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Abstract. An optimal solution for the rapid prediction of cavitation erosion is to identify parameters that can be quickly detected
and have a logical and effective correlation with erosion. One of these important parameters is the Sound Pressure Level (SPL)
generated by cavitation. In the process of calculating the eroded surface area, a uniform special paint is applied to the sample plate
using a film applicator to enhance the visibility of surface erosion. In the designed channel for this study, four bluff bodies are
utilized as the best method to accelerate the onset of cavitation. Piezoelectric sensors are employed to record signals generated by
cavitation, and for the first time, the optimal arrangement of these sensors has been established using CFD analysis. In this study,
the threshold for the eroded surface area can be detected in the shortest possible time using a strategy that identifies the SPL
pattern resulting from cavitation. Another advantage of this method is that since the piezoelectric sensors are connected to the
area where erosion needs to be examined (or its corresponding region), the relationship obtained between SPL and the eroded
surface area is independent of the geometry and dimensions of the water tunnel. Therefore, the established relationship remains
valid even with changes in the experimental environment.

Keywords: Erosion threshold, Sound pressure level, Semi-cylindrical bluff body, Piezoelectric, Vapor volume fraction, K23 cavitation
tunnel.

1. Introduction

In recent years, various experimental and numerical studies have investigated the impact of mass transfer models for
identifying different flow characteristics and parameters leading to sudden pressure drops, cavitation, and its collapse. Three types
of flow geometries are most commonly used as they can effectively represent different cavitation models. These geometries are:
(1) internal flows and liquid flow through converging nozzles, (2) flow over hydrofoils, and (3) flow around geometric obstacles.
Since flow around geometric obstacles can generate more extensive cavitation and be more erosive, the focus will be on studies
related to the third type of flow geometry.

Detecting cavitation erosion effectively is essential for preventing costly repairs and ensuring operational efficiency. Traditional
inspection methods, such as visual assessments and ultrasonic testing, have their limitations, particularly in terms of accuracy
and the ability to provide real-time data. Consequently, there is a growing interest in developing advanced detection techniques
that can offer more precise, non-destructive evaluations of cavitation damage. Cavitation erosion detection has advanced
significantly with the introduction of electronic tools, particularly piezoelectric sensors. These sensors leverage the unique
properties of piezoelectric materials, which generate an electrical charge in response to mechanical stress. This capability makes
them highly effective for monitoring the onset and severity of cavitation erosion in real time. Overall, incorporating piezoelectric
sensors into cavitation erosion detection represents a significant advancement in predictive maintenance. Their ability to provide
real-time, sensitive, and non-invasive monitoring positions them as a valuable tool for industries relying on hydraulic machinery.
Continued research and development in this area promise to enhance the effectiveness of cavitation management strategies,
ultimately improving equipment longevity and operational efficiency. In conclusion, it should be noted that there are many
methods for detecting cavitation, one of the most optimal being the use of piezoelectric sensors to capture the acoustic signals
resulting from cavitation, which has been utilized in this experiment. There are many methods for detecting cavitation, among
which one of the most effective approaches is using piezoelectrics to capture the acoustic signals generated by cavitation. The

Published online: December 27 2024 A‘VA



1010 Amir Nasseroleslami et al., Vol. 11, No. 4, 2025

correlation obtained from acoustic signals and the level of erosion can facilitate the detection of the extent of erosion. In the
following sections, the studies conducted on the generation of cavitation, methods for its detection, and the correlation between
cavitation and erosion will be discussed.

Around bluff bodies, vortexes with low pressure and high sensitivity to cavitation generation flow in an irregular and random
manner. Research conducted by Scaler et al. [1] shows that installing a small bluff body on a hydrofoil causes severe localized
erosion, where bubbles collapse in a narrow region due to the bluff body. The cavitation characteristics around a bluff body can be
highly dependent on the shape of the body. Kumar et al. observed a reduction in vortex shedding frequency in their experimental
and numerical studies. They were the first to conduct a detailed analysis of cavitation flow structures in the shear layer and behind
a cylinder [2, 3]. Additionally, numerous studies indicate that cavitation affects the noise generated by cylindrical obstacles [4].

Aside from cylindrical geometries, studies have also been conducted on other shapes. Brandner et al. [5] experimentally
investigated cavitation flow on a sphere with a Reynolds number of 1.5x10° and a cavitation number ranging from 0.36 to 1.
According to this study, the boundary layer at cavity separation remains stable for various cavitation numbers. One common
application of bluff bodies is the study of vortex shedding that occurs behind them [6, 7]. Yamagata et al. [8], in an experimental
study, compared the peak sound spectra at different angles of attack for semi-circular and circular cylinders. The results showed
that the peak sound spectrum of the semi-circular cylinder is smaller than that of the circular cylinder, with the value reaching a
minimum at zero angle of attack. This is due to the smaller oscillatory lift force on the semi-circular cylinder compared to the
circular cylinder.

