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Abstract: Cavitation in a propeller causes erosion, accelerating corrosion, and tearing off blades in
severe cases. Despite the maintenance requirements caused by cavitation, few studies have investigated
the cavitation resistance of small ship propellers. Therefore, in this study, these characteristics were
investigated through a demonstration test in the coastal waters of South Korea. Cavitation erosion
characteristics were analyzed according to the low- and high-rotational speed of the propeller, and the
weight was measured every 10 h for 100 h of sailing. The erosion pits were qualitatively compared
through liquid penetrant testing (PT) and quantitatively compared by image processing with color edge
detection. The results showed that propeller weight loss at high speed was double that at low speed. The
cavitation erosion exhibited one cycle each of incubation, acceleration, deceleration, and steady state at
low speed, while the acceleration and deceleration periods repeated at high speed. According to PT and
color edge detection, the concentration of pits in the low- and high-speed conditions increased towards
the trailing and leading edges, respectively. Further, in the radial direction, the trend was similar in
both conditions, and the largest number of pits were detected in the region of 0.7–0.9R, where R is the
propeller radius.

Keywords: marine propeller; cavitation; erosion; liquid penetrant testing; color edge detection

1. Introduction

Cavitation is a phenomenon in which the static pressure of a liquid reduces to below its
vapor pressure, leading to phase change and causing the vapor bubbles (cavities) to occur,
grow, and collapse. The cavitation can occur in a rotating body, such as a propeller, impeller,
and hydraulic torque converter, and the cavitation intensity increases as the rotational
speed increases [1]. When a marine propeller rotates in water, cavitation occurs primarily
on the suction side of the propeller blade. The cavities generated on the suction side
grow while traveling along the fluid flow. Then, when the pressure of the fluid increases
beyond the saturated vapor pressure, the cavities undergo a rapid transition to liquid,
i.e., collapse [2]. The pressure of the collapse impacts the blade surface, causing erosion,
noise, and vibration, thereby reducing the propulsion efficiency of the propeller. In severe
cases, a blade can tear off due to fatigue failure [3,4]. Therefore, the government mandates
propeller inspections through regular and midterm surveys, and the propeller will undergo
maintenance or replacement of damaged parts. Despite the risk of cavitation, small marine
propellers such as fishing boats are currently manufactured at a basic design level that only
considers the average pitch without performing detailed design through model testing
or theoretical analysis; in other words, cavitation resistance is not considered [5]. Small
marine propellers are known to cause excessive cavitation, and consequently, economic loss
occurs due to excessive fuel consumption or the requirements of regular maintenance [5].

The cavitation resistance characteristics of ship propellers have been mainly investi-
gated for large ships, and the problem can be approached from the perspective of hydro-
dynamic design or materials [6]. The hydrodynamic design approach is useful because it
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can also achieve the goal of improving the propulsion efficiency of the propeller. However,
there are disadvantages in that the application scope for the target vessel is limited, and
it is difficult to standardize or generalize the findings. In contrast, the material approach
has the advantage of a broader application scope for the target vessel to improve both
cavitation and corrosion resistance. In particular, in the case of small ships with varying
gross tonnage, the latter approach is considered more suitable in terms of research efficiency.
The commonly used materials for ship propellers include aluminum, stainless steel, and
alloys of manganese bronze and nickel–aluminum–brass [7]. These materials are applied
to outboard motors, outboard motors or small ships, and medium-to-large sized ships,
respectively. Aluminum is light and economical, but its tensile strength is approximately
half that of stainless steel, resulting in weaker durability. Stainless steel has the highest
durability, but its repair cost is approximately twice that of the other materials. Therefore,
for medium-to-large sized ships, manganese bronze or nickel-aluminum-brass are applied,
which have relatively reasonable costs of repair [7]. Further, composite materials have
been studied [8,9], which have many advantages, such as light weight, excellent corrosion
resistance, and low noise and vibration induced by cavitation. However, they are sensitive
to environmental uncertainties leading to material variation such as matrix cracking and
fiber fracture [10]. On the other hand, in the case of the AISI 1045 material, the tensile
strength is similar to that of AISI 316 (stainless steel) (565 and 580 MPa, respectively), and
the Vickers hardness is higher (240 and 180 HV, respectively), and it is also more economical;
however, it has limitations concerning cavitation erosion and corrosion resistance [11,12].

