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Abstract: To investigate the transient characteristics of high-speed axial flow water-jet pumps during
start-up and emergency acceleration as well as to analyze how different accelerations affect the
performance of internal flow, the k–ω turbulence model of the SST model and Zwart cavitation
model were used to perform unsteady simulation on an impeller rotating at a speed of 1850. The
steady-state numerical simulation method was verified by the experimental data, the numerical
calculation results were basically consistent with the experimental data, the margin of error was
within 5%, and the numerical simulation method was reliable. The results show that there was
an obvious transient effect in the process of variable speed, and the thrust reached a stable state
later than the speed. The buffer times for start-up times of 1 s, 2 s, and 3 s were 0.0394 s, 0.0375 s,
and 0.0282 s, respectively, and the buffer times for the acceleration times of 0.5 s, 1.0 s, and 1.5 s
were 0.0330 s, 0.0273 s, and 0.0230 s, respectively. The greater the acceleration, the more serious
the flow rate and thrust lag behind the speed, and the greater the impact thrust. Under the same
acceleration, the buffer time required in the start-up process was 19.3~22.6% longer than that in the
acceleration process. During the change in speed of the high-speed water-jet pump, the vortex core
area of the suction surface (SS) first appeared on the side of the shroud at the inlet, increased with the
increase in the rotational speed, and developed toward the middle of the impeller. However, after the
flow was stabilized, the vortex core region gradually shrank and eventually disappeared. When the
rotational speed reached 0.6 times the design speed, cavitation occurred at the leading edge (LE) of
the blade, and the cavitation area increased with the increase in the rotational speed. When reaching
the same speed, the greater the acceleration, the more serious the cavitation. Under the design speed,
that is, 6000 r/min, the cavitation volume fraction of the 1 s start-up process was 7.32%, the 2 s
start-up process was 5.84%, the 3 s start-up process was 5.32%, and the 0.5 s acceleration process
was 6.86%. The cavitation volume fraction of the 1 s acceleration process was 5.04%, and that of the
1.5 s acceleration process was 4.23%. Under the same acceleration, the cavitation volume fraction of
the start-up process was 6.7~25% larger than that of the acceleration process. Compared with the
start-up process and acceleration process under the same acceleration, the accelerated process had a
smaller region of vortex core, stronger anti-cavitation ability, and more stable flow than the start-up
process. During the actual operation process of the water-jet pump, it is advisable to use smaller
accelerations and segmented accelerations as much as possible until the design speed is reached. The
research findings serve as a foundation for future investigations into the transient characteristics of
high-speed water-jet pumps operating under variable speed conditions.

Keywords: water-jet pump; variable speed process; cavitation; thrust; transient characteristics

1. Introduction

Compared with the traditional propeller propulsion method [1], water-jet pumps have
high propulsion efficiency, low vibration and noise, good maneuverability, low underwater
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acoustic signal, strong adaptability to changing operating conditions as well as good anti-
cavitation performance when running at high speed, and is widely used in high-speed,
high-performance ships, amphibious vehicles, and other vehicles [2]. In recent years, more
and more people have been involved in the research of water-jet pumps, mainly focusing
on the propulsion performance of water-jet pumps [3–5], cavitation performance [6–8],
optimization analysis [9–11], etc., and considerable progress has been made. However,
during the practical operation of the water-jet pump, the variable speed condition will
cause strong transient performance changes, which will have a negative impact on the
thrust, cavitation performance, internal flow field, pressure pulsation, etc., thus affecting
the stable operation of the ship. Therefore, it is necessary to study the hydrodynamic
characteristics of transient characteristics in the process of variable speed.