Cavitation is known for the damage it can cause to hydrodynamic structures and is therefore considered a condition to be
avoided. However, bluff bodies are used to accelerate the erosion process in tests of material damage and various coatings.
Ghahramani et al. [9] investigated cavitation flow around a semi-cylinder both experimentally and numerically. They also
examined various cavitation flow characteristics resulting from the cylinder's effect. Based on their previous studies, they
employed a semi-cylindrical obstacle to induce greater erosion [9]. In an experimental study, Scaler et al. placed four obstacles at
the inlet of a hydrofoil to increase flow erosion. They found that the semi-cylindrical obstacle is suitable for generating repeatable
pitting on samples in a short period [10]. Over the years, many experimental techniques have been developed to study cavitating
flows. High-speed visualization, due to its exceptional temporal resolution, is the most popular technique for investigating
cavitation evolution. This method helps capture details of transient flow behavior, as demonstrated in the recent study by
Ghahramani et al. [9]. They employed a transport equation based on the finite mass model, which has shown satisfactory results
compared to computational studies in previous research [11-13]. To complement their study, they used experimental testing to
measure the erosion pattern resulting from cavitation with colorimetric tests. It was shown that the color test method can
significantly reduce the measurement period while producing a similar erosion pattern compared to previous studies [14].

1.1. Studies on the acoustics of cavitation erosion and their correlation

The Sound Pressure Level (SPL) of cavitation is the sound generated during cavitation progression, primarily resulting from
bubble collapse. Under specific conditions, micro-jets and micro-shocks can be produced during bubble collapse. The impact of
micro-jets and micro-shocks on material surfaces is strong enough to damage the material structure, leading to erosion. Research
on SPL caused by cavitation is limited. Park et al. [15] experimentally studied the ultrasonic degradation of endocrine-disrupting
compounds in seawater and brine. Lawrence explored aspects of cavitation and physical acoustics relevant to sonochemistry. He
found that at similar acoustic intensities, cavitation bubbles grow for approximately 25 microseconds at low frequencies (20 kHz),
while bubbles at higher frequencies (1 MHz) grow for only 0.5 microseconds. These significant differences in bubble growth result
in smaller bubbles at higher frequencies, leading to less intense collapses [16]. Usta et al. [17] investigated the acoustics and
cavitation erosion in marine propellers using water jet techniques. In their study, the cavitation number is defined as:

g = Pupstream _ Pz:hambeT (1)
Pdownslﬂ'eam PwaLm" jet

They found that as the cavitation number decreases, both erosion and acoustic intensity increase. However, the erosion rate
as follows:

weight loss(gr
Erosion rate = g (g7)

(2)

test duration (min)

may not necessarily increase. Han et al. [18] examined the contribution and impact of acoustic shocks from micro-jets or shock

waves but did not address the relationship or pattern between acoustic levels and the extent of erosion. Homa [19] compared
various cavitation models by studying the flow over a Clark-Y airfoil. According to this research, selecting the optimal cavitation
model requires evaluating several parameters, including the angle of attack, variations in lift and drag with time, and not just
relying on the flow pattern. Therefore, a single, specific cavitation model cannot be recommended for numerical analyses of
cavitation flow simulations, as changes in geometry and flow components can affect model selection.

Researchers have studied the correlation between cavitation acoustics and cavitation erosion for over 50 years. Notable works
include those by Varga et al. [20] in 1969, Ramamurthy et al. [21] in 1979, and Di et al. [22] in 1982. More recent studies by Bal et al.
[23] and Rathod [24] have investigated cavitation detection using piezoelectric sensors and hydrophones. However, a precise pattern
and relationship between noise levels and the extent of erosion have not yet been established.

As a summary, this section discusses the need for a new method and the challenges associated with existing techniques for
detecting cavitation. Need for a New Method:

e Cavitation erosion can cause significant damage to equipment in industries like aerospace, marine engineering, and
hydraulic systems, leading to costly repairs and downtime. Timely detection is essential for maintaining equipment
integrity and performance.

e Existing methods often struggle to provide timely and accurate assessments. Many rely on subjective visual inspections or
advanced imaging techniques that are expensive and time-consuming. This can delay necessary maintenance and increase
the risk of catastrophic failures.

