the steady calculation.
RMS residual of steady calculation is set as 10−6, and the maximum iterative steps are 1000. The
unsteady calculation is founded on the calculation results of the steady calculation. The total time for
unsteady calculation is set to 0.1 s, and each time step is 0.0001 s. The maximum number of iterations
for each time step is 10. The convergence criterion is RMS = 1.0 × 10−5.

4 Validation of Numericcxal Simulation

In order to verify the validity of the numerical simulation results, the pressure distributions
on sections P1, P2, and P3 are compared with the experimental results. The experimental results
are available from Delft University of Technology (Delft) [44] and École Polytechnique Fédérale
de Lausanne (EPFL) [45]. Fig. 5 shows the comparison between numerical simulation results in
different planes and the two experimental results. It can be seen from the diagram that the numerical
simulation results agree well with the EPFL experimental results on different sections. The numerical
simulation results differ greatly from Delft experimental results at very individual points, but the
overall pressure distribution is basically the same. Therefore, the numerical simulation results based
on the settings of the calculation conditions in this paper can effectively reflect the true situation of
twisted hydrofoil flow.

(a) P1 (b) P2

(c) P3
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Figure 5: Comparisons of pressure distribution with experimental results at different hydrofoil
spanwise positions

The pressure nephogram shown in Fig. 6 can be obtained by dimensionless the pressure on the
three sections P1, P2, and P3 with the dimensionless coefficient Cp. It can be seen from the figure
that the pressure distribution is basically the same at different sections, the pressure changes greatly
near the airfoil, and the pressure remains unchanged at other parts. The pressure on the upper surface
of the hydrofoil is low, and the range of the low-pressure zone is mainly concentrated on the first half
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of the airfoil. The pressure on the lower surface of the hydrofoil is high, and the high-pressure zone is
mainly concentrated on the airfoil head. In addition, the size of the low-pressure zone is significantly
larger than the high-pressure zone.

Figure 6: Pressure nephogram of different hydrofoil spanwise positions

The velocity nephogram shown in Fig. 7 can be obtained by dimensionless the velocity on the
three sections P1, P2, and P3 with the velocity coefficient Cv = V /V in. It can be seen that the velocity
distribution is basically the same for the three sections. Due to the influence of the hydrofoil on the
flow, the flow velocity on the upper surface of the hydrofoil is larger, and the flow velocity on the lower
surface of the hydrofoil is smaller. Similar to the pressure distribution, the higher velocity region on the
upper surface of the hydrofoil is also significantly greater than the lower velocity region on the lower
surface of the hydrofoil. There is a long strip of the first velocity region at the tail of the hydrofoil, and
the length of the low-velocity region varies with different sections.

In order to further verify the effectiveness of the numerical simulation, this paper selects the
equivalent of cavitation volume fraction av = 0.01 to visualize the cavitation phenomenon obtained
from the numerical simulation. Fig. 8 shows the qualitative comparison between the captured cav-
itation shedding cycle and the numerical simulation. It can be seen from the comparison between
the experimental results and the numerical simulation results that there are some differences in the
cavitation length during the cavitation shedding cycle. This may be due to the fact that the cavitation
shedding process is a random process and there are some differences in the development process of
bubbles in each cavitation shedding cycle, this difference also exists in Melissaris et al. [41] study.
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Overall, the cavitation images obtained from experiments and numerical simulations at different stages
are basically consistent, and the numerical simulation results are effective.

Figure 7: Pressure nephogram of different hydrofoil spanwise positions

(a) Photograph taken in experiment [45]

(b) Photograph from numerical result

Figure 8: Comparison of experimental and simulated results of cavitation shedding cycle
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From the figure, we can see the four stages of cavity shedding in twisted hydrofoils. In the first
stage, free bubbles caused by twisted hydrofoils accumulate in the middle of the leading edge of the
hydrofoil to form stable sheet cavitation. In the second stage, the cavity in the middle of the sheet
cavitation is torn and shows a tendency to detach. In the third stage, the tail cavitation detaches from
the sheet cavitation, and the detached cavity gradually transports downstream. In the fourth stage, the
falling bubbles gradually shrink and eventually disappear. The cavity shedding cycle simulated by the
DES turbulence model in this article is basically consistent with the research results of Ji et al. [46]
using the PANS method.