There are two main ways to study the start-up transient characteristics of pumps:
experimental research and numerical simulation research. Numerous scholars have con-
ducted experimental research on the start-up state of vane pumps. Lu [12] set up an
experimental bench to measure the cavitation and vibration of the pump at different ac-
celerations during the steady state and rapid start-up state. The findings indicate a strong
correlation between cavitation and vibration. In the rapid start-up process at different
acceleration times, the pump head has two peaks due to flow shock and pump hump,
and short acceleration time leads to cavitation suppression. Duplaa [13] conducted a
rapid start-up experimental study on a centrifugal pump under cavitation conditions and
described the operation characteristics of the centrifugal pump by flow rate, head, and
speed. Yu-Liang Zhang [14] et al. explored the transient hydrodynamic characteristics of
self-priming pumps in fast-start and slow-start states through comparative experimental
research. Yu-Liang Zhang [15] et al. conducted an experimental study on the transient
characteristics of a low-specific speed centrifugal pump during the fast-start process. They
obtained the laws governing the change in speed, flow, and head. They also calculated
additional theoretical heads for quantitative analysis during the start-up process. Dazhuan
Wu [16] et al. constructed a confined experimental bench to investigate the hydrodynamic
traits of a centrifugal pump under transient operation while experiencing cavitation. It was
found that there was a delay in the cavitation of the pump during the fast start-up phase.
Wei Li [17] et al. established an elbow structure equipped with a visual port and utilized
the PIV method to capture the actual flow field of the mixed-flow pump’s inlet section
during the start-up process. The results showed that vortices were present at the impeller
inlet during the initial phase, obstructing the flow passage. Qiao Li [18] et al. conducted
various experiments to investigate diverse centrifugal pump-ball valve coupling methods
to examine the transient characteristics of the start-up phase of the valve system and how
to achieve greater flow acceleration through the valve.

However, the requirements for experimental research are high, and with the continu-
ous upgrading and development of computer hardware computing power and algorithms,
numerical simulation can accurately depict changes in the real flow field [19]. Fu, S [20]
initially confirmed the accuracy of the numerical simulation for the start-up of the axial flow
pump by conducting experiments, and then deeply explored the influence of the transient
flow on the instantaneous pressure of the pump under unregulated conditions. The results
showed that the instantaneous impact head reached a peak of 1.87 times the rated head.
Zheng [21] analyzed the relationship between the strong transient effect and saddle region
during the rapid start-up of the water-jet pump by numerical simulation. The velocity
triangle method was used to analyze the flow dynamics at different openings. The results
showed that the saddle area of the water-jet pump was 0.45 times to 0.65 times the rated
flow. Ren [22] studied a mixed-flow pump with a speed of 1634 r/min to investigate the
influence of different start-up schemes on the flow field and optimize it. Li [23] simulated
the acceleration process of the water-jet pump by numerical simulation, and the results
showed that the cavitation of the water-jet pump can be avoided by calculating a reasonable
acceleration time during the acceleration process of the water-jet pump. Wu [24] studied
a water-jet pump with a rotational speed of 1800 r/min through numerical simulation
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and compared the pressure pulsation and thrust pulsation under different acceleration
methods where it was determined that the thrust pulsation and pressure pulsation were
lower when subjected to exponential acceleration compared to linear acceleration at the
same time. Hao Chang [25] et al. analyzed the internal flow characteristics, blade load
distribution, radial force, and other transient characteristics of the self-priming pump under
different impeller hub radii through numerical simulation and found that the larger hub
radius was conducive to the flow state of the pump and ensured the smooth operation
of the pump. Based on ANSYS CFX, Jianjun Feng [26] et al. utilized user-defined func-
tions (UDFs) to analyze and reveal the complex transient characteristics of the processes
involved in the de-energization of a centrifugal pump. Wang [27] et al. used ANSYS
CFX 17.0 software to compare and analyze the performance of an electric submersible
pump (ESP) under three different shifting schemes: the uniform acceleration variable speed
process, the negative quadratic coefficient secondary acceleration process, and the positive
quadratic coefficient secondary acceleration process. Their analysis demonstrated that
the head remained relatively stable under the first two speed change processes, which
contributed to the stable operation of the ESP. Zilei Zuo [28] et al. utilized CFX 2013
software to simulate the transient characteristics of variable frequency speed regulation
for an axial flow pump. The results were verified by experiments, which showed that
the stability of the uniform deceleration scheme outperformed the variable acceleration
scheme. This conclusion was made by comparing the internal flow state and pressure
distribution of different acceleration schemes. Wei Han [29] et al. conducted a study that
utilized a combination of CFD numerical simulation and flume experiment. They achieved
impeller speed control through the use of a user-defined function (UDF) and employed
frequency control technology to investigate transient hydrodynamic coefficients during the
start-up process of a water-jet propulsion with a screw-mixed pump. The findings indicate
a quadratic relationship between the thrust, torque, and speed of the water-jet pump.