Shortcomings of Existing Techniques:

e Subjectivity and Inconsistency: Traditional visual inspections can be highly subjective, leading to inconsistencies in
assessments of erosion severity. This variability can result in missed early signs of damage.

e Sensitivity to Operational Conditions: Many acoustic monitoring methods lack the specificity needed to differentiate
between cavitation-related sounds and other noise sources, leading to potential false positives or negatives.
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e Geometry Dependence: Some techniques are sensitive to the specific geometry and setup of the experimental environment,
limiting their applicability across different conditions. This can hinder the transferability of results to real-world
applications.

¢ Delayed Detection: Existing methods may only provide post-event analysis, making it difficult to act quickly to mitigate
further damage.

The method used in this experiment:

e Rapid Prediction: A novel method focuses on quickly correlating Sound Pressure Level (SPL) with erosion thresholds,
enabling faster assessments compared to traditional techniques. In this study, the rapid detection of SPL, as opposed to
calculating the extent of erosion through experimental and numerical analyses, is utilized. SPL data obtained from
piezoelectric sensors are stored, and the relationship with the erosion threshold level is then calculated, which represents
the main finding of this research.

e Independence from Geometry: By establishing a relationship between SPL and eroded surface area that is independent of
specific geometries, your method offers broader applicability across various operational conditions.

For the first time, this study also explains the optimal arrangement of piezoelectrics for recording signals generated from the
cavitation process using CFD analysis. The experimental techniques employed in this study include using a semi-cylindrical body
as the most effective obstacle for accelerating cavitation generation at the test section, applying a specific color for rapid
identification of the erosion pattern on sample plates, and using a Film Applicator as the best tool for achieving a uniform color
and thin coating for cavitation erosion detection.

2. Experimental Setup

According to the technical specifications of the K23 cavitation tunnel, the maximum speed in the test section reaches 3.6 m/s.
At this speed, the pressure does not drop below the vapor pressure of the fluid, so there is no potential for bubble formation and
cavitation. To achieve the desired speed and induce cavitation, a converging-diverging channel was designed based on head loss
calculations and the pump performance curve. The schematic of this channel is shown in Fig. 1.

Based on the research conducted in [4-8], cavitation-induced erosion increases after the fluid flow passes over a semi-cylindrical
obstacle. Therefore, a semi-cylindrical obstacle was used in this experiment to accelerate erosion on the sample plate. The semi-
circular obstacle is installed at the beginning of the flow entry into the test section, with the sample plate placed afterward. To
investigate the dimensions of the sample plate, the optimal arrangement of piezoelectrics, and the minimum flow speed required
in the test section to induce cavitation, CFD analysis was used. This simulation was performed using Star CCM+, and the simulation
process will be explained in detail. Star CCM+ is a powerful computational fluid dynamics (CFD) software that excels in multiphysics
simulation. In terms of cavitation, Star CCM+ provides specialized modeling tools to accurately simulate this phenomenon, which
occurs when vapor bubbles form in a liquid due to pressure drops, subsequently collapsing and causing potential damage to
surfaces. The software includes advanced turbulence models and multiphase flow capabilities that enable users to analyze
cavitation dynamics in detail.

As explained in the introduction, to investigate the relationship between the acoustic data from cavitation, stored by
piezoelectrics, and the level of erosion, a sample plate coated with paint and placed after the bluff body is used. Before applying
the paint, the sample plate is acid-washed, and its surface roughness is measured with a Mitutoyo SurfTest device, as shown in
Fig. 2. In the study conducted, an R, value of 1.55 + 0.1 pm was reported, which is considered desirable.

v

Bluff body
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500 mm 650 mm 1150 mm

Fig. 1. Side view of the schematic of the converging-diverging channel installed in the test section of the K23 cavitation tunnel.

Fig. 2. Surface roughness measurement of the sample plate using the Mitutoyo SurfTest device.
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Bluff body

Outlet

Fig. 5. (a) Schematic of the channel designed for installation in the test section, (b) Installation of the channel in the test section of the K23
cavitation tunnel.

Various methods for applying paint to the plate were tested, including spraying with different tools and injection with a syringe.
None of these methods were successful. Spraying with different tools led to excessive paint adhesion to the sample plate, while
syringe injection, contrary to the claim by Jahangir et al. [14], resulted in excessive paint thickness. Ultimately, a Film Applicator
was used to achieve a uniform, thin coating, which proved to be the most effective tool for this purpose (Fig. 3). In addition to
determining the thickness with the Film Applicator, a JENUS optical microscope is also used to measure the paint thickness on a
portion of the sample plate prepared using the Cold Mounting method (Fig. 4). The sample plate has been divided into several
sections. Three of these sections were examined separately using an optical microscope, and the color uniformity was confirmed
with a precision of 0.01 mm

Figure 5 shows the geometry of the equipment designed in SolidWorks for the simulation. In this model, all surfaces except for
the Inlet and Outlet are considered as Walls.

