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ABSTRACT

The waterjet propulsor is a new type of marine propulsion system, which offers
the advantages of high speed, good maneuverability, and low vibration and
noise. As the core component of the waterjet propulsor, the primary role of the
waterjet pump is to provide sufficient thrust for the vessel. However, the waterjet
pump is prone to be troubled by the hump phenomenon. As the pump operates
in the hump region, it may encounter issues such as flow interference and
exacerbated vibration and noise, which are closely related to cavitation
phenomenon in the pump. To analyze the evolution of cavitation flow structure
in the waterjet pump when operating in the hump region, this study utilized high-
speed photography to obtain the cavitation flow structure at different cavitation
development stages under the hump peak condition. The cavitation stages
involved include the cavitation inception stage, cavitation development
transition stage, first critical cavitation stage, critical cavitation stage, and
breakdown cavitation stage. During different cavitation development stages
under the hump peak condition, the blade tip region exhibits distinct cloud
cavitation induced by the tip leakage vortex (TLV). As the NPSH decreases, the
frequency of cloud cavitation shedding increases, the scale of the cavitation
cloud at the leading edge of the blade decreases, and the scale of the cavitation
cloud accumulated at the rear of the flow passage increases. This study on the
cavitation flow of the waterjet pump is significant as it contributes to enhancing
the anti-cavitation performance and reducing vibration and noise. It provides
scientific guidance and engineering practice for improving the safety and
stability of waterjet pumps during operation.

1. INTRODUCTION 4

The waterjet pump is the core component of the
waterjet propulsor, undertaking the important function of
converting mechanical energy into fluid kinetic energy.
Limited by the installation and layout conditions of the
carrier, axial flow pumps or mixed flow pumps with
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diffusers are the preferred choice for the waterjet pumps.
However, axial flow pumps and mixed flow pumps with
high specific speeds are prone to exhibiting a hump or
even double humps at the head-flow curve. The unusual
inflection point at the pump head-flow curve, referred to
as the hump phenomenon, is illustrated in Fig. 1. In this

Fig. 1 Schematic diagram of hump phenomenon

paper, the operating condition corresponding to the
minimum point in the hump region of the head-flow curve
is called hump valley condition, and the operating
condition corresponding to the maximum point is called
hump peak condition. In order to adapt to different speeds

of vessels, the waterjet pump needs to adjust the flow rate
and rotation speed, which often results in its long-term
operation under off-design flow conditions. While
operating in the hump region, both the pump and even the
entire system may experience problems such as flow
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disturbance, increased vibration and abnormal noise
(Huang et al., 2022; Wang & Ding, 2022; Yang et al.,
2023).

The academic community generally believes that the
fundamental reason for the formation of hump region is
the alteration in the flow pattern of the pump. Some
scholars (lino & Tanaka, 2004; Li et al., 2016; Ran & Luo,
2018; Ran et al., 2020) suggested a correlation between
the occurrence of the hump and the phenomenon of flow
separation in the impeller and diffuser. Additionally, some
scholars believe that flow separation in the diffuser plays
a more important role in the formation of hump (Cao et al.,
1999; Guedes et al., 2002; Guleren & Pinarbasi, 2004;
Shibata et al., 2016). More directly, there are two
viewpoints that can explain the reason for the hump at the
energy characteristic curve. One interpretation posits that
the alteration in flow pattern contributes to the non-
monotonic variation in hydraulic loss, leading to the
formation of the hump. The other interpretation posits that
the alteration in flow pattern contributes to the variation in
power capability of the impeller, leading to the formation
of the hump.