5 Fractal Dimension Analysis
5.1 Image Processing

In this paper, the cavitation volume fraction av = 0.01 is used to display the bubbles at different
flow moments, and the bubble images at different flow times are obtained through the side view and
top view. Fig. 9 is a schematic diagram of the cavitation two-dimensional image processing process
obtained from the top view at a certain time. The specific operation is to binarize the bubble image
first and change the gray value of each pixel in the image to 0 or 255; Then morphological operations
are carried out to remove the small bubbles in the image and keep the shape and position of the main
bubbles unchanged. Finally, mark the bubbles, mark each bubble in the image with red numbers, get the
number of bubbles in each image, and calculate the circumference and area of each bubble to prepare
for the subsequent calculation of the fractal dimension of each bubble and its analysis [47].

Original picture Binary processing Morphological operation Image marking

Figure 9: Image processing process

5.2 Time Evolution of Bubble Fractal Characteristics
In this paper, the side view and top view of twisted hydrofoil cavitation are obtained at the time

interval of 0.001 s and processes the images at each time using the above image processing process to
obtain the evolution process of the number of bubbles and fractal dimension with time.

Fig. 10a shows the change curve of the number of bubbles with time after processing the bubble
image in the top view. It can be seen from the figure that the number of bubbles in the top view is
between 1 and 3. Among them, the flaky bubble in the middle of the leading edge of the hydrofoil
always exists. The flaky bubble periodically produces the tail bubble and the generation and collapse
of the tail bubble cycle. The number of falling bubbles has a strong randomness. Sometimes one bubble
falls off, and the falling bubbles decompose into two bubbles after a certain time; Sometimes two
bubbles fall off directly. In order to better understand the frequency of bubble generation and collapse,
this paper uses Fourier transform to obtain the frequency domain image shown in Fig. 10b. From the
frequency domain image of the number of bubbles, it can be found that the main frequencies are 30,
60, and 85 Hz, and the frequency of bubble generation and collapse is 30 Hz. The difference between
the predicted results and the 32.2 Hz obtained in the experiment [45] is only 7%, which is consistent
with the bubble shedding frequency 30 Hz simulated by Bensow [48] using the DES turbulence model
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in 2011, indicating that the image analysis method based on fractal dimension is effective in predicting
cavitation characteristics.

Figure 10: Time domain and frequency domain diagram of the number of bubbles in the top view

Fig. 11a shows the change curve of the fractal dimension of flaky bubbles with time after
processing the bubble image in the top view. It can be seen from the figure that the fractal dimension
of the flaky bubbles in the top view fluctuates between 1.31–1.42. In order to intuitively compare the
relationship between fractal dimension and bubble shape, we select the bubble images at the peak and
trough to compare. By comparing these two images, we can find that when the fractal dimension is
small, the cavitation state of the twisted hydrofoil is in the fourth stage of the cavity-shedding cycle,
and when the fractal dimension is large, the cavitation state of the twisted hydrofoil is in the second
stage of the cavity shedding cycle. To some extent, the fractal dimension is also related to the size and
shape of the bubbles. Fig. 11b is the frequency domain diagram obtained by the Fourier transform in
Fig. 11a. From the fractal dimension frequency domain diagram of the flaky bubbles in the top view,
it can be found that the main frequency is 30 Hz. Compared with the frequency domain diagram of the
number of bubbles, the frequency domain diagram of fractal dimension can reduce the interference of
noise signals and more accurately locate the frequency of bubble generation and collapse.

(a) Time domain diagram (b) Frequency domain diagram
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Figure 11: Time domain and frequency domain diagram of fractal dimension of bubbles in the top
view

Fig. 12a shows the change curve of the number of bubbles with time after processing the cavitation
image in the side view. It can be seen from the figure that the number of bubbles in the side view
is the same as that in the top view, both between 1 and 3. However, the number of images with a
cavitation number of 3 observed in the side view is significantly smaller than that in the top view. This
is because the flow direction of the tail bubbles that fall off from the hydrofoil flaky bubbles has a small
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difference, so that two tail bubbles overlap in the side view, so only one tail bubble can be observed.
In order to more intuitively analyze the frequency of the periodic shedding of tail bubbles, we use
Fourier transform to obtain the frequency domain diagram shown in Fig. 12b. It can be seen from the
figure that the main frequencies in the frequency domain diagram are 30, 60, and 80 Hz, which are
basically the same as those in the frequency domain diagram of the number of bubbles in the top view
of Fig. 10b.

