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Abstract: When we tested the water jet propulsion pump, we found that there were significant
vibrations in the pump, especially at small flow points that deviated from the design conditions. The
water jet propulsion pump is a mixed-flow pump with guide vane, which is commonly employed for
water jet propulsion. However, the guide vane mixed-flow pump is susceptible to a phenomenon
known as “hump”, which can cause flow disturbances, increased vibration, and noise when the
pump operates within the hump region. According to the vibration phenomenon found in our
experiment, the mechanism of vibration needs to be revealed. This study focuses on vorticity
and turbulence distributions of a mixed flow water jet propulsion pump under the valley and peak
operating conditions of the hump region. The research is conducted using experimental and numerical
simulation methods. The SST k-w turbulence model is employed for turbulence calculations. The
experiments are conducted on a closed test rig for axial (mixed) flow pumps. A comparison of
experimental and numerical simulation results of hydraulic performance curves are conducted to
validate the accuracy of the numerical simulation. Cavitation flow structures of the critical cavitation
stage under valley conditions and under peak conditions are compared. A comparative analysis
is conducted to examine the differences in internal vortex core distribution and turbulence kinetic
energy distribution between the valley and peak operating conditions when working within the hump
region. The pressure and velocity vectors of the pump impeller blades and the velocity streamline
distribution between the impeller and the guide vane blades are compared. To further analyze the
flow state in different flow channels under valley and peak conditions, the streamline distribution at
Span = 0.5 in the impeller and diffuser basin is extracted. This study provides theoretical foundations
and technical support for the design of high-performance, low-vibration water jet propulsion pumps.

Keywords: water jet propulsion pump; cavitation; velocity; vorticity; turbulence kinetic energy

1. Introduction

A water jet propulsion pump is a type of pump used to generate propulsion for
watercrafts. It works by drawing in water and then expelling it at a high velocity through
a nozzle, creating a powerful jet that propels the vessel forward. This technology is
commonly used in boats and ships, particularly in applications where high maneuverability
and shallow-water operations are required. Water jet propulsion pumps have issues like
lower efficiency compared to propeller-based systems, cavitation which can damage the
impeller, high maintenance requirements, noise and vibrations, and reduced efficiency
at high speeds [1]. Despite these issues, water jet propulsion pumps offer advantages in
certain applications, such as increased maneuverability in shallow waters and a reduced
risk of damage from submerged objects. Advances in design and technology continue to
address the challenges associated with their operation.

As a rotating machine, the water jet propulsion pump has a very complex flow, and
the flow in the flow channel between the blades is symmetrical in design. However, in
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practice, the flow in the flow channel between the blades is asymmetrical, especially the
hump region operation condition.

Unlike the development of propeller propulsion that dates to the 19th century, water
jet propulsion has emerged as a distinct propulsion method in the past 40 years. It utilizes
the reactive force of the water jet expelled by the propulsion pump to propel the vessel
forward. Compared to conventional propeller propulsion, water jet propulsion offers ad-
vantages such as low noise, excellent cavitation resistance, good maneuverability, and high
propulsion efficiency at high speeds [2]. As a result, it has found increasingly widespread
application in high-performance vessels. The water jet propulsion pump is responsible
for the energy conversion function of the water jet propulsion system and is considered
the core component of the system. Due to installation and layout constraints, axial-flow
pumps or guide-vane mixed-flow pumps are commonly selected for water jet propulsion
pumps [3-6]. However, high-specific-speed mixed-flow pumps and axial-flow pumps tend
to exhibit humps or even double humps in their flow-head characteristic curves. When
the pump operates within the hump region, flow disturbances, increased vibration, and
noise may occur throughout the pump and the entire system. During the variable-speed
navigation of the vessel, the water jet propulsion pump needs to undergo corresponding
speed changes. However, the pump may enter the hump region during speed variation,
which is detrimental to the efficient and low-noise operation of the vessel, affecting the
comfort of the crew and the stealth of military vessels, and even causing damage to the
propulsion system.

The abnormal phenomenon of a turning point on the pump head flow (flow coefficient
Onp and energy coefficient E,p) curve, as shown in Figure 1, is referred to as the pump
hump phenomenon. The region where the hump phenomenon occurs is known as the
hump region or saddle region, according to some scholars. Currently, scholars worldwide
generally agree that the hump phenomenon originates from changes in the flow state
within the pump. However, there are two main viewpoints regarding the direct cause of
the hump phenomenon. One viewpoint suggests that the changes in the flow state within
the pump result in non-monotonic variations in hydraulic losses, leading to the occurrence
of the hump phenomenon. The other viewpoint proposes that the changes in the flow state
within the pump cause variations in the impeller’s functional capacity, resulting in the
hump phenomenon.

EnD

Hump Region

Design Condition

QnD

Figure 1. Diagram of pump performance curve hump phenomenon.