Considering that the maximum inlet speed to the test section is 3.6 m/s (according to the K23 Manual [25]), the inlet speeds for
the test section were set between 2 m/s and 3.5 m/s. The boundary condition at the outlet is pressure, which is set to the operating
pressure of the flow according to the experimental test conditions. Since a no-slip condition is applied to the geometries of the
tunnel channel and the semi-cylindrical bluff body, a wall boundary condition is used for these geometries. The settings listed in
Table 1 were selected to ensure the accurate simulation of this problem in STAR-CCM+ software.

To evaluate grid independence, a point is selected 55 mm downstream of the bluff body, in a region where vapor volume fraction
can occur. The number of grid cells is varied across six stages, and as shown in Fig. 6, the pressure variation becomes negligible
after 8.2 million cells. Therefore, this cell count (8.2 million) is deemed sufficient for solving the problem.
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Table 1. Settings for solving the problem.

Explanations Settings
The flow is three-dimensional Three Dimensional
The flow is transient Implicit Unsteady
The flow is turbulent Turbulent
Reduction in computational volume - optimal accuracy in cavitation simulation [26-28] RANS
Superiority of this Turbulence Model Compared to Other RANS Models [28] Realisable K Epsilon Two Layer
Convergence, improved accuracy, and faster coms;é:(tilon - optimal accuracy - increased computational Segregated Flow
Using wall functions to improve the accuracy of simulation results Two-Layer All y+ Wall
Treatment
Three-phase nature of the problem Multiphase
For modeling cavitation and phase interactions of the problem Multiphase Interaction
Gravity affects the flow Gravity
4
pY-L - : . . : :
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Fig. 6. (a) Placement of a point downstream of the bluff body for the grid independence study, (b) Grid Independence Study.

Fig. 7. Grid generation at the intersection of planes with a semi-cylindrical bluff body.

A view of the generated mesh is shown in Fig. 7, which utilized three meshing methods: Surface Remesher, Trimmed Mesher,
and Prism Layer Mesher.

Among the three models provided by Star CCM+ for cavitation modeling, the Schnerr-Sauer model has been used. According to
the software guide, the Homogeneous Relaxation model is intended for detecting the vapor phase (cavitation) in instantaneous
boiling, which occurs due to sudden pressure changes [29]. However, the Schnerr-Sauer model, based on a simplified version of
the Full Rayleigh-Plesset model developed by researchers, is used for cavitation modeling and provides high accuracy in simulating
this phenomenon [28, 30]. The points discussed below present additional reasons for choosing this model.

e The Schnerr-Sauer model is specifically designed to capture the dynamics of cavitation and vapor bubble behavior in
incompressible flows. Its ability to simulate the growth and collapse of bubbles makes it suitable for applications where
cavitation plays a critical role.

¢ This model incorporates key physical mechanisms, such as the nucleation of vapor bubbles and their interaction with the
surrounding liquid. It can effectively represent the phase change between liquid and vapor, which is essential in accurately
simulating cavitation phenomena.

¢ This model incorporates key physical mechanisms, such as the nucleation of vapor bubbles and their interaction with the
surrounding liquid. It can effectively represent the phase change between liquid and vapor, which is essential in accurately
simulating cavitation phenomena.

e Compared to more complex models, the Schnerr-Sauer model strikes a balance between accuracy and computational
efficiency. This is particularly important for simulations where a large number of iterations or long time scales are involved.
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3. Results

3.1. CFD results and the placement of the piezoelectric

Simulations were conducted at inlet velocities of 2 m/s, 2.5 m/s, 3 m/s, and 3.5 m/s. Figure 8 shows the vapor volume fraction
at 2 m/s and 2.5 m/s after 1 second. At 2 m/s, no vapor volume fraction is observed. Therefore, the minimum inlet velocity required
to induce cavitation in the test section must be 2.5 m/s.