In conclusion, there are a few hydrodynamic studies on the transient characteristics of
axial flow water-jet pumps under variable speed conditions. Previous research has mainly
focused on the study of medium- and low-speed water-jet pumps. In order to reveal the
transient hydrodynamic characteristics of high-speed axial-flow water-jet pumps under
variable speed conditions, this paper used a high-speed water-jet pump with a specific
speed of 1850 as the research object for the first time, verified a fluent simulation calculation
method through experiments, and then studied and analyzed the transient performance of
the high-speed axial flow water-jet pump under different start-up times and acceleration
times through fluent simulation. The transient changes and development rules of thrust,
internal flow, and the cavitation of high-speed axial flow water-jet pumps were deeply
studied, which provides a reference for the further optimization of high-speed axial flow
water-jet pumps.

2. Numerical Method
2.1. Turbulence Model and Cavitation Model

In this paper, the SST model’s k–ω equation [30], which considers the transmission
of turbulent shear stress, is capable of precisely forecasting the beginning of the flow and
the extent of fluid separation under negative pressure gradient conditions without over-
predicting the eddy viscosity. This model is appropriate for high-speed water-jet pump
calculations. The equation k of turbulent kinetic energy is:
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∂t

+
∂

∂xj
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ρmkuj
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∂
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where Pk and Pω are turbulent generation terms; Dk is the turbulent dissipation term;
σk and σω are Prandtl numbers of turbulent kinetic energy k and turbulent frequency ω,
respectively. F1 is a mixed function; Cω and βω are model constants.

In this paper, the closed governing equation of the Zwart cavitation model [31] was
adopted, which treats the mixture of water and steam as a combination of numerous vapor
bubbles. The volume fraction of the vapor phase is determined by calculating the rate of
mass transfer between the vapor and liquid. The condensation term m+ equation and the
evaporation term m− equation are expressed respectively as:

m+ = Cp
3αvρv

Rb

(
2
3
· p − pv

ρ1

) 1
2
, p > pv; (3)

m− = −Cd
3αn(1 − αv)ρv

Rb

(
2
3
· p − pv

ρ1

) 1
2
, p < pv; (4)

where pv is the saturated vapor pressure and the value is 3169 Pa; Rb is the cavity radius,
the value is 1 × 10−6 m; αn is the volume fraction of the cavitation nucleon, taking the value
5 × 10−4; Cp and Cd refer to the condensation and evaporation coefficients, with values of
0.01 and 50, respectively.

2.2. Establishment of the Calculation Domain

The high-speed water-jet pump mainly consists of two parts: the impeller and the
diffuser, which is the main power source of the water-jet system, and its function is to
convert mechanical energy into the energy of water flow. The three-dimensional model of
the water-jet pump is shown in Figure 1, and its basic parameters are as follows: the shroud
diameter of the impeller is D = 210 mm with a 0.2 mm tip clearance. The impeller features
three blades, whilst the diffuser contains five. The design speed is n = 6000 r/min and the
specific speed is ns = 1850. The simulation calculation domain consists of five parts: the
water inlet control body, inlet channel, impeller, diffuser, and straight pipe nozzle section.
Since the performance of the high-speed water-jet pump is affected by the incoming flow
conditions, the flow field area around the inlet was taken into account in the simulation
in this paper, and the length, width, and height of the ship’s bottom water area were 30D,
10D, and 8D [32].

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 4 of 20 
 

 

( ) + (휌 휔푢 ) = 퐶 푃 − 훽 휌 휔 + [(휇 + ) ] + 2휌 (1 − 퐹 )휎 ∙ ∙   (2)

where Pk and Pω are turbulent generation terms; Dk is the turbulent dissipation term; 
휎  and 휎  are Prandtl numbers of turbulent kinetic energy k and turbulent frequency ω, 
respectively. F1 is a mixed function; Cω and 훽  are model constants. 

In this paper, the closed governing equation of the Zwart cavitation model [31] was 
adopted, which treats the mixture of water and steam as a combination of numerous vapor 
bubbles. The volume fraction of the vapor phase is determined by calculating the rate of 
mass transfer between the vapor and liquid. The condensation term m+ equation and the 
evaporation term m− equation are expressed respectively as: 

푚 = 퐶 ( ∙ ) , 푝 > 푝 ;  (3)

푚 = −퐶 ( ) ( ∙ ) , 푝 < 푝 ;  (4)

where pv is the saturated vapor pressure and the value is 3169 Pa; 푅  is the cavity radius, 
the value is 1 × 10  m; 훼  is the volume fraction of the cavitation nucleon, taking the 
value 5 × 10 ; 퐶  and 퐶  refer to the condensation and evaporation coefficients, with 
values of 0.01 and 50, respectively. 