For centrifugal pumps, the stability of their performance is related to the rising slope
of the flow-head curve [7]. The larger the absolute value of this slope, the more stable
the actual performance curve. When the pump is working within the hump region, the
amplitude of low-frequency signal increases as a result of this [8]. Liu Yong [9] attributed
the hump phenomenon in centrifugal pumps primarily to the reduction in impeller’s
functional capacity due to rotational stall, followed by the increased asymmetry of the flow
and turbulence intensity within the volute, resulting in increased hydraulic losses. The
theoretical head-flow curve of centrifugal pumps is more prone to exhibit humps, and the
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selection of an appropriate blade outlet angle and blade profile curvature helps to address
the hump problem in pumps [10-12].

Regarding mixed-flow pumps, Li Wei [13] and Li Enda [14] believe that the hump
phenomenon in guide-vane mixed-flow water jet propulsion pumps is the result of a com-
bination of factors such as rotational stall, leading edge flow separation, and trailing edge
backflow. Weixiang Ye [15] identified a significant increase in energy losses in the impeller
of mixed-flow pumps as the primary cause of the hump phenomenon, with a notable
decrease in blade loading near the leading edge, ultimately resulting in reduced head.

For mixed-flow water pump turbines, Li Qifei [16] proposed that as the flow rate
decreases, the axial velocity decreases, the incidence angle increases, and flow separation
and the vortex phenomena occur on the suction surface, resulting in a blockage in the flow
passage, increased energy losses, and reduced head. This leads to the formation of a valley
point on the flow-head curve, ultimately resulting in the hump phenomenon. Yang Jun, G.
Pavesi, Uros Jese, O. Braun, and others [17-21] attributed the hump phenomenon in pump-
turbines under pump operation to the influence of the dynamic-stator interaction on the
flow structure and pressure pulsation inside the runner outlet and adjustable guide vanes.

Liu Yong [22] proposed a new method based on the second-order derivative of external
characteristics to characterize the energy coefficient. By quantitatively expressing the
working capacity of the runner and the hydraulic losses of various hydraulic components,
the key factors triggering the hump phenomenon can be determined. It suggests that
the direct cause of the hump formation is the non-monotonic decrease in the runner’s
functional capacity, where the blockage and pressure increase effect of the stalled vortex in
the movable guide vanes affect the runner’s functional capacity, thereby inducing the hump
phenomenon. Li Deyou and Chen Jinxia [23,24] suggested that the humps near the optimal
operating conditions are mainly due to increased hydraulic losses, while the humps away
from the optimal operating conditions are attributed to the decrease in Euler’s energy and
the increase in hydraulic losses. The hysteresis effect of the hump phenomenon is caused
by the different hydraulic losses and Euler’s energy in the directions of the decreasing and
increasing flow rates, with hydraulic losses playing a dominant role.

In summary, many scholars have conducted extensive research on various types
of pumps such as centrifugal pumps, mixed-flow pumps, axial-flow pumps, and pump
turbines to understand the causes of the hump phenomenon. However, different viewpoints
have emerged regarding the different types of pumps, and there is no consensus on the
cause of the hump. Furthermore, there is relatively limited research on the mixed-flow
water jet propulsion pump with the diffuser.

The current research on the complex flow structure of the water jet pump mainly
includes several directions such as flow in the hump region, non-uniform inflow conditions,
cavitation flow, and transient start-stop conditions, and has made many progresses. How-
ever, there are few studies on vorticity and cavitation flow in the hump region. In this paper,
based on the hump phenomenon found in the experiments, the inner flow distribution and
cavitation flow structure in the hump region of the water jet propulsion pump is studied
and analyzed.

2. Experimental Model and Test Platform
2.1. Experimental Pump Structure and Parameters

In this experiment, a mixed-flow pump with a contraction vane is selected as the
research object. The model pump’s main parameters are shown in Table 1. The hydraulic
components of the model pump include the suction pipe, impeller, diffuser, pump shaft,
and out pipe, as shown in Figure 2.
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Table 1. Design parameters of the experimental pump.

Parameter Value
Maximum design rotating speed 1500 r/min
Flow rate under maximum design rotating speed 1660 m3/h
Head under maximum design rotating speed >17m
Impeller inlet diameter 250 mm
Impeller blade number 6
Diffuser blade number 11
Diffuser outlet diameter 183 mm
Impeller blade inlet angle 31°
Impeller blade outlet angle 44°
Blade tip clearance 1 mm
Suction pipe Impeller Diffuser ~ Out pipe

! T

Figure 2. The hydraulic components.

2.2. Test Platform and Method
2.2.1. Experimental Testing Method and Apparatus

The experiments were conducted on the closed test bench for axial or mixed flow
pumps at National Research Center of Pumps in Jiangsu University. The test focused
on hydraulic performance, cavitation performance, and the high-speed photography of
the model pump. Experimental data acquisition was performed using the pump product
testing system. The measured accuracy of the system was 0.2% for power, 0.02% for flow
rate, and 0.02% for pressure measurement.

2.2.2. Experimental Principles and Methods

The hydraulic performance test of the model pump was conducted according to the
national standard GB/T 3216-2016 [25]. The cavitation performance test was conducted
according to the national standard GB/T 13006-2013 [26]. Pressure measurements were
performed using pressure transmitters that convert pressure signals into current signals,
which were then transmitted to the pump parameter measurement instrument.