Figure 9 shows the effective vapor volume fraction resulting from this velocity over a length of 10 cm. 2 cm at the end of the
sample plate is allocated for connections, so the length of the sample plate will be 12 cm. In this experiment, to avoid errors in
recording acoustic cavitation data (pressure attenuation of cavitation bubbles passing through the sample plate and adhesive [31])
and to prevent errors in calculating the eroded area, the piezoelectric sensors are not attached to the sample plate. Instead, the
piezoelectric sensors are placed in locations where the flow pattern resembles that on the sample plate. Additionally, as shown in
Fig. 9, three piezoelectric sensors with a diameter of 27 mm will be used to cover the cavitation region. The simulation is transient,
and the formation of the vapor phase is time-dependent. The range of vapor volume fraction variation remains constant after a
certain amount of numerical solution, which can be predicted by observing the residuals of the vapor volume fraction equations.
The residuals of these equations were monitored at all velocities, and it was found that after 2500 iterations (0.5 s), the fluctuation
range of the vapor volume fraction remained constant, thus a reliable solution time of 1 second was chosen.

In this experiment, because the flow pattern changes after each piezoelectric sensor due to irregularities in the mounting and
sealing, the three piezoelectric sensors are not aligned in a single row. Each sensor is positioned behind a bluff body, and the
distance from the main bluff body is determined through CFD analysis. This distance must be such that the flow patterns behind
each sensor do not interfere with one another. CFD analysis revealed that the bluff bodies must be spaced 95 mm apart to ensure
that the regions of pressure and velocity variation behind them do not overlap at any velocity. For example, Fig. 10 (a) shows the
velocity contour at an inlet speed of 3.5 m/s, and Fig. 10 (b) presents the vapor volume fraction formed after the bluff bodies, which
are similar to each other.

(@) (b)

Fig. 8. (a) Top view of the vapor volume fraction at 2 m/s after 1 second, (b) Top view of the vapor volume fraction at 2.5 m/s after 1 second.

Volume Fraction of vapor
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B z
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Fig. 10. (a) Top view of the velocity contour at an inlet speed of 3.5 m/s after 1 second, (b) Top view of the vapor volume fraction at an inlet speed of
3.5 m/s after 1 second.

0.004.
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Fig. 11. (a) Schematic of the optimal arrangement of the piezoelectric sensors and the sample plate based on CFD analysis, (b) Installation of the
piezoelectric sensors, sample plate, and bluff body on the channel, based on CFD analysis.
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Fig. 12. Top view of the schematic layout of the piezoelectric sensors in the designed equipment for use in the test section of the K23 cavitation
tunnel.
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Fig. 13. (a) Water volume fraction at 5 seconds from numerical analysis, (b) Water volume fraction at 5 seconds from the tutorial solution.

Based on Fig. 9, the cavitation region extends 10 cm in the longitudinal direction and 4 cm in the transverse direction, and the
arrangement of the piezoelectric sensors must cover this area. Figure 11 (a) shows the optimal arrangement of the piezoelectric
sensors and the sample plate, while Fig. 11 (b) shows the equipment installed in the test section of the channel.

Figure 12 shows a top view schematic of the channel dimensions with the piezoelectric sensors and bluff bodies installed. In
this experiment, a GL820 data logger was used to record signals generated by cavitation. The voltage variation range observed
during the tests was between +1 and -1 volts. To reduce noise, an earth wire was connected to the device. The data acquisition
frequency was set to 10 Hz. The goal of this paper is not to investigate the collapse of cavitation bubbles, but rather to examine the
erosion caused by cavitation. The collapse of cavitation bubbles can occur at frequencies up to 100 kHz [32].

To validate the CFD results, a gravity-driven flow simulation in two interconnected chambers was performed and compared
with the STAR-CCM+ tutorial [29]. While it may seem unrelated to cavitation at first glance, understanding gravity-driven flows
can provide insights into how fluids behave under different conditions, including the formation of vapor bubbles and cavitation
phenomena. In many systems, the interplay between gravity, pressure changes, and flow dynamics can significantly influence
cavitation behavior. Therefore, modeling these flows is crucial for a comprehensive analysis of fluid behavior in engineering
applications.
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Referring to Fig. 13, the left chamber, which is filled with water, allows the fluid to transfer to the right chamber. The boundary
conditions are such that all boundaries are rigid except for the upper horizontal surface on the left, which is maintained at a fixed
pressure (atmospheric pressure). Due to gravity, water flows into the right chamber. As the air compresses, the pressure in the
right chamber increases until the fluid comes to rest and hydrostatic equilibrium is achieved. This problem involves multiphase
flow with two fluids, water and air. Due to the turbulence in the flow, the k-epsilon turbulence model is used, and the gravitational
force acts in the -y direction. The simulation runs for 5 seconds, and the water volume fraction at 5 seconds is shown in Fig. 13,
demonstrating good agreement with the water volume fraction at 5 seconds in the tutorial.