Figure 12: Time domain and frequency domain diagram of the number of bubbles in the side view

Fig. 13a shows the change curve of the fractal dimension of the flaky bubbles with time after
the processing of the cavitation image in the side view. It can be seen from the figure that the fractal
dimension of bubbles in the side view shows obvious periodicity with time, and fluctuates between
1.30–1.38. Similar to the analysis of the top view, we selected the bubble images at the peak and trough
in the side view for comparison. Through comparison and analysis, we found that when the bubble
image is completely filled, the fractal dimension of the bubble is small; On the contrary, the fractal
dimension is larger. Fig. 13b is the frequency domain diagram obtained by the Fourier transform in
Fig. 13a. It can be seen from the figure that the main frequencies in Fig. 11b are 30 and 60 Hz, which
are similar to the experimental results.

Figure 13: Time domain and frequency domain diagram of fractal dimension of bubbles in the side
view

Since the change of fractal dimension with time in the side view shows a good periodicity, we select
a period represented by the green arrow in Fig. 13a to analyze the development process of cavitation.
The start and end times of the cycle are 0.032 and 0.069 s, respectively. We take a cavitation image every
0.001 s, a total of 38 cavitation images as shown in Fig. 14. By comparing the change of cavitation
image and fractal dimension with time, the complete period of cavitation shedding can be described as



174 FHMT, 2023, vol.21

follows: when the cavitation of the hydrofoil tail is maximum, the fractal dimension of the cavitation
image reaches the minimum value of 1.31. Then with the separation and collapse of the tail cavity and
the sheet cavity and the continuous development of the sheet cavity, the fractal dimension of the cavity
gradually increases. When there is a tail cavity in the cavity to be generated, the fractal dimension
reaches the maximum value of 1.35. Finally, with the increase of the tail cavity, the fractal dimension
decreases. When the tail cavity increases to the maximum, the fractal dimension of the cavity reaches
the minimum.

Figure 14: Cavitation image in one cycle

6 Conclusion

Based on numerical simulation, this paper uses the fractal dimension method to study the
cavitation shedding phenomenon caused by twisted hydrofoil. The conclusion can be drawn as the
following two points:

(1) It is found that the cavitation shedding caused by twisted hydrofoil shows obvious periodicity.
The predicted frequency of bubble shedding through image processing is 30 Hz, which is
only 7% different from the experimental results, indicating the effectiveness of using image
processing methods to predict cavitation characteristics. The number of falling bubbles has a
strong randomness. Sometimes one bubble falls off, and the falling bubbles decompose into
two bubbles after a certain time; Sometimes two bubbles fall off directly. On the whole, the
number of falling bubbles is between 1 and 2.

(2) Under two different observation angles, the fractal dimension of the twisted hydrofoil cavi-
tation image also fluctuates periodically. The fractal dimension of cavitation in the side view
fluctuates between 1.30–1.38, and the fractal dimension of cavitation in the top view fluctuates
between 1.31–1.42. The fractal dimension of the cavitation is closely related to the size and
shape of the cavitation.

(3) Using the change of fractal dimension in the side view, we can describe the complete period of
cavitation shedding as follows: when the cavitation at the tail of the hydrofoil is the largest, the
fractal dimension of the cavitation is the smallest; Secondly, with the separation and collapse
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of the tail bubble and the development of the flaky bubble, the fractal dimension of the bubble
increases gradually; Then, with the continuous development of the flaky cavitation, when the
tail cavitation is about to occur, the fractal dimension reaches the maximum value; Finally, with
the increasing of the tail bubble, the fractal dimension of the bubble decreases. When the tail
bubble increases to the maximum, the fractal dimension of the bubble reaches the minimum
again.

Based on the image analysis method, this study reveals the relationship between the periodic
change of cavitation and the change of fractal dimension in the case of hydrofoil flow, providing a
theoretical basis for predicting the occurrence and development of cavitation. Based on the conclusions
of this study, when the cavitation flow field is not easy to contact and measure, the results of image
measurement can also provide significant conclusions. This provides the possibility to expand the
research methods and means of cavitation.

7 Discussion

In this paper, the image processing method based on fractal dimension is applied to analyze the
cavitation phenomenon of twisted hydrofoil, and the relationship between the periodic development
of cavitation and the change of fractal dimension is found. However, cavitation characteristics include
many aspects. In the subsequent research, we can continue to explore the relationship between
fractal dimension and other characteristics of cavitation, and further explore the value of this image-
processing method for predicting cavitation characteristics. In addition, this article only discusses
the cavitation phenomenon of a twisted hydrofoil, but there are significant differences in cavitation
phenomena between different hydrofoils and rotating blades, and the conclusions of this article may
not be applicable to a large number of studies. Therefore, in subsequent research, we can apply this
method to analyze the cavitation phenomenon of different research objects. Through a large number
of examples, we can find the similarities of this method in analyzing cavitation phenomena and obtain
conclusions that can be applicable to most situations.
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