A 3D model of experimental pump is shown in Figure 3a. Prior to starting the
experiment, the test pipeline was connected according to Figure 3b. The impeller was
made of a copper alloy. The diffuser was made of stainless steel. The torque meter was
zero-calibrated under no-load conditions before filling the pipeline with water to eliminate
mechanical losses caused by bearings and sealing components. As the test pump is a
mixed-flow pump, it is started by opening the valve. The direct current variable frequency
motor was adjusted to the test speed, and once the operation stabilized, the valve opening
was adjusted to control the flow rate. Data were collected to complete the hydraulic
performance test.
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Suction pipe Impeller Out pipe Diffuser tube  Coupling Electric motor

Diffuser

Impeller transparent shell Elbow torque meter |
(@ (b)

Figure 3. Experimental loop and the model pump. (a) 3D model of experimental pump; (b) experi-

mental loop.

3. Numerical Simulation Method
3.1. Grid Generation

TurboGrid was used to generate hexahedral structured grids for the impeller and
diffuser domain. Long straight pipe sections were added at the inlet of the impeller and the
outlet of the diffuser. ICEM CFD was used for the hexahedral structured grid generation.
The computational grids for hydraulic components are shown in Figure 4.

Figure 4. Computational grid of hydraulic components.

3.2. Calculation Setting
3.2.1. Governing Equations

The commercial software ANSYS CFX 2021 R1 was used for the hydraulic performance
calculations of the model pump. The liquid phase was assumed to be water at 25 °C, and
the default material properties from the software’s database were used. The SST k-w
turbulence model was employed for turbulence calculations.

In the numerical simulation process of this paper, the fluid medium was incompress-
ible viscous water. Because the temperature of the pump in the working process was almost
unchanged, the calculation ignored the influence of heat transfer and heat exchange, and
the control equation is expressed as follows:

(1) Continuity equation
The mathematical expression in a Cartesian coordinate system is as follows:

dp  9pu) | 9(pv) | A(pw) _
aFt o T dy +=5 =0 @)
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where t is time, s; u is the velocity component of the fluid in the x direction, m/s; v is the
velocity component of the fluid in the y direction, m/s; and w is the velocity component of
the fluid in the z direction, m/s.

(2) Momentum conservation equation

The mathematical expression for the momentum conservation equation is as follows:

p(B ot rofyrult) = —Fen(Fe+ T o) on @
o3 +udt +ody +oft) = 54 p(TE+ 5+ arzy) ey ©
o3 rugp roly ol) = F (B %) vor @

where y is the dynamic viscosity; Txx, Txy, and Tz, are the components of the viscous force
T acting on the surface of the micro-unit; and Fy, F,, and F; are the components of the
volume force in three directions.

(3) Turbulence model functions

In 1994, Menter proposed the SST model [27-29]. The SST model is accurate when
calculating viscous flow in the near-wall region and when calculating far-field free flow,
and in the mixed region, the two models are combined by a weighted function F;. The
functions are as follows:

- [llk
or= max(ajw, SF) ©)
ok ok e]
at+ ]ax a] (v+c7kvt)a] + G — Bkw (6)
%‘;’+uj§x —ﬁ{v+awvta }+ LGy — pw? )
+2(1-F )awﬁafaﬂ
F; = tanh(arg]) 8)
arg, = min [ max vk 5000 4pk 9)
B Pwy’ y*w )’ CDyyouwry?
1 0k dw _10
CDy,, = max <2p P ax] ax] ,1.0 x 10 ) (10)
arg, = max 2/\/E , 5(;00 (11)
Pwy yew
F, = tanh(arg?) (12)

where y is the distance to the nearest wall, and v is the kinematic viscosity. Furthermore,
where v =5/9, B/ =0.09, = 0.075, 0y, = 0.5, 0, = 0.5, and 0,» = 0.856. Gy is the term
representing the generation of turbulent kinetic energy k. For free shear flow with un-
suitable assumptions, F; is used to constrain the limit number of wall layers, and F; is a
mixture function similar to Fj, which restricts the limiter to the wall boundary layer, as the
underlying assumptions are not correct for free shear flows. S is an invariant measure of
the strain rate.

3.2.2. Turbulence Model

It is very important to select the appropriate turbulence model for numerical calcu-
lations. In order to obtain the energy characteristic curve, which is more similar to the
experimental curve, four different turbulence models, namely the standard k-¢ model, RNG
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k-e model, standard k-w model, and SST k-w model, which are commonly used in practical
engineering, were selected for the comparison of the preliminary numerical simulations.

In the direction of increasing flow, five flow conditions, Qnp = 0.0063, Qnp = 0.0087,
Onp =0.0122, Qyp = 0.0151, and Qnp = 0.0181 (corresponding to 0.32Q4, 0.44Q4, 0.62Qy,
0.76Qq, and 0.92Q), respectively) are selected for the numerical simulation and experimen-
tal verification. In the numerical calculation, only the turbulence model is different, and
the other settings are consistent.