3.2. Comparison of the eroded surface and the signals recorded from the piezoelectric sensor

The experiment was conducted at four inlet velocities: 2.5 m/s, 3 m/s, and 3.5 m/s, with test durations of 40 minutes, 50 minutes,
60 minutes, and 70 minutes, respectively. According to Fig. 11 (a), the sample plate needs to be divided into three sections to
evaluate the correlation between the signals recorded from the sensors and the erosion on the plate. Accordingly, the sample plate
is divided into three sections: A1, A2, and A3 (see Fig. 15), each assessed with its corresponding sensor. A total of 36 series of signals
are obtained from all the experiments. After each test, the sample plate is removed from the channel for examination of the eroded
surface. For this purpose, the plate is placed under a specific illumination and photographed, and the threshold is determined
using Image]. In this study, a uniform color layer is utilized on the sample plate to facilitate the detection of erosion. The erosion
threshold is defined as the point at which erosion becomes visible at all tested speeds in each of the three sections of the sample
plate (A1, A2, A3); however, in this case, the area of the eroded section cannot be measured. Therefore, after this stage and upon
completion of all tests, a photograph of the sample plate is taken, and the image is imported into Image]J. Initial adjustments are
made in the software (including converting the image type to 8-bit and specifying the plate size). The image is then processed in
the threshold section. Based on the changes that occur within the byte range of the image (0-255) due to wear, the area of the
created threshold is determined.

Additionally, the signals extracted from the cavitation process are converted to pressure using Eq. (3) [33], and the resulting
pressures are then converted to Sound Pressure Level (SPL) using Eq. (4) [34]:

v _ dss Ft L p Ve, g
804 dast

©)

The piezoelectric sensor used in this experiment is a ceramic disc type with a diameter of 27 mm. The relevant values used in
Eq. (3) are listed in Table 2.

SPL = 20log Lrms
Pres @

P, ;= 20pPa, P, = root mean square pressure

This experiment was conducted over different durations. Depending on the length of the experiment, each piezoelectric sensor
records a set of signals. For example, when the experiment lasts for 40 minutes, each piezoelectric sensor records 24,000 signals at
each speed. Thus, during the 40-minute duration of the experiment, the piezoelectric sensors will send a total of 216,000 signals to
the data logger for three different speeds.

When a set of signals V;, V5, Vs, ... is extracted from a piezoelectric sensor at a specific speed and time, the root mean square
(RMS) is calculated using the following formula:

[VE+VE+VE+ -
Verums = 423 ()
n
where n is the number of signals.

From the 36 series of signals obtained from the experiment, a group is selected to examine changes in the amplitude and pulse
of the signal (e.g., the group corresponding to the 2.5 m/s test, 40 minutes on surface Al). Analysis of the acoustic power spectrum
for this test reveals that, over the test duration, the average amplitude or pulse of the signal remains constant with no significant
changes (see Fig. 14 (a)). The constancy of the maximum and minimum signal amplitude and the uniformity of the average indicate
that the duration of the test does not affect the signal amplitude. Therefore, it is sufficient to identify the minimum time required
to establish an erosion threshold on the sample plate. During this time, the relationship between SPL and the eroded surface can
be investigated to determine the correct placement of the piezoelectric sensor and to formulate this relationship. Additionally, Fig.
14 (b) shows the changes in SPL with increasing time at different speeds. This plot indicates that changes in SPL with time are
minimal across various sensors, with a maximum variation of 0.7%. Noise reduction was achieved by connecting a ground wire to
the data logger and using shielded cables for data transmission from the piezoelectric sensors to the data logger, which helped
protect the signals. Proper installation of the piezoelectric sensors, ensuring they are not connected to the body, as well as the
design and fabrication of the nozzle for the channel based on a relationship aimed at increasing velocity and preventing boundary
layer separation in water tunnels [35], were key factors contributing to the accuracy of the experimental results. In this experiment,
the erosion threshold is defined based on the visibility of erosion in all three sections of the sample plate (A1, A2, A3). In some
references that utilize color, this duration (40 minutes) is also considered the threshold for cavitation erosion [14]. Thus, this time
frame is used to examine the relationship between SPL and the eroded surface.

Figure 15 (a) shows the threshold area of the eroded surface (at different inlet velocities with a duration of 40 minutes) and
compares it with the SPL measurements for the three corresponding sections of the sample plate. Finally, Fig. 15 (b) shows that,
for all sensors and at different velocities over a duration of 40 minutes, there is a simultaneous increase and decrease in both SPL
and the percentage of the eroded surface. This agreement and alignment confirm the correct placement of the piezoelectric
sensors. Table 3 shows the SPL and the threshold area of the eroded surface at 40 minutes for various velocities.