Most studies on the cavitation erosion characteristics of propellers have been per-
formed using material specimens with an ultrasonic system based on the ASTM-32 standard
test method [13–15]. To the best of our knowledge, few studies have demonstrated cavi-
tation characteristics using real propellers in sea trials. Demonstration tests of propellers
are often replaced by cavitation tunnel or open water tests using model propellers [16].
The reason for this may be due to the difficulties associated with ship operation and mea-
surement. However, model testing focuses on cavitation inception, vibration, and noise
measurement for propellers of medium and large ships [17–19]. Only a limited number
of studies have reported on cavitation erosion using the painting method [20–22]. In the
painting method, paint is applied on the blade surface, and the degree of the peeling of
the paint due to cavitation erosion is observed; however, the results of this method may be
dependent on the experience of the researchers and the method also has drawbacks such
as difficulty in predicting the incubation period and erosion rate of cavitation erosion [23].
Recently, numerical methods [24,25] have been utilized to investigate cavitation in terms of
cavity inception, noise, and vibration, but it is also difficult to discuss cavitation erosion.

Demonstration tests were performed with 100 h of sea trial in coastal waters using a
leisure boat with twin outboard motors to investigate the cavitation erosion characteristics
according to the rotational speed of a small ship propeller. Two propellers were fabricated
using AISI 1045, considering its low cost; one of the propellers was surface treated using
chromizing and nitriding techniques to enhance erosion and corrosion resistance. The
cavitation erosion characteristics of the propeller were analyzed based on its rotational
speed through weight measurement every 10 h of sailing. In addition, for comparative
analysis of the characteristics of the erosion pits formed on the blades, the liquid penetrant
testing method, a nondestructive testing method, was used, and the color edge detection
method was applied to compare the concentration of the pits quantitatively. Section 2
describes the experimental and measurement methods of the demonstration test, and
Section 3 presents the results and related discussion.

2. Experimental Methods
2.1. Propellers

The four propellers were fabricated based on a drawing obtained from a 3D scan of
a standard propeller (maker: Solas Science & Engineering Co., Ltd., Taichung, Taiwan,
model number: 3331-114-12) used in outboard engines. The propellers had three blades
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with dimensions of 28.89 cm and 30.5 cm in diameter and pitch, respectively. A 3D
scanner (maker: Leica Geosystems, St. Gallen, Switzerland, model: P50) and a 5-axis
machining center (maker: Hwacheon, Gwangju, Korea, model: M4-5AX) were used to
fabricate the propellers with AISI 1045 as the material. The scanner had a measuring
accuracy of 3 mm, and the machining center had a high-precision rotary encoder controlled
to the extent of 0.0001◦. The surface of two propellers was treated with plasma nano-
nitriding [26], followed by pack-chromizing coating [27]. Further details of the surface
treatment techniques are not described as they are beyond the scope of this study.

2.2. Sea Trial in Coastal Waters

The demonstration test was conducted in adjacent waters of the marina of Mokpo
National Maritime University in South Korea. The propeller and vessel used in the test
are shown in Figure 1a,b, respectively. The ship (registration number: MB-01-8663) had a
total tonnage of 0.6 tons and a total length of 5.99 m, and it was equipped with two 37 kW
outboard motors (maker: Honda, Tokyo, Japan, model: BF50DK4). The sea trials for the
demonstration test were conducted for 100 h each at two different average rotational speeds
of 720 and 1440 rpm, during which the average ship speeds were approximately 3.5 and
5.4 m/s, respectively. A set of propellers, surface-treated and untreated propellers, were
applied to each test. The advance coefficient (J = V/nD, where V is the ship speed, n is the
rotational speed, and D is the diameter of the propeller), which is also called the apparent
advance coefficient [28], was approximately 1.00 (for 720 rpm) and 0.78 (for 1440 rpm). To
minimize the corrosion effect, the propeller was removed and stored on land while berthing.
The weight of the propeller was measured every 10 h of sailing, and nondestructive testing
was performed after the sea trial. Although the seawater conditions (such as density) in the
coastal waters were not strictly controlled in the demonstration test, the effect is considered
insignificant since the sea trial was conducted on the same route every time.
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Figure 1. (a) Shape of the propeller and weight measurement, (b) a ship used for the demonstration
test, and (c) the sailing route near (the red dot line) the Marina of Mokpo National Maritime University.