The head, torque, and efficiency data obtained by the numerical calculation of dif-
ferent turbulence models were dimensionless and transformed according to International
Standard Committee (IEC) standards, and the results are shown in Figure 5. From the
figure, it can be seen that the selected four turbulence models had basically the same change
trend under the four flow conditions. The overall deviation of the k-w model was small,
and the deviation of the RNG k-¢ model was large. However, only the SST k-« model
shows the same downward trend as the experimental energy coefficient E,,p under the flow
condition of Qnp = 0.0181, although the decline was small. The SST k-w model was deemed
suitable for the water jet propulsion pump as it exhibited significant flow separation and
backflow in the hump region under low flow conditions. Therefore, after comprehensive
consideration, the SST k-w model was adopted for numerical calculation in this paper.

1.4x107 — - - - - - - - -
N ——Exp 2.6><10_4 B —=—Exp h
1.3x107 | —— ke i 4 —— ke
. —+—RNG k¢ 2.4x107F —+—RNG k¢ 1
— 1.2x107 | —v— k-0 1 - 4l —v— k-0 ]
e ) ——SST ko 2 2210 ——SST k-0
~ 11><10 B T ~ 2_0)(10'4- m
1.0x107 1 1.8x10™*} 1
9_0><10'4 1 L L 1 1 -4 L L ! 1 L
0.0063 0.0087 0.0122 0.0151 0.0181 1.6x10 0.0063 0.0087 0.0122 0.0151 0.0181
Qn [_] QnD [-]
(a) (b)
0.8 T T T T .
0.7} E
06} i
05} .
04

0.0063 0.0087 0.0122 0.0151 0.0181
QnD [']
()

Figure 5. Comparison of CFD results with different turbulence models and experiment. (a) Energy
efficiency; (b) torque coefficient; (c) efficiency.

3.2.3. Boundary Conditions

The fluid domain of the impeller was defined as a rotating domain. The other
fluid domains were set as stationary domains. The rotation was set as 750 r/min. The
reference pressure was set as 0 Pa. The inlet boundary condition was set as the total
pressure. The outlet boundary condition is set as mass flow rate, which is related to the
operating condition.

For the wall boundary conditions, a no-slip wall condition was applied. The impeller
blades, impeller hub, diversion cap, and shaft were defined as rotating walls, with the
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rotational speed matching the impeller speed. The impeller shroud was defined as a reverse
rotating wall, while the remaining walls were set as stationary walls.

The interface between rotating and stationary components was defined as a frozen
rotor interface. The advection scheme option was set to high resolution. The difference
scheme was selected as first order upwind. The maximum number of iteration steps was
1000 steps. The convergence criterion was set as 10~# for residual values. We selected the
results of the calculating step whose convergence residual was reach to 10~ for analysis.

3.3. Grid Independence Verification

To ensure grid independence, five sets of grid schemes were generated by adjusting
the grid density while maintaining the topology and the first layer height near the walls.
The number of grid cells for each component and the corresponding calculation results are
shown in Figure 6. In the figure, the abscissa shows the five schemes, the left vertical coor-
dinate shows the number of meshes of different hydraulic components of each scheme, and
the right coordinates are the energy coefficient E,,p, torque coefficient T,p, and efficiency
1. From the figure, it can be observed that as the grid was refined, the energy coefficient
Enp, torque coefficient Ty,p, and efficiency # tended to stabilize. Scheme 4 and Scheme 5
yielded nearly identical results. However, to capture the finer flow field structures as
much as possible, Scheme 5 was chosen for the final calculation. It consisted of a total of
12.54 million cells, with 1.74 million cells for the inlet pipe, 4.09 million cells for the impeller,
5.42 million cells for the diffuser, and 1.29 million cells for the outlet pipe.

700 12x10°  28x10° 09
] - T — - o ° o
M - L 0S8
6004 a———12 ] i A | e F2axao?
=< 1 342 - 0.7
= 500, | - F2.0x10"
Z -[:]S“C‘ion —_—LEb - 8.0x10" I L 0.6
S P 409 i
2 400 4 =] mpeller ——7, |t — Frexi0—= [os
=2 Diffuser | oy | = -
- ] Out Pipe —_—— 6.0x10° 9 c =
S 300 - ut —1p o |1 ox104 |04
5]
£ ] - 4.0x10" | L 03
= 200 - 8.0x107
= 1 133 129 L - 0.2
10° - 2.0x10" 5
00 - 2 L 4 os
1 y 57 64 ” " 1.0x10 L o1
112636 25 3
L L l—‘_l—l'—7|
0 '_‘_]rL T T 0.0 0.0 L 0.0
1 2 3 5

Scheme

Figure 6. Composition of grid numbers for different schemes and its computational results.