2.2. Establishment of the Calculation Domain 
The high-speed water-jet pump mainly consists of two parts: the impeller and the 

diffuser, which is the main power source of the water-jet system, and its function is to 
convert mechanical energy into the energy of water flow. The three-dimensional model of 
the water-jet pump is shown in Figure 1, and its basic parameters are as follows: the 
shroud diameter of the impeller is D = 210 mm with a 0.2 mm tip clearance. The impeller 
features three blades, whilst the diffuser contains five. The design speed is n = 6000 r/min 
and the specific speed is ns = 1850. The simulation calculation domain consists of five parts: 
the water inlet control body, inlet channel, impeller, diffuser, and straight pipe nozzle 
section. Since the performance of the high-speed water-jet pump is affected by the incom-
ing flow conditions, the flow field area around the inlet was taken into account in the 
simulation in this paper, and the length, width, and height of the ship’s bo om water area 
were 30D, 10D, and 8D [32]. 

 
Figure 1. Three-dimensional model of the water-jet pump. 

2.3. Boundary Conditions 
Fluent 2020 R2 software was used to simulate the high-speed water-jet pump numer-

ically, and the SST k–ω turbulence model was adopted. The high-speed water-jet pump’s 
boundary conditions must be set correctly to ensure reliable calculation results. Figure 2 

Figure 1. Three-dimensional model of the water-jet pump.

2.3. Boundary Conditions

Fluent 2020 R2 software was used to simulate the high-speed water-jet pump nu-
merically, and the SST k–ω turbulence model was adopted. The high-speed water-jet
pump’s boundary conditions must be set correctly to ensure reliable calculation results.
Figure 2 shows the boundary conditions of a high speed water jet propulsion pump. The
inlet surface of the flow field was set as the velocity inlet; the outlet of the inlet control
body and the outlet of the straight pipe nozzle section were set as the pressure outlet; the
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pressure value was 1 atm. The two sides and bottom surfaces of the control body were
set as opening boundary conditions, and the other boundaries were set as “no-slip wall”
surfaces. In the steady-state numerical simulation calculation, the impeller region was set
as the rotating region, and the inlet control body, inlet channel, diffuser, and straight pipe
nozzle segment were set as the stationary region. The interface between the dynamic and
stationary components was the “frozen rotor interface”. In order to improve the simulation
accuracy, in the transient calculation, the steady-state calculation result was taken as the
initial field, and the above “frozen rotor interface” was changed to “transient rotor stator”.
Two mesh interfaces were formed before and after the impeller to simulate the dynamic
and stationary interference flow field. The time step was 0.0005 s, the number of iterations
in each time step was 100, and the convergence residual was 10−5.
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2.4. Mesh Division and Mesh Independence Test

The impeller, diffuser, and outlet extension section used structured mesh, and the inlet
channel and inlet control body used polyhedral mesh. Local encryption and boundary layer
encryption were carried out at the same time. The whole domain of the water-jet pump
was divided into five different mesh schemes, and the thrust coefficient, head coefficient,
and power coefficient were used as evaluation indices to verify the mesh independence.
the mesh division of the calculation domain is shown in Figure 3 and the mesh schemes
and corresponding calculation outcomes are presented in Figures 4 and 5.
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The number of meshes directly affects the accuracy of the numerical calculation results.
Generally speaking, a higher number of meshes leads to more precise calculation results
of pressure and efficiency. Nevertheless, once the number of meshes surpasses a certain
point, it no longer affects the aforementioned parameters. Figure 4 shows the five grid
partitioning schemes and details the specific number of grids for each hydraulic component,
and Figure 5 shows the variation trend of thrust coefficient KT, head coefficient H*, and
power coefficient P* with the number of meshes in the design condition of the water-jet
pump (n = 6000 r/min). The thrust coefficient KT, head coefficient H*, and power coefficient
P* are defined as follows:

Thrust coefficient KT:

KT =
T

ρn2D4 (5)
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Head coefficient H*:
H∗ =

gH
n2D2 (6)

Power coefficient P*:
P∗ =

P
ρn3D5 (7)

where T is the thrust generated by the water-jet pump; ρ is the density of water, kg/m3;
D is the impeller diameter of the water-jet pump, m; g is the acceleration of gravity, m/s2;
n is the speed of the impeller, rad/s. H is the head of the water-jet pump, m; P is the shaft
power of the impeller. When the number of meshes is greater than 6.7 million, the thrust
coefficient KT, head coefficient H*, and power coefficient P* tend to be stable. Considering
the economy and calculation accuracy, the number of meshes was finally determined to be
6.7 million.

