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ABSTRACT

Cavitation erosion is one of the most undesirable effects
for ship hydraulic components. For the moment, the main
way to control cavitation erosion on propellers is to avoid
it during the design stage and model scale test is still the
most reliable method to evaluate cavitation erosion risk.
Traditionally, painting method is used to evaluate
cavitation erosion risk in laboratory. However, this
procedure is not only time-consuming and affected by the
coating deposition process, but also may change the local
flow behavior under certain test conditions, which in turn
interferes with the interpretation of the test results.
Therefore, a cavitation erosion risk evaluation method for
sheet cavitation based on cavitation observation was
introduced and applied to cavitation erosion risk
determination. The traditional painting method was
employed to verify the effectiveness of this method. Then
it is further utilized in the assessment of cavitation erosion
risk for a propeller working under various test conditions.
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1 INTRODUCTION

Cavitation erosion refers to material failure induced by
cavitation impact loads. Its actual occurrence involves
numerous  influencing  factors, including load
characteristics, material properties, and environmental
parameters. Currently, the understanding of its underlying
mechanism remains rather limited. Consequently, in the
engineering design phase, cavitation erosion assessment is
still confined to qualitative risk identification, and no
quantitative detection methodology has been established to
date. With the escalating requirements for low-carbon
environmental protection in the international shipping
sector, the demand for high-efficiency operation of marine
propellers in ship design has become increasingly
stringent. Notably, the high-efficiency operating range of

propellers is typically accompanied by cavitation;
inadequate control over the location and stability of
cavitation can readily lead to cavitation erosion. Therefore,
the engineering design phase must ensure that propellers
operate in an optimal state—where cavitation occurs
without inducing cavitation erosion—rendering the
assessment of cavitation erosion risk increasingly
prominent in marine propeller design processes.

Current cavitation erosion risk assessment in the marine
industry primarily relies on scaled model tests conducted
in cavitation tunnels or depressurized towing tanks under
laboratory conditions. Significant order-of-magnitude
discrepancies exist between the dimensions of scaled
models, equipment flow velocities, and those of actual
ships. As a result, scaled model tests face two key
limitations: first, they cannot fully replicate full scale
cavitation states; second, they fail to achieve the intensity
of actual cavitation impacts. Direct simulation or
assessment of material cavitation erosion is thus
impractical. As a compromise, the local cavitation number
of flow-passing components is simulated to ensure local
cavitation similarity between the model and actual
operating conditions. The potential occurrence and
distribution of cavitation erosion in practical operations are
then qualitatively inferred based on cavitation
characteristics observed in the model. For investigating
material failure patterns of components, accelerated
cavitation erosion test devices are predominantly
employed. Under cavitation intensities far exceeding those
in actual service, comparative analyses of cavitation
erosion loss patterns across different materials are
conducted under consistent flow conditions to screen for
more suitable component materials.

According to ITTC test protocols and relevant literature,
laboratory-based methods for evaluating cavitation erosion
risk can be broadly categorized into three types: (1)



Cavitation morphology observation, which infers the
potential risk and affected regions of cavitation erosion
based on typical characteristics of the unsteady cavitation
evolution process; (2) Flow field fluctuation monitoring
[3,6], which utilizes fluctuation signal features captured by
sensors to determine the occurrence of cavitation collapse,
thereby supporting the identification of cavitation erosion;
(3) Painting method, which assesses the potentiality and
distribution of cavitation erosion through the peeling areas
of pigment coatings following cavitation tests.

In the realm of cavitation morphology observation, the
European Union launched the EROCAV project in the
early 21st century—a dedicated initiative addressing
cavitation erosion caused by cavitation in full-scale ships
and laboratory settings. Leveraging data from major
European ship model testing institutions and integrating
extensive full-scale ship cavitation observation results, the
project summarized cavitation erosion phenomena induced
by various cavitation types. Bark et al. (2004) compiled
these findings into the book Application of principles for
observation and analysis of eroding cavitation—The
EROCAYV Observation Handbook, which has since
become a widely referenced resource. Focused on guiding
the identification of cavitation-induced erosive behaviors
through experimental observations, the book’s core
contribution lies in proposing the "focus" criterion for
classifying the diverse characteristics of cavitation
behaviors. This provides a physical basis for cavitation
erosion risk assessment, mitigating inter-observer
variability to a certain extent. Regarding the technical
means of cavitation morphology observation, given the
highly unsteady nature of cavitation evolution, laboratories
primarily adopt two approaches: (1) Observation using a
stroboscope combined with the naked eye or ordinary low-
speed cameras, which enables clear visualization of
transient cavitation structures but fails to yield time-
continuous data, thereby restricting reliability; (2)
Observation using high-speed cameras, which capture
time-series images of cavitation structure evolution to
effectively record transient processes. Although the time
scale of cavitation collapse is on the order of microseconds
or shorter—exceeding the temporal resolution of
conventional high-speed cameras (tens to hundreds of
microseconds)—continuous images can reflect the
contraction and rebound characteristics preceding and
following collapse. This renders conventional high-speed

cameras a viable tool for -cavitation erosion risk
assessment.
Previously, China Ship Scientific Research Center