4. Results and Analysis

To enhance the universality of the experimental and numerical results, the flow rate Q,
head H, and impeller torque T data obtained from the experiments and simulations were
made non-dimensional according to the International Electrotechnical Commission (IEC)
standards using the following equations:

Qnp = - (13)
H

Enp = 35 (14)

Thp = an% (15)

In the equations, the flow coefficient Qnp, energy coefficient E,,p, and torque coefficient
Thp are all dimensionless. The flow rate Q is in m3/s; rotational speed n is in rev/min;
impeller nominal diameter D is in m; head H is in m; gravitational acceleration g is in m/s?;
density p is in kg/m3; and torque T is in N-m.
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4.1. Comparison of Experimental and Numerical Simulation Results of Hydraulic
Performance Curves

The numerical simulation results are non-dimensional and compared with the ex-
perimental data to validate the accuracy of the numerical simulation. The comparative
results are shown in Figure 7. The abscissa shows the flow coefficient Qp, the left vertical
coordinate shows the energy coefficient E,p, and the right vertical coordinates represent
the torque coefficient Tj,p and efficiency 7.

—=— 750 rev/min-exp-E,, —*— 750 rev/min-exp-7,, —*— 750 rev/min-exp-y
----- o= 750 rev/min-CFD-E_ -~ 750 rev/min-CFD-T, ;¢ 750 rev/min-CFD-z

2.1x10° P17 T T T T 2.7%10* - 100
Lox10® F o T 4xi0t 90
1.7x10° | OO0 1 2.1<0% 80
1.5x103 | A o o, T

T 13%10° - 7 o Jisaot =] ® S

3 s [ ' L 2702

W 1L1x107 oo 12x100 5] 0 F
9.0x10™ - DI‘D“D.‘D 19.0x10° 14
7.0x10* | "‘u‘__u 7604107 199
5.0x10% | 4304107 10
3‘O><10'4 I | s | s | s | s | s | s | s | s | s | |- 0.0 _- 0

0.000 0.003 0.006 0.009 0.012 0.015 0.018 0.021 0.024 0.027

O [-]

Figure 7. Comparison of experimental and numerical simulation results of hydraulic performance
curves.

From Figure 7, it can be observed that when the flow coefficient Q;p is less than 0.004,
the energy coefficient E,p obtained from the numerical simulation shows a significant
deviation. However, for the remaining flow conditions, the deviations are relatively small,
and there is a high degree of overlap in the hump region. The trend of the torque coefficient
obtained from the numerical simulation is consistent with that obtained from the exper-
iments. Additionally, the efficiency obtained from the numerical simulation is generally
comparable to the experimental efficiency.

4.2. Cavitation Flow Structure of Water Jet Propulsion Pump under Hump—Peak—Valley Condition

The main difference between the cavitation flow of the model pump under the valley
and peak conditions is that the tip leakage vortex obviously exists under the peak condition.
The tip leakage vortex is usually caused by the pressure difference between the pressure
surface and the suction surface, and the tip leakage vortex under the peak condition mainly
exists in the tip front end. At the same cavitation development stage, the cavitation size in
the pump under the peak condition is slightly larger than that under the valley condition.

The i-SPEED 3 high-speed camera from the British brand IX Cameras was used to
capture the position and morphological evolution of cavitation inside impellers.

In order to observe the cavitation flow pattern of the water jet propulsion pump
impeller, the impeller casing was made of organic glass material. To reduce image distortion
caused by light refraction, the impeller casing was designed with an inner circular and outer
square shape. During the shooting, the camera should be adjusted to be perpendicular to
the shooting area, i.e., the camera’s vertical axis is perpendicular to the impeller’s axial
plane. For ease of arrangement and adjustment, both should be placed at the same height,
i.e., the impeller’s axial line and the camera’s axis line should be on the same horizontal
plane, and the camera should be shooting from the side. The layout scheme of the test
bench is shown in Figure 3.

According to the lighting conditions of the test site and the requirement for image
clarity, combined with the functional parameters of the i-SPEED 3 high-speed camera, the
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shooting frame rate of the high-speed camera for this experiment was finally determined
to be 2000 fps, corresponding to an image resolution of 1280 x 1024.

The shooting angle « for capturing the cavitation flow of the test pump, with the
impeller rotating speed n and shooting frequency f, was calculated as

n x 360/60
f
where « represents the impeller rotation angle (°), and n represents the impeller rotating
speed (r/min). In this experiment, only the cavitation flow structure at a test speed of
1200 r/min is captured. The high-speed camera had a frame rate of 2000 fps, which means
that a photo was taken every 3.6° of impeller rotation.