According to Xiao et al. (2016), the occurrence of the
hump is associated with significant hydraulic loss caused
by secondary flow, backflow, and vortex in the draft tube,
runner, and guide vanes. Li et al. (2017) argue that the
hump characteristics are the result of the combined effect
of the Euler momentum and energy loss. Through the
analysis of entropy generation, it was found that the hump
hysteresis characteristics are attributed to the backflow at
the impeller inlet, as well as the vortex structure in the stay
vanes and guide vanes. According to Ye et al. (2020,
2021), the significant rise of energy loss in the impeller is
the primary reason for the occurrence of hump
characteristics. The flow separation is the main source of
energy loss, which alters the distribution of blade loading,
leading to a sudden drop in head. Liu et al. (2021)
conducted a study on a double-suction centrifugal pump
and found that the primary cause of hump is the reduction
in power capability of the impeller due to diffuser stall.
Additionally, the increase in asymmetrical flow and
turbulence intensity in the volute leads to an increase in
hydraulic loss. Zhao et al. (2022) found that the emergence
of the hump arises from the interaction between the horn-
like vortex and the leading edge backflow in the impeller.
The leading edge backflow decreases the power capability
of the impeller, and the horn-like vortex enhances the
power capability of the impeller.

Cavitation significantly affects both the thrust and
propulsion efficiency of waterjet pumps. The cavitation in
the waterjet pump not only reduces the propulsion
efficiency and axial thrust of the propulsor, but also
increases the vibration and noise during the operation, and
may lead to erosion damage on the surface of hydraulic
components. This affects the operational stability of the
waterjet propulsor and seriously threatens the navigation
safety of waterjet propulsion vessels.

Through  cavitation  visualization  experiment
combined with numerical simulation, Long et al. (2020,
2021a, b, 2023) captured the evolution of cavitation flow

structure in a waterjet pump during different cavitation
development stages, and analyzed the impact of different
cavitation structures on the performance of the waterjet
pump. Huang et al. (2021) conducted a study on the
unsteady cavitation flow in a waterjet pump under the non-
uniform inflow condition, and obtained the interaction
mechanism between cavitation and vortices, as well as
analyzed the pressure fluctuation characteristics caused by
cavitation. Zhao et al. (2021) studied the dynamic
characteristics of blade cavitation under the disturbance
from inlet guide vane wakes in a waterjet pump. It is
pointed out that the influence of inflow distortion on blade
cavitation cannot be ignored, resulting in severe cavitation
oscillation and subsequently impeller vibration.
Arabnejad et al. (2021, 2022) utilized their developed
cavitation erosion numerical assessment method to assess
the potential for erosion of a waterjet pump. Comparison
with experimental results demonstrated that this numerical
method is able to identify regions prone to erosion damage
and capture variations in erosion risk under different
operating conditions.

Numerous scholars have confirmed the existence of a
certain relationship between hump characteristics and
cavitation. Jese et al. (2015) found that cavitation at the
impeller inlet reduces the hump amplitude and increases
the energy loss in the impeller and distributor. Liu et al.
(2015) pointed out that the hump characteristic is sensitive
to cavitation number. As the cavitation number decreases,
the hump of the head-flow curve gradually decreases until
it disappears. Li et al. (2015, 2019, 2021, 2022) conducted
a study on the cavitation phenomenon of a pump-turbine
in the hump region. They found that the formation of the
hump is attributed to the cavitation on the suction side of
the blade close to the leading edge. The cavitation causes
a reduction in the Euler head, a rise in energy loss, and
subsequently a reduction in head. Additionally, they
revealed the mechanism through which cavitation affects
pressure fluctuations in the hump region. The cavitation
significantly affects the low frequency pressure
fluctuation, leading to variations in the hump
characteristic.

To conclude, numerous researchers have extensively
studied different types of pumps for the hump at the head-
flow curve. There remains a lack of agreement regarding
the cause of the hump, and comparatively few studies have
been conducted on the cavitation flow in the hump region.
Studying cavitation phenomenon in the hump region of
waterjet pumps contributes to enhancing the anti-
cavitation performance of waterjet propulsors, thereby
improving the operational safety and stability. In this
paper, a cavitation visualization experiment was
conducted, capturing the flow structure in a waterjet
pump. The cavitation flow structures and their evolution
process during various cavitation development stages
were analyzed under the hump peak condition.