In the process of the CFD calculation, the function of y+ is reflected in the calculation of
the height of the first layer of mesh nodes in the process of mesh division, and its size is re-
lated to the capture of the viscous bottom layer. As shown in Table 1, the y+ of the impeller,
diffuser, inlet channel, and straight pipe nozzle were all within the range [0, 30], with aver-
age values of 24.4, 37.81, 22.31, and 36.4, Figure 6 shows the corresponding y+ distribution.
respectively, meeting the calculation requirements of the SST k–ω turbulence model.

Table 1. Mesh y+ value of key components of the water-jet pump.

Hydraulic Components Maximum Value Average Value

Impeller 12.4 7.3
Diffuser 21 12.8

Inlet channel 9.7 5.2
Straight pipe nozzle 24.3 14.6
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3. Experimental System and Method
3.1. Experimental System

This experiment on external characteristics and cavitation was conducted within a
closed experimental system, mainly comprising of a pressure stabilizer tank, booster pump,
frequency converter, electromagnetic flowmeter, inlet and outlet pressure measuring pipe,
valve, high-speed water-jet pump prototype, circulation pipeline, motor, gear box, pressure
transmitter, TPA measuring instrument, etc. The electromagnetic flowmeter was a DN300
E-magC from Kaifeng Instrument Company Limited, with an accuracy of ±0.3%. The
pressure transmitter was made up of three Shanghai Welltech WT2000GP models with a
measuring range of 0~1.6 MPa, 0~2.5 MPa, and 0~4.0 MPa, respectively, and the maximum
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allowable error was ±0.1%. The torque and speed sensor of the Hunan Xiangyi torque
instrument were selected, the model was XSR21Y-T2B3A1A1MS2V0N, and the accuracy
was ±0.05%. The instruments used in the experiment were inspected and reported by the
Institute of Metrology Science to ensure the accuracy of the experiment. The experimental
system’s principle diagram is shown in Figure 7a while the physical diagram can be seen
in Figure 7b.
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3.2. Experimental Methods and Results

The pump performance experiment was to determine the relationship between the
head, shaft power, efficiency, and flow rate of the water-jet pump prototype. Before the
pump performance experiment, the water-jet pump prototype should be run at the specified
speed and working range of the operating points. During the operation experiment, check
the bearing, seal, noise, and vibration of the water-jet pump prototype. The performance ex-
periment was carried out according to the method of constant speed and variable flow. The
experimental condition points should be reasonably distributed on the entire performance
curve, and the number of measurement points should not be less than 7. The performance
experiment should start from the state of a large flow point with a large valve opening, and
then gradually reduce the flow to the minimum experimental condition point. At least 60%
of the design flow rate of the model pump should be tested. The experiment should also be
carried out under the condition of no cavitation, and there should be sufficient stabilization
time between the two operating conditions. After stabilization, a set of data including
the flow rate, head, speed, and shaft power should be measured at the same time, and
finally the data report of the water-jet pump prototype can be obtained. The comparison of
external characteristics is shown in Figure 8a. The efficiency formula is defined as follows:

η =
ρgQH

P
(8)

where Q is the flow rate of the water jet pump. After the experimental system is filled with
water, the booster pump should be started and the system pressurized to 2.5 MPa. The
motor may then be started, and the frequency of the inverter adjusted to the rated speed of
the water-jet pump. Once the system is running stably, the TPA tester should be started
in order to collect and record test values for the flow, pressure, speed, torque, and other
necessary parameters. At the same time, the TPA tester simultaneously calculates and
analyzes the inlet and outlet pressure difference in real-time, and gathers test values under
operating conditions of 2.5 MPa. Then, the pressure in the circulating pipeline is gradually
decreased and several suitable pressure levels are chosen based on the alterations in the
experimental outcomes in the range of 2.5 MPa–0 MPa. The aforementioned measures are
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repeated until H* diminishes by 3%. the cavitation experimental outcomes under distinct
system pressures are collected to complete the cavitation experiment. The cavitation curve
represented in Figure 8b shows the results. The cavitation number is:

σ = (pi − pv)/0.5ρv2 (9)

where pi is the inlet pressure, pv is the outlet pressure, and v is the flow velocity of the
water-jet pump.
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pump. (a) External characteristic curve of the water-jet pump. (b) Cavitation performance curve of
the water-jet pump.