As shown in Figure 8a, in the critical cavitation stage of the near-valley condition,
there are mainly vortex cavitation, cloud cavitation, vertical cavitation vortex, and other
cavitation forms in the flow channel. LE and TE are the leading edge and trailing edge.
SS is the suction surface and PS is the pressure surface. Cloud cavitation occurs at the
suction side of the impeller blade near the leading edge. As the impeller rotates, grows,
and gradually falls off, the shedding cloud cavitation gradually shifts downstream and is
accompanied by the rotation of the cavitation vortex. The size of the hole between different
flow channels is different. In the two adjacent channels, one channel is almost completely
blocked by the hole, and the other channel is blocked by about 1/3 in the circumferential
direction. At this time, the head of the test pump under this flow condition is about 3%
lower than that under the initial condition. As shown in Figure 8b, in the critical cavitation
stage of the near-peak conditions, there are mainly vortex cavitation, tip leakage vortex,
cloud cavitation, vertical cavitation vortex, and other cavitation forms in the flow channel.
Cloud cavitation occurs at the position where the suction surface of the impeller blade is
close to the inlet edge. As the impeller rotates, the shedding cloud cavitation gradually
shifts downstream and is accompanied by the rotation of the cavitation vortex. From the
experimental observation, it is found that with the development of cavitation, the cavity
size in the flow channel in the critical cavitation stage increases continuously. However, the
hole size between different channels is still very different. In the two adjacent channels, one
channel is almost completely blocked by holes, and the other channel is about half blocked
in the circumferential direction. At this time, the head of the test pump under this flow
condition is 3% lower than that under the initial condition.

4.3. Entropy Generation Distribution

To investigate the flow loss characteristics of the energy characteristic curve of the
water jet propulsion pump under valley and peak flow conditions, a comparative analysis
is performed using two flow conditions: valley and peak. Table 2 provides the distribution
of entropy generation in different flow regions, where the entropy generation ratio repre-
sents the proportion of entropy generation in a specific fluid domain to the total entropy
generation. From Table 2, it can be observed that compared to the valley flow condition,
the entropy generation values within the inlet pipe and outlet pipe regions increased, while
the entropy generation values within the impeller and diffuser regions decreased, resulting
in a decrease in total entropy generation for the peak flow condition. Under the valley flow
condition, entropy generation mainly occurred within the impeller, diffuser, and outlet pipe
regions, with the diffuser region accounting for the largest proportion at 39.6%. Under the
peak flow condition, entropy generation also predominantly occurred within the impeller,
diffuser, and outlet pipe regions. However, the proportion of entropy generation within the
impeller and diffuser regions decreased, while the proportion within the outlet pipe region
increased and became the largest at 36.3%. In summary, the energy dissipation within
the pump under valley and peak flow conditions mainly originates from the impeller,
diffuser, and outlet pipe regions. Further analyses will be conducted to examine the energy
dissipation components within the impeller, diffuser, and outlet pipe regions.
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Figure 8. Cavitation flow structures of critical cavitation stage under valley and peak conditions.
(a) Valley condition; (b) peak condition.

Table 2. Entropy generation distribution in different flow domains.

Operation Entropy Generation/(W-K—1) Entropy Generation Proportion/%
Condition Suction Pipe Impeller Diffuser Out Pipe Total Suction Pipe Impeller Diffuser Out Pipe
Valley 0.18 2.70 3.05 1.77 7.70 24 35.1 39.6 23.0
Peak 0.27 242 2.12 2.75 7.57 3.6 31.9 28.1 36.3

Tables 3-5 present the composition of different forms of energy dissipation within the
impeller, diffuser, and outlet pipe regions, respectively. From the tables, it can be observed
that for both valley and peak flow conditions, the energy dissipation within the impeller,
diffuser, and outlet pipe regions is primarily attributed to turbulent dissipation, followed
by wall dissipation, while direct dissipation accounts for a very small proportion, not
exceeding 1%. Under the valley flow condition, both the turbulent dissipation entropy
generation value and proportion within the impeller, diffuser, and outlet pipe regions
are higher compared to the peak flow condition. Specifically, within the impeller region,
the proportion of turbulent dissipation entropy generation reaches 84.7%. This may be
due to the larger turbulent structures and intensity within the pump under the valley
flow condition. Under the peak flow condition, both the turbulent dissipation entropy
generation value and proportion within the impeller and diffuser regions decrease, possibly
due to reduced turbulent structures and intensity within the pump. Additionally, due to
increased flow rate and velocity within the pump, the wall dissipation entropy generation
value and proportion increase.
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Table 3. Composition of entropy generation in the impeller flow domain.
Entropy Generation/(W-K—1) Entropy Generation Proportion/%
Operation : .
Condition Direct Turbulent Wall Total Direct Turbulent Wall
Dissipation Dissipation Dissipation Dissipation Dissipation Dissipation
Valley 0.02 2.29 0.40 2.70 0.6 84.7 14.8
Peak 0.02 1.73 0.66 2.42 1.0 71.5 27.5
Table 4. Composition of entropy generation in the diffuser flow domain.
Entropy Generation/(W-K—1) Entropy Generation Proportion/%
Operation : -
Condition Direct Turbulent Wall Total Direct Turbulent Wall
Dissipation Dissipation Dissipation Dissipation Dissipation Dissipation
Valley 0.01 2.31 0.72 3.05 0.5 75.8 23.7
Condition 0.02 1.42 0.69 2.12 0.8 66.7 32.5
Table 5. Composition of entropy generation in the out pipe flow domain.
Entropy Generation/(W-K—1) Entropy Generation Proportion/%
Operation : :
Condition Direct Turbulent Wall Total Direct Turbulent Wall
Dissipation Dissipation Dissipation Dissipation Dissipation Dissipation
Valley 0.01 1.26 0.50 1.77 0.3 71.5 28.2
Peak 0.01 1.65 1.09 2.75 0.4 60.1 39.6

In conclusion, the energy dissipation entropy generation within the pump under valley
and peak flow conditions mainly originates from the impeller, diffuser, and outlet pipe
regions, with turbulent dissipation accounting for the highest proportion. Compared to the
peak flow condition, the valley flow condition exhibits higher values and proportions of
turbulent dissipation entropy generation within the impeller and diffuser regions.