2. CAVITATION EXPERIMENT

2.1 Waterjet Pump Model

For the experiment, the mixed flow waterjet pump
is chosen as the research object. Table 1 shows the main
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Fig. 2 Real hydraulic components of waterjet pump
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Fig. 3 Schematic diagram of closed-type test bench

Table 1 Basic parameters of test pump

Design Parameters Design Value

Flow rate Q (m¥s) 0.46
Head H (m) 11

Rotation speed n (r/min) 1200

Impeller inlet diameter D; (mm) 250
Impeller blade number Z; 6
Diffuser blade number Z, 11
Tip clearance ¢ (mm) 1

design parameters of the model pump. Figure 2 shows the
main hydraulic components.

2.2 Pump Comprehensive Performance Test Bench

The cavitation experiment is conducted on a closed-
circulation experimental system of axial flow pumps and
mixed flow pumps. Figure 3 is the schematic diagram of
the closed-type test bench, including the motor, model
pump, inlet valve, outlet valve, electromagnetic
flowmeter, cavitation tank, vacuum pump and booster
pump. Regarding the test system, the measurement
accuracy of flow, pressure and torque is 0.2 %. The
adjustable-speed motor is set to the test speed, and the flow
rate is regulated to the test condition. After the pump
stabilizes in operation, the vacuum pump is started to
evacuate the cavitation tank, gradually reducing the
pressure at the pump inlet and inducing cavitation in the

pump. The process of the decline of the head curve under
different inlet pressures is recorded. The pump inlet
pressures corresponding to the cavitation inception stage,
cavitation development transition stage, first critical
cavitation stage, critical cavitation stage, and breakdown
cavitation stage are determined based on the head curve.
By controlling the vacuum pump and adjusting the valve,
the inlet pressure is adjusted to the inlet pressure
corresponding to the different cavitation stages of the
current flow condition point. Utilizing a high-speed
camera, the cavitation flow structures under different
cavitation stages are captured.

2.3 High-Speed Photography Collection System

The iX Cameras i-SPEED 3 high-speed camera is
used, with a maximum resolution of 1280x1024 and a
maximum frame rate of 150000 fps. When capturing at the
maximum resolution, the maximum frame rate is 2000 fps,
and when capturing at the maximum frame rate, the
resolution is 60x44. The position and evolution process of
cavitation in the waterjet pump are photographed by this
camera. To capture the cavitation flow structure in the
impeller of the pump, the impeller chamber is made of
plexiglass. To minimize the image distortion resulting
from light refraction, the plexiglass impeller chamber
features a square outside and a circular inside. Before
shooting, adjust the center of the camera lens to the same
height as the horizontal meridional plane of the impeller,
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and align the camera axis perpendicular to the vertical
meridional plane of the impeller. The camera is set to
shoot from the side of the impeller. Figure 4 shows the
layout of the cavitation visualization test bench. The
impeller can be clearly seen through the transparent
impeller chamber with water, which indicates that the
design scheme is reasonable.

The intensity of the light source required for the high-
speed camera depends on the selected frame rate. When
the intensity of natural light is not sufficient to meet the
requirements of the frame rate, external lighting
equipment should be used to provide additional
illumination. Additionally, the image clarity is closely
related to the selection of the frame rate for the camera.
Selecting a frame rate that is too low results in increased
exposure time, causing image blur and loss of flow details
in the pump. Selecting a frame rate that is too high leads
to a shortened duration of captured images, potentially
resulting in incomplete depiction of evolution process and
inability to meet subsequent analysis requirements.
Therefore, selecting the appropriate shooting frame rate is
crucial for achieving optimal image quality. Based on the
lighting condition of the test site and the necessity of
image clarity, along with the function parameters of the
camera, the shooting frame rate in this experiment is
ultimately set at 2000 fps, with a corresponding image
resolution of 1280x1024.