2.2.1. Weight Measurement of the Propeller

Since weight loss of the propeller occurs from the separation of materials due to
erosion, measurement of the weight loss of the specimen is used to analyze the cavitation
erosion characteristics, generally using ultrasonic systems [29]. In the demonstration test, it
is impossible to detach the propeller in water; thus, it is not practically possible to track
the weight change of the propeller. However, in this study, an outboard motor was used to
enable the detachment of the propellers. The weight of the propeller was measured every
10 h of sailing using an electronic balance (maker: A&D Korea Ltd., Seoul, Korea, model:
FX-5000i,) (see Figure 1a), which has a weight capacity of 5200 g and a resolution of 0.01 g.
Korea Marine Equipment Research Institute, a test accreditation organization for marine
equipment, calibrated the electronic balance and issued the test certificate (Certification
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no. KOMERI-0601-21T4176) for the weight measurement. The certificate included the mean
weight value with three measurements. Before weighing, to remove corrosion products
and other attachments, the propeller was cleaned using Clark’s solution according to the
method in ASTM G1-03 [30].

2.2.2. Nondestructive Testing (NDT)

The nondestructive testing (NDT) method is useful for the inspection of cracks or
defects of an object without destroying its material. For the inspection of propellers in
industrial applications, NDT is mandatory in regular or midterm surveys during the dry-
dock period [31]. In this study, among the NDT methods, liquid penetrant testing (PT)
defined in ISO 3452 [32] was used for the nondestructive examination of propeller erosion
damage. The PT was performed by CMS Service Corp., which was approved by Korean
Register [33] (Service Provider Approval Certificate No.: MKPNT-0001-21), a company that
specializes in NDT. PT is an NDT method for inspecting discontinuities (that is, cracks) on
the surface of a specimen regardless of the material. If a penetrant is applied to the surface
of a specimen, the part of the penetrant that has penetrated a discontinuity remains within
the discontinuity even after the penetrant is wiped off the surface. After the penetrant is
wiped from the surface, if a developer such as a dye is applied to the surface, the penetrant
in the discontinuity is extracted, enabling observation of the presence of defects and
their shapes.

2.2.3. Image Processing

For quantitative analysis of the erosion status according to the local region in the
propeller blade, color edge detection [34] was performed using the image obtained through
the PT in the lighting environment using a LED light (maker: KOMI, Suwon, Korea, model:
Cyclops I). In the images obtained by the PT method, the background color of the blade
becomes uniform due to the dye application. Therefore, it is a suitable environment for the
application of the RGB color edge detection technique using the color change of the blade
surface. The basic concept of edge detecting is to detect a point in an image with a large
intensity change (that is, an intensity gradient). Although image data are discontinuous,
since they are arranged at regular intervals, the gradient is detected by differentiating
adjacent pixels. Well-known edge detector methods [34–36] include Sobel, Prewitt, Canny,
and Laplacian. However, they are sensitive to gradients, and for complex images, these
methods have the drawback of extracting too many edges. Figure 2 shows the edge
detection results using the PT image at low-speed condition. Figure 2b shows the result of
applying the Canny detector, and it can be seen that small pits are detected with a thick
distribution of too many edges. Based on this example, the above detection methods that
use only intensity changes in 2D space are unsuitable for detecting fine pits, as required
in this study. Therefore, the color edge detection method using the gradient in 3D space
was applied using the RGB values of the image in the mask of Sobel 3 × 3. Assuming
that the r, g, and b of each pixel in the image are unit vectors in the R, G, and B axes of
the RGB color space, the vectors in each direction are defined in Equation (1), and the
direction and magnitude of the maximum rate of change are defined in Equations (2) and
(3), respectively [34,37]. The image obtained by color edge detection is saved in grayscale,
and the image shown in Figure 2c is obtained accordingly.

u =
∂R
∂x

r +
∂G
∂x

g +
∂B
∂x

b, v =
∂R
∂y

r +
∂G
∂y

g +
∂B
∂y

b (1)

θ(x, y) =
1
2

tan−1

[
2gxy

gxx − gyy

]
(2)

Fθ(x, y) =
{

1/2
[(

gxx − gyy

)
+
(

gxx − gyy

)
cos 2θ(x, y) + 2gxy sin 2θ(x, y)

]}1/2
(3)

where, gxx, gyy, and gxy are defined as the dot product of vectors, u·u, v·v, and u·v, respectively.
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Figure 2. Edge detection images: (a) a photo from the liquid penetrant testing of the blade suction
side after 100 h of low-speed condition, (b) an image processed with Canny edge detection, and
(c) an image processed with color edge detection.