(CSSRC) primarily relied on stroboscopic observation
combined with the painting method to evaluate cavitation
erosion characteristics of marine propellers and
appendages. Specifically, pigment coatings were
uniformly applied to the surface of flow-passing
components, and model cavitation tests were conducted to
qualitatively assess potential cavitation erosion regions.
This approach supported the evaluation of cavitation
erosion risk for propulsion system design schemes and

provided guidance for assessing extreme operating
conditions of certain full-scale ships. While this method
addressed cavitation erosion risk assessment for numerous
engineering projects, the discontinuous temporal data of
cavitation morphology from stroboscopic observation
rendered assessments highly dependent on the observer’s
experience, hindering the popularization and application of
professional knowledge. Additionally, the soft coating-
based method for propeller cavitation erosion risk
assessment requires at least one day for coating application
and drying. When combined with installation, testing, and
post-test model removal and surface inspection, the total
duration for a single operating condition typically exceeds
two days.

Furthermore, influenced by hull structure and shafting
arrangement, propellers generally operate under oblique
flow conditions (i.e., the propeller shaft forms a certain
angle with the inflow). Oblique arrangement exacerbates
wake non-uniformity, increasing the complexity of blade
cavitation erosion control. Therefore, analyzing and
understanding the impact of oblique flow on propeller
cavitation erosion risk has become an urgent and critical
aspect of cavitation erosion control in engineering practice.
Assessing the effects of oblique flow angles requires
considering multiple parameters, including oblique flow
angle, inflow velocity, rotational speed, and cavitation
number. Even with optimized parameter combinations, the
number of operating conditions in a comprehensive
assessment scheme often ranges from dozens to hundreds.
Relying on traditional painting methods for such
assessments would require several months—an impractical
timeframe.

In response to the demand for multi-condition cavitation
erosion risk analysis of propellers and the physical
characteristics of cavitation-induced erosion, this paper
introduces the cavitation erosion risk assessment method
based on high-speed photography observations to evaluate
the erosion risk induced by sheet cavitation on a propeller.
This enables the efficient evaluation of cavitation erosion
risk under different oblique flow conditions. Additionally,
to address the need for multi-condition cavitation erosion
risk characterization, a cavitation erosion risk mapping
method is proposed, providing a foundational framework
for understanding and assessing propeller cavitation
erosion risk.

2 TEST FACILITY AND EXPERIMENTAL SETUP

2.1 Test Facility

The experiment was conducted in the medium-sized
cavitation tunnel at the China Ship Scientific Research
Center. The test section has a length of 3.2 m and a
diameter of 0.8 m, with plexiglass observation windows
installed on the side and bottom for observing the internal
flow regime. The water velocity in the test section can be
adjusted in the range of 3-20 m/s, and the pressure ranges
from 8 to 400 kPa. The appearance of the test section of the
cavitation tunnel is shown in Figure 1.



Figure 1: The medium-sized cavitation tunnel in CSSRC.

2.2 Test Model and Installation

The model used in this experiment is a five-bladed fixed-
pitch propeller with a diameter of 250 mm. During the test,
the propeller model was mounted on an oblique flow
dynamometer, as shown in Figure 2. The lifting mechanism
of the dynamometer was adjusted to ensure that the center
of the propeller disk coincided with the centerline of the
test section of the cavitation tunnel. The propeller was
driven and rotated by the dynamometer, and the angle of
attack between the propeller and the incoming flow was
also adjusted by changing the inclination angle of the
dynamometer. Tests were carried out at various angles, and
typical results at 0°, 4°, 8°, and 12° are selected and
presented in this paper.
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Figure 2: Sketch of model Installation.
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The oblique flow dynamometer is arranged downstream of
the propeller. During the experiment, the rotational speed,
thrust, and torque of the propeller were controlled and
measured by the dynamometer. The control and
measurement of other flow parameters were performed in
accordance with the relevant specifications of the China
Ship Scientific Research Center.

Cavitation behaviors during the tests were observed using
a high-speed camera positioned in front of the propeller, as
illustrated in Figure 3. The high-speed camera was a
Photron Nova S16, supplemented by an LED light source.
The frame rate for different test conditions was varied
according to the reflectivity characteristics of the
cavitation.

2.3 Methods to Assess Cavitation Erosion Risk
In this test, two methods were adopted to evaluate the
cavitation erosion risk.