4.4. Vorticity and Turbulence Distributions

The intensity of turbulent dissipation is closely related to the intensity of vortex
structures. The () method [30] is used to extract the internal vortex structures within the
pump under valley and peak flow conditions. Figures 9-11 show the distribution of vortex
cores within the impeller, diffuser, and out pipe, respectively.

From Figure 9, compared to the peak condition, it can be observed that the valley
operating condition exhibits a higher intensity of vortex cores near the hub region within
the impeller. The intensity of the vortex cores near the shroud region in valley condition is
higher. This means that in valley conditions, there is a large amount of energy dissipation
in the impeller, resulting in a decrease in pump performance.

From Figure 10, compared to the peak condition, there are many more small-scale
vortex cores near the diffuser hub region in the valley condition. However, there are
obvious differences in the scale and strength of vortex structures between impeller flow
channels. The scale of vortex structures present in the peak condition is larger.

From Figure 11, compared to the peak flow condition, the size of the vortex in the out
pipeline of the valley condition is larger and more coherent. Under the peak condition,
some large-scale vortices appear broken and reshaped.
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Figure 9. Distribution of vortex cores inside the impeller under valley and peak conditions. (a) Valley
condition; (b) peak condition.

Figure 10. Distribution of vortex cores inside the diffuser under valley and peak conditions. (a) Valley
condition; (b) peak condition.
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Figure 11. Distribution of vortex cores inside the out pipe under valley and peak conditions. (a) Valley

condition; (b) peak condition.

Turbulent kinetic energy (TKE) is a physical quantity that characterizes the turbulent
fluctuation intensity of the fluid, which is related to velocity fluctuation and turbulent
dissipation. Its expression is as follows:



J. Mar. Sci. Eng. 2024, 12, 258 14 of 18

3, 2
k= E(ul )
where u is the average velocity, m/s; and [ is the turbulence intensity. The turbulent kinetic
energy is proportional to the average velocity and turbulence intensity. The larger the value
of turbulent kinetic energy, the more severe the energy dissipation of the fluid.

Figure 12 shows the distribution of turbulent kinetic energy within the pump under
valley and peak flow conditions. The figure is based on a blade-to-blade view at different
circumferential heights (from hub to shroud, Span = 0.1, 0.3, 0.5, 0.7, 0.9) within the impeller
and diffuser. From the figure, it can be observed that the regions with high turbulent kinetic
energy within the impeller region are mainly located near the shroud under both valley
and peak flow conditions. Within the diffuser region, there are regions with high turbulent
kinetic energy at different circumferential heights, but the distribution patterns vary. As
the circumferential height increases, the turbulent kinetic energy at the inlet of the diffuser
increases, while it decreases at the outlet.

Figure 12. Distribution of turbulence kinetic energy inside the pump under valley and peak conditions.
(a) Valley condition; (b) peak condition.

Additionally, under the valley flow condition, there are regions with high turbulent
kinetic energy near the hub within the clearance between the impeller and diffuser. This
indicates a higher turbulent intensity in that region. Overall, under the valley flow condi-
tion, the impeller and diffuser regions exhibit higher turbulent kinetic energy compared to
when under the peak flow condition. The regions with high turbulent kinetic energy align
well with the regions with high entropy production, indicating that the entropy production
within the pump is mainly composed of turbulent dissipation.

4.5. Pressure and Velocity Distributions

From Figure 13, it can be seen that under the valley condition, the streamline of the
pressure surface of the impeller blade is also relatively smooth and uniform overall, and
there is a small local backflow near the leading edge of the blade at the top of the blade.
However, there are flow structures such as flow separation and vortex on the suction
surface with a large spanwise height (as shown in the right block of Figure 13a), and the
flow on different blades is quite different; particularly, the distribution of vortices on the
suction surface on each blade is not uniform. Under the peak condition, the streamlines of
the pressure surface and the suction surface of the impeller blade are relatively smooth and
uniform, and the streamlines of the pressure surface appear to converge from the root to
the trailing edge of the blade tip. The suction surface is close to the leading edge and the
tip of the blade, and there is an obvious low pressure zone. At the same time, the range
of the low pressure zone is not uniform on each blade, and the low pressure zone of one
blade is not obvious.
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Figure 13. Pressure and streamline distribution of impeller blades under valley and peak conditions.
(a) Valley condition; (b) peak condition.