Table 2. Specifications of the piezoelectric ceramic material [36].

Item Symbol (Unit) p-7
Piezoelectric constant dys (10" m/V) 410
Relative dielectric constant €, 2100
Vacuum permittivity ¢, (Farad/m) 8.854x10™
Thickness t (mm) 0.3
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Table 3. Percentage of the threshold area of the eroded surface and SPL on the sample plate at different velocities with a duration of 40 minutes.

Percentage of the threshold area of

Inlet fluid velocity to the channel  Sensor number and its corresponding section ~ Spl (dB) the eroded surface (%)

A251 (Sensor 1, Al) 1211 26

2.5m/s A252 (Sensor 2, A2) 125 35
A253 (Sensor 3, A3) 118.2 12

A301 (Sensor 1, Al) 125.2 37

3m/s A302 (Sensor 2, A2) 122.3 31
A303 (Sensor 3, A3) 119 13

A351 (Sensor 1, Al) 125.8 41

3.5m/s A352 (Sensor 2, A2) 123 34
A353 (Sensor 3, A3) 120.1 18

3.3. Signal analysis and the relationship between SPL and the threshold area of the eroded surface

After the optimal placement of the sensors, the signals received from them are analyzed at various velocities and times. When
averaging the SPL from the sensors at each velocity and plotting the results, as shown in Fig. 16 the variation in the average plot
with increasing time is minimal, suggesting that time does not significantly affect SPL. Another observation from the plots in Fig.
16 is that sensor behavior varies with increasing velocity. For the first and third sensors, SPL increases with velocity, while for the
second sensor, SPL initially decreases and then increases. Notably, the average plot (the average SPL of the sensors at each velocity)
increases as velocity increases.

Figure 17 (a) attempts to plot the SPL of the sensors at different velocities and times on a single graph for comparison. The first
three points correspond to Sensor 1, the next three points to Sensor 2, and the final three points to Sensor 3. At all times, a
significant difference in SPL is evident between Sensor 3 and Sensors 1 and 2. However, the average SPL of Sensors 1 and 2 appears
similar, which will be examined more closely in Fig. 17 (b). This comparison will illustrate the impact of erosion on the sample
plate. It will be determined which areas of the surface experience the most erosion if the average SPL is considered based on
velocity.

Figure 17 (b) shows that at all velocities, the greatest effect of cavitation occurs in range 1, followed by range 2, and most
significantly in range 3. This is further confirmed by Fig. 18, which illustrates the volumetric fraction of vapor generated after the
bluff body. As seen in Fig. 11 (a), when the effective vapor volume created after the bluff body is divided into three sections, the
largest vapor volume is observed in sections 1, 2, and 3, respectively. However, when considering each velocity independently, it is
not possible to determine the order of the areas with the most erosion, as the SPL distribution among the three areas may vary
with each velocity. Therefore, when tests are conducted over a specific velocity range, using the average SPL based on velocity is
necessary to identify the order of the areas on the sample plate that experience the most erosion.

60

~0-2.5 s - Sensor 1 (Al)
——2.5 m/s - Sensor 2 (A2)|
e ~A-2.5 m/s - Sensor 3 (A3)
/M 40 —0—3 m/s - Sensor 1 (A1)
&, ~0—3 m/s - Sensor 2 (A2)
=] -3 m/s - Sensor 3 (A3)
=4 ~O-3.5 m/s - Sensor 1 (A1)
o 20 ~0-3.5 m/s - Sensor 2 (A2)
2, ~£-3.5 m/s - Sensor 3 (A3)
@ X\
g8
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&
-20
.
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Fig. 14. (a) Acoustic power spectrum (dB), (b) Changes in SPL with increasing time at velocities of 2.5 m/s, 3 m/s, and 3.5 m/s.
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Fig. 15. (a) Threshold area of the eroded surface at inlet velocities of 2.5 m/s, 3 m/s, and 3.5 m/s with a duration of 40 minutes, (b) Alignment of SPL
and the threshold area of the eroded surface at 40 minutes for various velocities.
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Fig. 16. Changes in sensor SPL with increasing velocity at different times.
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Fig. 17. (a) Variation in SPL at different sensor positions across various velocities and times, (b) Variation in the average SPL of sensors (with respect
to velocity) at different velocities and times.