It can be seen from Figure 8 that the experimental results of the head coefficient H*,
power coefficient P*, and cavitation number σ of the high-speed water-jet pump were
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similar to the simulation results, with an error of less than 5%. The calculation method
adopted in this paper can provide a reference for the subsequent transient simulation.

4. Research Program

In order to fully consider the influence of the rotating acceleration of the impeller and
the change in ship speed, the transient change rule was applied by using a custom formula.
For water-jet pumps, there are two common modes of acceleration: linear acceleration and
exponential acceleration. This paper mainly studied the effects of acceleration time and
variable speed mode on the transient hydrodynamic characteristics, so linear acceleration
was selected, and its basic formula is as follows:

n(t) = n0 + nat (10)

where n0 is the initial velocity of the impeller, rad/s; na is the velocity acceleration of the
impeller, rad/s2; t is a moment in the acceleration of the impeller, s.

In Figure 9, the start times were 1 s, 2 s, and 3 s, and the speed increased linearly. The
speed increased from 0 r/min to 6000 r/min, and after the start-up process was over, the
ship ran at the highest speed. In Figure 10, the acceleration times were 0.5 s, 1 s, and 1.5 s,
and the speed increased linearly from 3000 r/min to 6000 r/min. After the acceleration
process, the ship ran at the highest speed.
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5. Calculation Results and Analysis
5.1. Transient Thrust Performance Analysis

Dimensionless thrust is used to analyze the propulsion performance of the water-jet
pump, the maximum thrust value during the 1 s start-up process is T0, and the dimension-
less thrust T* = T/T0. Figure 11 shows the trend of thrust over time during the start-up
process of the high-speed water-jet pump, and Figure 12 shows the trend of thrust over
time during the acceleration process of the high-speed water-jet pump. It can be seen from
the figure that the thrust change trend of the water-jet pump during the start-up process is
consistent with that during the emergency acceleration process.
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The entire speed change process can be divided into an acceleration stage and a
stability stage. In the acceleration stage, the thrust increases rapidly with the increase of the
speed. When the speed reaches 6000 r/min, the thrust appears to be significantly greater
than the thrust in the stable stage at the moment of the end of the acceleration. In the stable
stage, the impact thrust gradually decreases to the stable value. By comparing the thrust
characteristics of different acceleration times, it was found that the impact thrust decreased
with the increase in the acceleration time, and the impact thrust of 1 s, 2 s, and 3 s was
T0, 0.987T0, and 0.981T0, respectively. When the acceleration time was 0.5 s, 1 s, and 1.5 s,
the impact thrust was 0.967T0, 0.961T0, and 0.955T0, respectively. This indicates that high
acceleration can easily lead to greater impact thrust.
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In the stable operation of the water-jet pump, the thrust of the water-jet pump itself
is equal to the resistance of water, while in the acceleration stage, the thrust T of the
sprinkler itself must be greater than the resistance of water. In the operation process, the
instantaneous head H and the instantaneous hydraulic loss h are always equal, and the
instantaneous thrust is positively correlated with the instantaneous head. In the start-up
process, the instantaneous head is composed of the Euler equation and the instantaneous
additional head. The instantaneous additional head is positively correlated with the
acceleration, so the instantaneous head reaches the highest at the moment of the end of
acceleration, and then continues to decrease, and the thrust change trend corresponds to it.

After the impact thrust is reached, the stability of the high-speed water-jet pump thrust
will be achieved after a buffering period. The buffer time for the 1 s, 2 s and 3 s start-up
times were 0.0394 s, 0.0375 s, and 0.0282 s, respectively. When the acceleration time was
0.5 s, 1.0 s, and 1.5 s, the buffer time was 0.0330 s, 0.0273 s, and 0.0230 s, respectively, which
indicates that it takes a longer time to reach the stabilization stage after acceleration with
high starting acceleration. At the same acceleration, the buffer time of the acceleration
process is longer than that of the start-up process. Through the above analysis, it can be
seen that the thrust has an obvious transient effect in the start-up process and acceleration
process, both of which are later than the speed reaches the stable state. The greater the
acceleration, the more serious the thrust lags behind the speed.