In order to obtain the cavitation flow in the model
pump, if the impeller rotation speed is n and the frame rate
is f, the rotation angle o of the impeller captured in each
frame is:

n*360/60
= 1
=" ®

Where, a is the rotation angle of the impeller, °, and # is
the rotation speed of the impeller, r/min. In this
experiment, the shooting frame rate is 2000 fps, which
means that an image is captured every 3.6° of impeller
rotation.

2.4 Results of Cavitation Experiment

In order to make the experimental results more
universally applicable, the data of flow rate (Q), head (H),
and impeller torque (T) are dimensionless transformed
according to the standards of the International

Figl 4 High-speed photography vsualization experiment system

Electrotechnical Commission (IEC), utilizing the
expressions below:

00707 @)
Ep=45 ®)
Tip= s 4

Where, Qnp, Enp, and Tnp respectively represent the flow
coefficient, energy coefficient, and torque coefficient,
which are dimensionless numbers. Q is flow rate, m%s; n
is rotation speed, r/min; D is the nominal diameter of
impeller, m; g is the acceleration of gravity, m/s%; H is
head, m; T is torque, N-m; p is density, kg/m?.

Figure 5 shows the hydraulic performance curves of
the waterjet pump. Obviously, the energy characteristic
curve exhibits the form of double humps. Since the second
hump region is closer to the design condition of the pump,
this paper only focuses on the second -cavitation
phenomenon in the hump region. Due to the limited
number of flow rate points selected for cavitation
performance testing, the positions of the valley and peak
can only be roughly determined. Based on the variation of
the energy characteristic curve, the flow condition of
Qnp=0.014 is selected as the near-valley condition, and the
flow condition of Q,p=0.016 is selected as the near-peak
condition. This paper only analyzes the cavitation flow
structure and its evolution process under the near-peak
condition.

In the cavitation performance experiment, Net
Positive Suction Head (NPSH) is used as a crucial
parameter to assess the likelihood of cavitation occurring
in a pump. NPSH indicates the amount of head that
exceeds the vapor pressure of the fluid at the inlet of a
pump. The expression for NPSH is as follows:

P % Py

NPSH ﬂg+2g—pg ®)
Where, ps is the pressure at the pump inlet, vs is the
velocity at the pump inlet, and py is the saturated vapor
pressure of the liquid. During the experiment, the NPSH is
gradually reduced until the ratio of the decrease in pump
head to the pump head at a constant flow rate reaches 3%.
The NPSH value at this point is defined as NPSH_..
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Fig. 6 Cavitation performance curve under near-peak condition

Figure 6 shows the cavitation performance curve of
the model pump under the near-peak condition. Points A-
D in the figure represent the condition points
corresponding to different cavitation development stages
at the cavitation performance curve. Although the head of
the test pump remains relatively constant at the initial
condition of the cavitation experiment, significant
cavitation already exists in the pump. Therefore, this
condition is defined as the cavitation inception stage, with
Point A selected as its representative. As the NPSH
decreases, the head starts to decrease slightly, and then the
decrease becomes more pronounced. This condition
corresponds to Point C on the cavitation performance
curve, which is referred to as the first critical cavitation
stage. To more comprehensively demonstrate the
evolution of cavitation flow structure, Point B, located
between Point A and Point C, is defined as the cavitation
development transition stage. When the head decreases by

3%, it approximately corresponds to Point D on the
cavitation performance curve, which is defined as the
critical cavitation stage. As the NPSH continues to
decrease, the decrease in head of the test pump becomes
even greater. At this time, Point E is selected and defined
as the breakdown cavitation stage. As shown in Fig. 7,
based on the various condition points selected from the
cavitation performance curve, the evolution process of
cavitation flow structure in the pump during different
cavitation development stages is presented.