The light intensity was tried to maintain the same in the PT images of low- and high-
speed conditions, but the ambient lighting could be slightly different because the pictures
were captured at different times due to the extended experimental time. The light intensity
can affect the gradients of RGB values in the region that includes the background of the
picture near the blade tip of the propeller. Nevertheless, the gradient values except for
the region mentioned above cannot be significantly affected by the light intensity when
the light intensity variation is insignificant because the value is a gradient of nearby RGB
values in the mask with the same light intensity.

3. Results and Discussion
3.1. Weight Change of the Propeller

Figure 3 illustrates the weight loss (%) of the propeller under the different rotational
speeds, and the standard deviation of the measured values from the mean was less than
0.0095, and the error was less than 0.0054 in all cases. It can be seen that the treated propeller
did not show any change in weight related to the rotational speed, which indicates that
the cavitation resistance of the propeller made of AISI 1045 was improved through surface
treatment. However, the propeller without surface treatment showed a decrease in weight
of approximately 0.58% (22.5 g) and 0.28% (10.7 g) in the high and low-speed conditions,
respectively, for 100 h of sailing. The high-speed condition showed approximately twice the
weight loss compared to the low-speed condition. This is because, as shown in Equation (4),
the number of cavitations (σn) decreased as the rotational speed of the propeller increased,
and the lower this value, the higher the possibility of cavitation [38].

σn =
P − Pv

0.5ρ(nD)2 (4)

where P is static pressure, Pv is vapor pressure, ρ is liquid density, n denotes rotational
speed, and D represents diameter. When the static pressure is assumed by PA + ρgh,
where PA is atmospheric pressure and h is propeller shaft immersion [39], the cavitation
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number was estimated at 1.95 for low speed and 0.5 for high speed in the propeller local
radius of 0.7.
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Figure 3. Weight loss as a function of sailing time for the untreated and treated propellers at high-
and low-speed conditions.

Figure 4 illustrates the weight loss measured every 10 h in terms of the rate of change
per unit of time. Since the treated propeller showed no weight loss, only the untreated
propeller is presented in the figure. According to [40], cavitation erosion characteristics are
classified into four periods: incubation, acceleration, deceleration, and steady state. Similar
trends were observed in low-speed condition. The incubation period refers to the period
with minimal weight change, which is related to the indentation of the material due to the
collapse energy [21]. From Figure 4, it is considered that this period occurred prior to the
10 h mark. After this period, when the erosion pits began to overlap, the acceleration period
showed a rapid increase in weight loss [21]. Up to the end of the acceleration period (that
is, up to 20 h), the rotational speed of the propeller was not affected. In the deceleration
period, the rate of weight loss began to reduce because, due to a change in the surface
geometry from overlapping pits, the fluid filled the pits and dampened the cavitation
impact [40]. The damping effect caused the cavitation curve to enter the deceleration
period under both rotational speed conditions, but the effect was more prominent in the
low-speed condition. As the rotational speed of the propeller increases, the centrifugal
force increases, resulting in a reduction of the volume of fluid that causes the damping
effect in the pits. After the deceleration period, the low-speed condition entered the steady
state and remained in this state relatively well, whereas the high-speed condition repeated
the increase/decrease after a temporary period of steady state and eventually (after 80 h)
showed a larger value of erosion rate than that originally shown in the acceleration period.
Unlike in the low-speed condition, where the distribution of cavitation erosion pits was
concentrated on the trailing edge side, as shown in Figure 2, the high-speed condition
showed the erosion pits distributed across the area of the blade, as shown in Figure 5 which
shows the PT images before and after sailing. This is because the threshold leading to
weight loss differs depending on the blade region. The weight loss during the first 40 h was
similar for the two speeds, resulting from the similar erosion pits near the trailing edge.
After 40 h, the damping effect due to water filling in the pits resulted in a steady rate of
weight loss in the low-speed condition. However, in the high-speed condition, the trend of
rate of weight loss could have been affected by two possibilities: the formation of a new
erosion region and the increased erosion in the existing pits despite the damping effect. We
consider that the formation of a new erosion region is the reason for the repetition during
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40–70 h. The impact of the weight loss of the erosion pits on the leading-edge side appeared
relatively later in the experiment; therefore, it is considered that a second cycle occurred. In
other words, the threshold value would be larger on the leading-edge side, considering that
the pit distribution on the leading-edge side is mainly observed in high-speed condition.
After 70 h, the trend of rate of weight loss could have resulted from the increased erosion
in the existing pits. The relative amount of erosion pits in each blade region is described in
detail in Section 3.2.
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Figure 4. Rate of weight loss as a function of sailing time for the untreated propellers at high- and
low-speed conditions.
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Figure 5. Photo from the liquid penetrant testing of the untreated propeller blade: (left) the suc-
tion side before sea trial and (right) one of the suction side blades after 100 h of sea trial with
high-speed condition.