5.2. Evolution Characteristics of the Flow Field

In order to analyze the flow field evolution law of the impeller during the variable
speed process, the 50% spanwise surface of the impeller was taken, that is, the middle
position of the impeller flow channel, as shown in Figure 13.
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In the start-up process of the water-jet pump, the speed increased from 0 r/min to
6000 r/min under three start-up times, and the evolution law of the flow field was not
significantly different, as was the acceleration process. This section compares and analyzes
some of the operating conditions during the 2 s start-up process and 1 s acceleration process
of the high-speed water-jet pump. Figure 14 shows the 50% radial pressure distribution of
the impeller, the vortex core of the impeller suction surface, and the velocity distribution of
the vortex core with the speed change. The threshold of the vortex core was set at 0.0035.
Figure 14a shows the 2 s start-up process and Figure 14b shows the 1 s acceleration process.
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The pressure distribution on the blade surface during the start-up process is shown
in Figure 14a. When the speed reached 3000 r/min, the low-pressure area of the suction
surface was mainly in the inlet area of the blade, especially on the side of the shroud,
which was caused by the high speed of the impeller at the shroud. The pressure increased
gradually along the flow direction, and the blade outlet side pressure was high, which
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indicates that the flow inside the water-jet pump was relatively stable. The core of the
vortex was primarily concentrated at the impeller inlet with limited range and velocity,
resulting from the flow impact. In the early stage of the start-up process, due to the low
speed, there was an obvious reflux phenomenon at the inlet of the impeller. As the speed
gradually increased, the reflux also gradually weakened, and the vortex core area at the
blade inlet gradually expanded along the suction surface of the blade.

When the speed reached 4800 r/min, the velocity of the vortex core region increased,
the pressure at the impeller inlet further decreased, and the low-pressure region further
expanded due to the double influence of the expansion of the vortex core area and the work
conducted by the blades. When the speed reached 6000 r/min, the pressure on the back of
the impeller rose rapidly, and the high-pressure area was almost all over the back of the
impeller. At the same time, the low-pressure area developed from the shroud side of the SS
of the impeller inlet to the middle of the impeller. With the expansion of the vortex core
area, the vortex core spread to the middle of the impeller with the flow. This was due to
the transient effect during the start-up process of the water-jet pump, and the flow inside
the impeller was not completely stable. After the flow was stable, the vortex core area
gradually decreased and was eventually eliminated.

As can be seen from Figure 14, when the acceleration was the same, the velocity distri-
bution and pressure distribution evolution law of the start-up process and the acceleration
process were similar. It is unnecessary to go into detail here. By comparing the pressure
diagram of the 2 s start-up process and 1 s acceleration process, it can be seen that the
high-pressure region of the 2 s start-up process was small, the vortex core region was large,
and the ability to do work was weaker. This is because at the same acceleration, the start-up
process had stronger hysteresis, longer lag times for flow and head, and a less unstable flow.

5.3. Cavitation Evolution Characteristics

In order to analyze the development process of cavitation in the impeller during the
start-up process, the evolution history of cavitation in the impeller is presented in Table 2.
It can be seen that the trend of cavitation evolution in different start-up processes was
basically the same. The cavitation phenomena on the three blades were different because of
the influence of the non-uniform flow at the inlet of the water-jet pump, the flow velocity
and direction of the fluid were not uniform, and the dynamic pressure distribution at
different positions on the blades was different, resulting in different degrees of cavitation
on the blades. In the early stage of the start-up process, due to the low speed, the flow
field inside the impeller did not appear as a low-pressure area, and there was no cavitation
phenomenon, so the corresponding picture is not given in the table. When the speed
reached 3000 r/min, that is, 0.5 times the design speed, a small amount of cavitation
appeared on the inlet edge of the suction surface of the blades. When the speed continued
to increase, the cavitation area continued to expand and slowly spread from the leading
edge of the blade to the middle of the impeller. When the speed increased to 4800 r/min,
the cavitation spread speed increased rapidly, and when the speed reached 6000 r/min,
severe cavitation appeared at the suction surface of the impeller blades. At this time, the
cavity volume fraction of the 1 s start-up process was 7.32%, that of the 2 s start-up process
was 5.84%, and that of the 3 s start-up process was 5.32%. The cavitation phenomena of
different start-up times were compared and analyzed. The smaller the start-up time at
the same speed, the larger the cavitation area. The larger the vacuole volume fraction, an
appropriate reduction in acceleration during the start-up process is helpful to restrain the
development of cavitation during the start-up process.
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Table 2. Evolution of cavitation during the variable speed process.