FLow

3. EVOLUTION CAVITATION

STRUCTURE

OF

To fully reveal the space-time evolution process of
cavitation in the hump region, the cavitation flow
structures during different cavitation development stages
under the near-peak condition are analyzed.
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Fig. 7 Evolution of cavitation flow structure in pump under near-peak condition
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Fig. 8 Cavitation flow structure of cavitation inception stage

3.1 Cavitation Inception Stage

Figure 8 illustrates the evolution process of cavitation
flow structure in the waterjet pump during the cavitation
inception stage (Point A at the cavitation performance
curve). From the figure, it can be observed that the
cavitation flow structures in the adjacent flow passages are
similar. There is obvious cloud cavitation induced by the
tip leakage vortex (TLV) in the blade tip region. In the
middle of the blade, periodic shedding of the cavitation
clouds occurs. The shed cavities move in the direction of
the main flow under the influence of the main flow. As the
impeller rotates through 18°, the vortex filament shedding
from the main cavitation region can be observed. The
vortex filament, which is approximately perpendicular to
the blade, is known as the perpendicular cavitation vortex
(PCV), denoted as PCV-A. The shed PCV-A gradually
moves towards the middle of the flow passage. As the
impeller rotates through 36°, PCV-A completely sheds
from the main cavitation region, and a new shed cavitation
cloud, PCV-B, emerges upstream. As the impeller rotates
through 54°, PCV-A rapidly collapses in the flow passage.
Simultaneously, with the development of PCV-B, the
emergence of PCV-C can be observed. As the impeller
continues to rotate, this periodic shedding will persist. As
the impeller rotates through 90°, PCV-B has already

0° 18° 36°

collapsed in the flow passage, and PCV-C has completely
shed from the main cavitation region.

3.2 Cavitation Development Transition Stage

Figure 9 illustrates the evolution process of cavitation
flow structure during the cavitation development
transition stage (Point B at the cavitation performance
curve). Compared to the cavitation inception stage, during
this stage, the cavitation region extends towards the
direction of the main flow, the frequency of cloud
cavitation shedding is higher, the scale of the shed
cavitation clouds is larger, and the cavitation flow
structures in adjacent flow passages are not similar. As the
impeller rotates through 72°, the cavitation region is even
divided into 4 cavitation clouds with distinct boundaries.
As the impeller rotates through 90°, the shed cavitation
clouds are unable to maintain their boundaries and
gradually collapse in the flow passage. Simultaneously, it
can be observed that the wake at the end of the cavitation
region is perpendicular to the blade. During this stage, the
pressure side of the adjacent blade shows limited impact
from the TLV, with no cavities appearing. Consequently,
there is no significant drop in the cavitation performance
curve.

Cloud 3
Cloud 2

Cloud 1

54°

Fig. 9 Cavitation flow structure of cavitation development transition stage
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Fig. 11 Cavitation flow structure of critical cavitation stage

3.3 First Critical Cavitation Stage

Figure 10 illustrates the evolution process of
cavitation flow structure during the first critical cavitation
stage (Point C at the cavitation performance curve).
During this stage, the scale of the cavitation cloud at the
leading edge of the blade has noticeably diminished.
Generally, the cavities shed from the main cavitation
region will rapidly collapse due to the lack of energy
replenishment. However, the shed cavities gradually
accumulate, forming a significant cavitation cloud at the
middle of the blade, designated as Cloud-A (with the
impeller at a 36° rotation angle). As the impeller rotates
through 54°, the cloud cavitation at the leading edge of the
blade almost completely sheds and forms another
cavitation cloud, Cloud-B, with a distinct boundary
downstream. As the impeller continues to rotate, these two
cavitation clouds interfere with each other and gradually
collapse in the middle of the flow passage. As the impeller
rotates through 72°, a small-scale cavitation cloud can be
observed undergoing secondary shedding and moving
towards the adjacent blade. Meanwhile, cavities begin to
reaccumulate at the leading edge of the blade. As the
impeller rotates through 90°, a cavitation cloud of a certain
scale re-forms at the leading edge of the blade.