3.2. Erosion Pit Detection

As described in Section 2.2.3, since the PT image has a uniform background color and
facilitates the identification of pits, a quantitative comparison of the pits in each blade area
according to rotational speed was performed through color imaging detection, as shown
in Figure 6. Figure 6 is a grayscale image, a result of the color edge detection, and it has a
resolution (i.e., matrix of size, M × N) the same as that of the PT image. The value with
grayscale means a gradient of RGB in the mask of Sobel (3 × 3), and the stronger pigment
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(closer to black) indicates the increased presence of cavitation erosion. R denotes the radius
of the propeller. A more precise relative comparison is possible with the processed image
compared to the original photograph, and the area with the largest pit depth (indicated by
the red circle in Figure 6) can be identified.
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Figure 6. Images from the color edge detection for the PT photo after 100 h of sailing: (a) for high-
speed condition and (b) for low-speed condition.

For a more quantitative comparison, Figure 7 shows the difference of the values
averaging with a matrix of size 125 × 30 between the images with low- and high-speed
conditions, i.e., the size of the x direction is the original matrix size M divided by 30, and
that of the y direction is the original matrix size N divided by 125 as shown in the box in
Figure 6. Each graph in Figure 7 represents for the local region of the propeller in the radial
direction from 0.4R to R, and the y-axis represents the difference in grayscale values of
low- and high-speed conditions. The x-axis represents the blade position in the horizontal
direction, and X1–X3 are the same as the positions in the x-direction indicated in Figure 6.
The 0 level refers to the same pit concentration in the same region between images with low-
and high-speed conditions. A red area greater than 0 indicates that the pit concentration
of the high-speed condition is large, and a blue area less than 0 indicates that it of the
low-speed condition is large.
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Figure 7. Comparison of grayscale values for each area within the blade according to the rotation
speed condition: red is high speed, and blue is low speed.
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As predicted in Section 3.1, in the high-speed condition, the erosion pits are more
concentrated before X3 than in the low-speed condition. In particular, in the region between
X2 and X3 of Figure 6, although the two conditions appear to show similar results, it
can be seen in Figure 7 that the pit area of the high-speed condition is larger. After
X3 (trailing-edge side), the distribution of erosion pits was concentrated in the low-speed
condition. Figure 8 presents the variation in the radial direction obtained by normalizing
the grayscale average value with the largest value, an average value in the 0.8–0.85R region
at the low-speed condition, in the region of each radius. In all regions of radial direction
except 0.75–0.9R, more erosion pits were detected at the high-speed condition. It can also
be seen that the value of the tip side was larger than that of the hub side of the propeller in
both conditions.
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Figure 8. Changes in erosion pit concentration in the radial direction of the propeller.

4. Conclusions

In this study, cavitation characteristics of small ship propellers were investigated with
different rotational speed conditions through a demonstration test with sea trials in the
coastal waters of South Korea. As a result of sailing for 100 h at each propeller rotation
condition of 720 and 1440 rpm using a small boat equipped with twin outboard motors,
the propeller made of AISI 1045 showed twice as much weight loss in the high-speed
condition as that in the low-speed condition. This indicates that the cavitation erosion
increased with an increase in the rotational speed of the propeller. As a result of comparing
the trend based on the values of the propeller weight change measured every 10 h of
sailing, four periods, i.e., incubation, acceleration, deceleration, and a steady state, were
observed in a single cycle at the low-speed condition as reported in previous studies. At the
high-speed condition, after the deceleration period, there was a repetition of acceleration
and deceleration, and then the acceleration section appeared again. It is considered that
depending on the position in the blade, both the cavitation impact and the threshold value
leading to weight loss are different.

In the photo obtained from PT and the images obtained from color edge detection,
it can be seen that in the low-speed condition, erosion pits were mainly observed on the
trailing edge side, whereas in the high-speed condition, erosion pits were distributed
across the blade area. As a result of performing color edge detection, a comparison of
the erosion pits under high-speed and low-speed conditions was possible according to
different positions in the blade. With reference to the 3/4 point in the horizontal direction,
the concentration of pits in the low-speed condition increased toward the trailing edge, and
the concentration of pits in the high-speed condition increased toward the leading edge. In
addition, similar trends were observed in the radial direction in both conditions, and the
largest concentration of pits was detected in the region of 0.7–0.9R.
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