The first was the traditional coating method. A soft coating
was applied to the surface of the propeller, which was then
operated in the cavitation tunnel for 1 hour under specified
working conditions. Subsequently, the propeller was
removed, and the cavitation erosion risk was assessed by
comparing the peeling status of the surface coating before
and after the test. As mentioned previously, due to the long
time consumption of the traditional method, it was only
used in this test to verify the evaluation results of several
typical working conditions.
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Figure 3: Setup of the equipment.

The second method was based on the collapse and rebound
characteristics of cavitation behaviors captured by high-
speed photography, without any coating treatment on the
propeller surface. Its basic steps are outlined as follows:

Acquisition of time-continuous
high-speed images of cavitation

Determination of the occurrence
of cavitation detachment

Judgment on the presence of
erosive characteristics of cloud
cavitation

Determine the location where the
erosive characteristics of cloud
cavitation take place

Figure 4: Steps for identifying cavitation erosion risk based
on cavitation behavior.

(1) Acquisition of time-continuous high-speed images of
cavitation behaviors. Time-continuous high-speed images
are essential, as discontinuous images fail to reflect the
collapse characteristics of local cavitation structures.

(2) Determination of the occurrence of cavitation
detachment. Sheet cavitation detachment is one of the
prerequisites for the formation of cloud cavitation;
therefore, macroscopic identification of detachment can
provide support for the localization of cavitation collapse
regions.

(3) Judgment on the presence of erosive characteristics of
cloud cavitation. It is necessary to identify whether the
cloud cavitation generated by detachment undergoes



intense local overall contraction and expansion, i.e., violent
collapse and rebound. If such phenomena occur, the
corresponding collapse positions are identified as high-risk
cavitation erosion regions.

(4) Determine the location where the erosive characteris-
tics of cloud cavitation take place.

3 RESULTS AND DISSCUSSION

3.1 Validation of the Effectiveness of Cavitaiton
Erosion Risk Assessment Method

Before using the high-speed photography results of
cavitation behaviors to judge the cavitation erosion risk for
dozens of working conditions, this study selected two
typical working conditions for validation to confirm the
effectiveness of this method, including:

(1) Case 1: Test condition with an oblique flow angle of
12°, velocity of 5.5 m/s, rotational speed of 33.85 1/s,
advance coefficient of 0.65, and cavitation number
calculated with velocity of 2.830;

(2) Case 2: Test condition with an oblique flow angle of 6°,
velocity of 5.5 m/s, rotational speed of 33.85 /s, advance
coefficient of 0.65, and cavitation number calculated with
velocity of 1.967.

For the working condition under case 1 with relatively
significant cavitation collapse and rebound characteristics,
although the cavitation behavior changed slightly before
and after painting, its basic characteristics remained
unchanged. Figure 5 and Figure 6 show the result of
cavitation behavior without and with paint respectively.
The types of cavitation on the blades include sheet
cavitation, tip vortex cavitation, and cloud cavitation
generated from the detachment of sheet cavitation. The
discrimination of cavitation erosion risk in this article
mainly focuses on the process of cloud cavitation caused
by sheet cavitation detachment. It is considered that the
collapse and rebound of cloud cavitation structures
generated by detachment of sheet cavitation from the
leading edge indicate cavitation risk, and the location of
erosion risk corresponds to the location of collapse and
rebound. On the other hand, the cavitation erosion risk area
(shown in Figure 7 with coating peeling off) judged by the
paint coating method was consistent with the test result
judged by cavitation behavior.
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Figure 5: Cavitation behavior on propeller without paint
under Case 1.
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Figure 6: Cavitation behavior on propeller with paint under
Case 1.

For the working conditions under case 2 with unobvious
cavitation collapse and rebound characteristics, the
cavitation behavior changed significantly before and after
paint application, with the basic cavitation characteristics
completely altered. Without paint coating, blade cavitation
appeared as bubble cavitation at the root and strip-shaped
sheet cavitation in the middle area (shown in Figure 8);
after paint application, the strip-shaped sheet cavitation in
the middle of the blade transformed into stable, large-area
sheet cavitation, and the cavitation erosion risk state shifted
from present to absent (shown in Figure 9). To ensure that
the test results were not caused by equipment operating
condition differences, the paint was removed from the
painted blade surface, and a repeated test was performed
under the same condition. The results demonstrated that the
blade cavitation state returned to that before paint
application after wiping off the paint (shown in Figure 10).

Figure 8: Cavitation behavior on propeller without paint
under Case 2.



Figure 9: Cavitation behavior on propeller with paint under
Case 2.
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Figure 10: Cavitation behavior on propeller with paint
removed under Case 2.