3.4 Critical Cavitation Stage

Figure 11 illustrates the evolution process of
cavitation flow structure during the critical cavitation
stage (Point D at the cavitation performance curve). As
can be observed from the figure, the cavities caused by
TLV rapidly shed from the leading edge of the blade and
accumulate in the middle to rear section of the flow
passage, forming a large-scale cavitation cloud. As the
impeller rotates, the cavitation cloud rapidly moves
towards the adjacent blade, blocking the entire flow
passage. As the impeller rotates through 72°, flow
separation occurs on the pressure side of the blade due to
the influence of the shed cavitation cloud. As the impeller
rotates through 90°, the shed cavities move towards the tip
clearance of the adjacent blade, causing the tip clearance
cavitation (TCC). During this stage, cavitation in the pump
has become very severe, significantly affecting the
performance of the pump and causing a reduction in the
head by approximately 3%.

3.5 Breakdown Cavitation Stage

Figure 12 illustrates the evolution process of
cavitation flow structure during the breakdown cavitation
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Cloud-B

stage (Point E at the cavitation performance curve). As
shown in the figure, severe cavitation occurs in the
pump,with the cavitation cloud completely blocking the
flow passage and covering the leading edge of the blade.
As the impeller rotates, the blade gradually cuts through
the cavitation cloud. As the impeller rotates through 54°,
the blade completely splits the cavitation cloud into two
parts. The cavitation cloud Cloud-A on the pressure side
directly collapses on the blade surface, causing blade
erosion and inducing vibration and noise. The cavitation
cloud Cloud-B on the suction side moves towards the
pressure side of the adjacent blade, thereby inducing
cavitation on the adjacent blade. During this stage, the
large-scale cavitation cloud has a serious impact on the
flow in the pump, causing secondary flows in the flow
passage and flow separation on the blade surface, leading
to a sharp decline in pump performance.

4., CONCLUSION

Through cavitation visualization experiment, this
study analyzes the cavitation flow structures during
different cavitation development stages under the hump
peak condition of a waterjet pump, and explores the
evolution law of cavitation and its impact on pump
performance. The primary contributions and findings of
this study are as follows:

(1) A comprehensive performance experiment
platform for waterjet pumps was established, obtaining the
hydraulic performance curve and the cavitation
performance curves under the hump peak condition
(Qnp=0.016). Based on variations in head and cavitation
flow structure during the cavitation experiment, different
cavitation development stages of the waterjet pump were
defined, including the cavitation inception stage,
cavitation development transition stage, first critical
cavitation stage, critical cavitation stage, and breakdown
cavitation stage.

(2) During different cavitation development stages
under the hump peak condition, there exists distinct cloud
cavitation in the blade tip region induced by the tip leakage
vortex (TLV). The cloud cavitation exhibits unstable
transient characteristics, with constantly changing scales
and oscillating boundaries. Cavities shed from the rear of
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Fig. 12 Cavitation flow structure of breakdown cavitation stage

the main cavitation region move towards the tip clearance
of the adjacent blade, causing the tip clearance cavitation
(TCC). This has a certain impact on the flow structure in
the pump, leading to a decline in pump performance.
Collapsed cavities on the pressure side result in blade
erosion and lead to vibration and noise.

(3) As the NPSH decreases, the frequency of cloud
cavitation shedding increases, the scale of the cavitation
cloud at the leading edge of the blade decreases, and the
scale of the cavitation cloud accumulated at the rear of the
flow passage increases. During the critical cavitation
stage, the cavitation cloud distributed at the leading edge
of the blade is unable to maintain its boundary and rapidly
sheds in the form of the perpendicular cavitation vortex
(PCV). During the breakdown cavitation stage, a large-
scale cavitation cloud forms in the flow passage, even
blocking the entire flow passage, and is cut by the adjacent
blade as the impeller rotates.
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