To further analyze the flow state in different flow channels under valley and peak
conditions, the streamline distribution at a height of 0.5 in the impeller and guide vane
basin was extracted (as shown in Figure 14). It can be seen from Figure 14a that there are
large-scale backflow vortices and flow separation in the impeller and diffuser under the
valley condition. The flow distribution in the impeller mainly appears at the trailing edge
of the suction surface, the scale of the vortex structure in the six flow channels is not evenly
distributed, and the vortex structure in each flow channel is quite different. Similarly, the
scale of the vortex structure in the 11 flow channels in the diffuser is not evenly distributed,
and the vortex structure in each flow channel is quite different. The vortex structure scale
on the back of the sixth, eighth and tenth blades of the diffuser is more obvious. The vortex
structure on the back of the eighth blade is particularly special, and there are three groups of
vortices, which disturb each other. The vortex in the diffuser channel, especially the vortex
at the inlet of the diffuser, also has an obvious influence on the flow in the impeller. From
Figure 14b, it can be seen that under the peak condition, the streamlines of the impeller and
the diffuser at the spanwise of 0.5 are smooth and uniform, and the flow is regular. Only a
small backflow vortex appears on the back of the diffuser.

Velocity

|
|
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|
i
|

- N W RO N 0 ©

o

3
L

() (b)

Figure 14. Streamline distribution of inside the pump under valley and peak operating conditions
(Span = 0.5). (a) Valley condition; (b) peak condition.

4.6. Discussion

The flow loss in the pump under valley and peak conditions mainly occurs in the
impeller, diffuser, and outlet pipe basin, but the loss in diffuser basin accounts for the
largest proportion under the valley condition and the largest proportion of outlet pipe
basin under the peak condition. Flow losses in impeller, diffusers and outlet pipe basins
under valley and peak conditions are mainly due to turbulent dissipation losses, followed
by wall dissipation losses. In the valley condition, there is a large-scale reflux vortex and
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flow separation inside the impeller and diffuser. As the spreading height increases, the
reflux vortex and flow separation gradually shift from the diffuser to the impeller. From the
distribution of turbulent kinetic energy, when the pump is running in the hump valley, there
is significant turbulent energy dissipation in the impeller and diffuser flow channel. From
the slight differences, it can be found that there are obvious differences and asymmetries in
the flow channels of different blades, among which the flow asymmetry in the diffusers is
more prominent when Span = 0.1. When Span is in the range of 0.5~0.7, there is a more
obvious flow asymmetry in the impeller, and the turbulence of some flow channels is
stronger, while some are weaker. The correlation between these flow asymmetries and
the vortex structure in the pump, as well as the flow excitation properties they induce,
are complex. Subsequently, attention should be paid to the role of the flow angle and the
leading edge of the blade in the pump under the valley and peak conditions, especially
whether there is a phenomenon such as rotational stall, and whether the mechanism of
flow-induced vibration should be solved from the flow perspective.

5. Conclusions

Here, we summarize the more complex discussion above. We have come to the
following conclusions:

(1) When we tested the water jet propulsion pump, we found significant vibrations in the
pump, especially at small flow points that deviated from the design conditions. The
performance curve of the pump was obtained by experimentation. A pronounced
hump was found. According to the vibration phenomenon found in our experiment,
the mechanism of vibration needs to be revealed.

(2) Compared to the peak flow condition, the valley flow condition exhibits a higher
intensity of vortex cores near the hub region within the impeller. The valley flow
condition also has a greater number of small-scale vortex cores near the hub region
within the diffuser. The intensity of vortex cores near the shroud region is approxi-
mately the same, but the overall intensity is higher. The valley flow condition has a
lower overall intensity of vortex cores within the outlet pipe.

(38) The regions with high turbulent kinetic energy in the impeller region are mainly
located near the shroud under both valley and peak flow conditions. In the diffuser
region, there are regions with high turbulent kinetic energy at different circumferential
heights, but the distribution patterns vary. As the circumferential height increases,
the turbulent kinetic energy at the inlet of the diffuser increases, while it decreases
at the outlet. Additionally, during the valley flow condition, there are regions with
high turbulent kinetic energy near the hub within the clearance between the impeller
and diffuser. This indicates a higher turbulent intensity in that region. Overall, under
the valley flow condition, the impeller and diffuser regions exhibit higher turbulent
kinetic energy compared to when under the peak flow condition.

(4) Comparing with the valley and peak pressure and velocity distributions shows that
in the valley condition, the streamline of the pressure surface of the impeller blade is
relatively smooth and uniform overall, but there are flow separation and vortex flow
structures on the suction surface. The scale of the vortex structure in the channel is
not uniformly distributed. Under the peak condition, the streamlines on the pressure
surface and the suction surface of the impeller blade are relatively smooth and uni-
form, the flow is regular, and only a small backflow vortex appears on the back of
the diffuser.

This research focus on differences of the inner flow of the water jet propulsion pump
under valley and peak operating conditions. Subsequently, it is necessary to further reveal
the interference process between rotating stall and flow in the pump under the hump
condition and the action process with geometric parameters such as blade attach angle.
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