At the minimum time required to reach the erosion threshold (40 minutes), the signals recorded from the piezoelectrics and
the eroded surface area are analyzed. If the SPL calculated from the signals at all velocities is sorted and the corresponding erosion
areas are also calculated, the relationship between SPL and the threshold area of the eroded surface can be determined. This

relationship, as shown in Fig. 19, is derived using MATLAB Cftools.

f(x) = pya® + pox + py

()

py = —0.2842,p, = 73.1565, p; = —4.6666 x 103

Goodness of fit: SSE: 29.15, R-square: 0.9685, Adjusted R-square: 0.9580.

Iteration: 5006 Iteration: 5007

Fig. 18. Volumetric fraction of vapor at an inlet velocity of 3.5 m/s at different times.
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Fig. 19. Relationship between SPL and the threshold area of the eroded surface.

Based on this experiment, to predict the threshold of the eroded levels, a specific number of piezoelectric sensors should be
used, depending on the size of the area to be analyzed. If direct installation of the piezoelectric sensor on the surface to be examined
is not possible, as in this experiment, the piezoelectric sensor should be installed in a location where the flow pattern over it
resembles the flow pattern on the surface of interest. Ultimately, the signals extracted from the piezoelectric sensor are used to
calculate the SPL. Cavitation erosion is dependent on the pressure generated by the collapse of bubbles. These pressures are
recorded over time using piezoelectric sensors and are then converted to Sound Pressure Level (SPL) using Eq. (4). Given Eq. (6) and
knowing the SPL, the threshold area of the eroded surface can be predicted. Thus, for any flow geometry, the pressures generated
on the sample are converted to SPL, allowing for the prediction of the eroded surface area. Consequently, this relationship is
applicable to any type of flow geometry. This relationship can be general, meaning that if a plate is subjected to a test, even without
any color on the plate, whenever the plate reaches the erosion threshold (the time of which is unknown and depends on the
material of the sample plate and the fluid flow velocity), the initial area of erosion that could develop on the surface can be predicted
based on the extracted SPL.

4. Conclusion

Experimental analysis of cavitation erosion has been rarely and only limitedly conducted. Given that cavitation erosion
detection experiments are highly time-consuming, it is possible to predict the eroded surface area of a sample more quickly by
establishing a precise pattern and relationship between cavitation acoustics and the eroded surface.

This study focuses on:

e Recording acoustic data from piezoelectrics placed in the test section of a designed channel.

e Developing a precise relationship between these acoustic data and erosion thresholds.

e A novel approach was implemented using an optimized arrangement of piezoelectrics, rather than direct attachment to the

sample plate, to capture acoustic signals resulting from cavitation, aided by CFD analysis.

e A semi-cylindrical bluff body was utilized to effectively accelerate cavitation formation.

e Special ink was applied to the surface for faster identification of cavitation erosion:

e A TFilm Applicator was used to achieve a uniform color with minimal thickness and low adhesion.

e Following a short testing period, signals from the piezoelectrics were recorded and analyzed to calculate the Sound Pressure

Level (SPL).

e By computing the SPL and correlating it with a derived formula linking acoustic levels to erosion thresholds, the eroded area

of the sample can be predicted.

e A significant aspect of this experimental design is that the relationship between SPL and erosion is independent of the

dimensions and geometry of the water tunnel.

This study paves the way for further research into methods for reducing cavitation erosion. For example, the derived relationship
can be used to investigate the impact of elastic material properties on reducing erosion on a surface equipped with a cavitation
noise absorber, which will be explored in future studies.
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Nomenclature
[ Piezoelectric constant [10? m/V] .ms  ROOt mean square pressure
€, Relative dielectric constant 1 Voltage [V]
2N Vacuum permittivity [Farad/m] A251 Placement of the piezoelectric element at the initial one-third
SPL  Sound Pressure Level (dB) of the sample plate, with an inlet velocity of 2.5 m/s
A252  Placement of the piezoelectric element at the middle one-third = A253 Placement of the piezoelectric element at the final one-third of
of the sample plate, with an inlet velocity of 2.5 m/s the sample plate, with an inlet velocity of 2.5 m/s
A301 Placement of the piezoelectric element at the initial one-third A302 Placement of the piezoelectric element at the middle one-
of the sample plate, with an inlet velocity of 3 m/s third of the sample plate, with an inlet velocity of 3 m/s
A303 Placement of the piezoelectric element at the final one-third of = A351 Placement of the piezoelectric element at the initial one-third
the sample plate, with an inlet velocity of 3 m/s of the sample plate, with an inlet velocity of 3.5 m/s
A352  Placement of the piezoelectric element at the middle one-third  A353 Placement of the piezoelectric element at the final one-third
of the sample plate, with an inlet velocity of 3.5 m/s of the sample plate, with an inlet velocity of 3.5 m/s
t Thickness [mm]
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