For the area with sheet cavitation (neglecting bubble
cavitation at the root) cavitation behavior shows erosion
risk and the paint results shows no erosion risk (shown in
Figure 11). This indicates that under certain working
conditions, the paint coating can affect the propeller
cavitation state, thereby interfering with the judgment of
cavitation erosion risk.

Combined with the results of the aforementioned working
conditions, the cavitation erosion risk judgment method
based on cavitation behavior characteristics adopted in this
study provides a more accurate technical means for
propeller cavitation erosion risk assessment, as it does not
interfere with the propeller flow state. In terms of test time
consumption, the established cavitation behavior-based
judgment method takes less than 10 minutes per working
condition after model installation, which is significantly
shorter than the traditional method. Moreover, it converts
the originally impractical test task (which would take
months to complete) into one that can be finished within
several days, greatly improving test efficiency.

Figure 11: Propeller surface after test under Case 2.

3.2 Applicatiuon of the Proposed Cavitaiton Erosion
Risk Assessment Method to Multi-condition Testing
On the basis of solving the test method, another technical
problem caused by multiple parameters was encountered in
the study, namely, how to characterize the multi-parameter
results. The propeller oblique flow cavitation erosion risk
test was conducted at a constant water velocity under
different load conditions, cavitation intensity, and oblique
flow angles. The actual working conditions covered a
series of data, including 7 oblique flow angles, 5 load
states, and 3 groups of cavitation numbers. How to
characterize these results to facilitate interpretation and
application is a key focus of this study.
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Figure 12: Map of cavitation erosion risk for the tested
propeller under various test conditons.

cavitation number

o= Po — DPv
T )

among which T is thrust, p, is the static pressure at the
center of the propeller shaft, V is the advance velocity, p,,
is saturated vapor pressure, p is the density of water.

Therefore, this section first quantified the cavitation
erosion risk: the state with cavitation erosion risk was
recorded as 1, while the state without cavitation erosion
risk was defined as 0, thereby realizing the quantification
of cavitation erosion risk results. On this basis, the load
state and cavitation number were taken as the horizontal
and vertical coordinates of the data results under a specific
oblique flow angle, respectively, and the cavitation erosion
risk values were expressed by cloud maps. Consequently,
a distribution cloud map of cavitation erosion risk under a
single oblique flow angle, which varies with cavitation
number and load state, was formed. Specifically, the x-
coordinate is the thrust load coefficient, the y-coordinate is
the water velocity cavitation number, and the z-coordinate
is the cavitation erosion risk of the propeller.

Thus, distribution cloud maps of cavitation erosion risk
varying with operating states under different oblique flow
angles can be obtained, and a map characterization method
for cavitation erosion risk results under oblique flow multi-

parameter conditions was established. This method
clarifies the relationship between the cavitation erosion
risk of a specific propeller and its operating state. In the
design stage, it can provide support for the selection of
oblique flow angles considering cavitation erosion risk; in
the service stage, it can provide a basis for avoiding the
cavitation erosion risk interval of ship operating states.

4 CONCLUSIONS

To address the demand for cavitation erosion risk
assessment of propellers under multiple working
conditions, this study applies the cavitation erosion risk
judgment method based on high-speed photography
observation of cavitation behaviors to the evaluation of
cavitation erosion risk under a series of working
conditions. It should be clarified that the cavitation risk
assessment described in this article mainly focuses on sheet
cavitation, specifically the physical process of unsteady
sheet cavitation shedding to form cloud cavitation. The
main conclusions are as follows:

(1) Typical working conditions were selected to verify the
effectiveness of the cavitation erosion risk judgment
method based on high-speed photography observation of
cavitation behaviors using the traditional soft surface
coating method. The results show that although the
traditional soft surface coating method can indicate the
action position of local cavitation impact, it is prone to
interfere with the surface roughness of the propeller under
certain conditions. This interference significantly changes
the local flow conditions of the propeller, leading to
alterations in the cavitation state and thus affecting the
judgment of cavitation erosion risk. In contrast, the high-
speed photography observation method of cavitation
behaviors not only avoids interference with the surface
condition of the propeller but also has the advantages of
short time consumption and high judgment efficiency.
Based on this method, the problem of cavitation erosion
risk assessment of propellers under multiple working
conditions is effectively solved.

(2) A characterization method of propeller cavitation
erosion risk map under multi-parameter conditions was
established. Cavitation erosion risk cloud maps of the
propeller under different oblique flow angles were
obtained based on the above evaluation method. The cloud
maps intuitively reflect the distribution characteristics and
intensity differences of cavitation erosion risk on the
propeller surface under various oblique flow angle
conditions, clearly showing the variation law of cavitation
erosion risk with the change of oblique flow angle. This
provides intuitive and visual technical support for the
accurate grasp of propeller cavitation erosion risk under
complex working conditions and the optimization design
of propellers.
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