n
(r/min)

Start-Up Process Acceleration Process
t = 1 s t = 2 s t = 3 s t = 0.5 s t = 1 s t = 1.5 s

3000
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In the acceleration process of the high-speed water-jet pump, the trend of cavitation
evolution is basically the same as that of the start-up process. When the speed reached
6000 r/min, the vacuole volume fraction of the 0.5 s acceleration process as 6.86%, the 1 s
acceleration process was 5.04%, and the 1.5 s starting process was 4.23%. The shorter the
acceleration time, the larger the cavitation region and the more serious the cavitation.

Compared with the start-up process and acceleration process under the same acceler-
ation, the cavitation phenomenon in the start-up process was more obvious and serious,
which was due to the longer time required in the stage acceleration process; the water-jet
pump could gradually increase to the design speed at a lower speed, from 3000 r/min to
6000 r/min, and the flow rate changed little. The fluid can adapt to the change and run
steadily, while with the flow surge during the start-up process, the pressure difference
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generated by the impeller will cause the gas solubility in the liquid to decrease, resulting in
gas precipitation to form bubbles.

From the above analysis, it can be seen that the development of cavitation in the
variable speed process can be effectively inhibited by using a larger start-up time and
acceleration time. Under the same acceleration, the anti-cavitation performance of the
acceleration process is better. In the actual operation of the water-jet pump, the segmented
acceleration eventually reaches the design speed, which can better restrain the generation
of cavitation.

6. Conclusions

The effect of acceleration time on the transient characteristics of the variable speed
process of a high-speed axial flow water-jet pump was studied numerically. The main
conclusions are as follows:

(1) The variable speed process of the high-speed water-jet pump can be divided into
the acceleration stage and stability stage. There is an obvious transient effect in the
process of the variable speed, and the thrust reaches the stable state later than the
speed. The buffer times for start-up times of 1 s, 2 s, and 3 s were 0.0394 s, 0.0375 s,
and 0.0282 s, respectively; the buffer times for acceleration times of 0.5 s, 1.0 s, and
1.5 s were 0.0330 s, 0.0273 s, and 0.0230 s, respectively. The greater the acceleration,
the more serious the flow rate and thrust lag behind the speed, and the greater the
impact thrust.

(2) In the process of variable speed of the high-speed water-jet pump, the vortex core area
of the suction surface first appears at the inlet, on the side of the shroud of the impeller,
and increases with the increase in the speed, and develops toward the middle of the
impeller. However, after the flow is stabilized, the vortex core region will gradually
decrease and eventually be eliminated.

(3) When the speed reaches 0.6 times of the design speed, cavitation begins to occur at the
leading edge of the blade, and the cavitation area increases with the increase in speed.
Under the design speed, that is, 6000 r/min, the cavitation volume fraction of the 1 s
start-up process is 7.32%, the 2 s start-up process is 5.84%, the 3 s start-up process is
5.32%, and the 0.5 s acceleration process is 6.86%. The cavitation volume fraction of
the 1 s acceleration process is 5.04%, and that of the 1.5 s acceleration process is 4.23%.
When the same speed is reached, the greater the acceleration, the more serious the
cavitation, and the weaker the blade’s ability to perform work.

(4) In the high-speed water-jet pump, the lag effect brought by the transient effect cannot
be ignored. Compared with the start-up process and acceleration process under
the same acceleration, it was found that the lag effect will be slightly lower than
the start-up process during the acceleration process. Under the same acceleration,
the buffer time required for the start-up process is 19.3~22.6% longer than that for
the acceleration process. This also leads to a smaller range of the vortex core area
during the acceleration process, stronger anti-cavitation ability, and more stable
flow when the speed reaches 6000 r/min. When the high-speed water-jet pump
is used, it is recommended that the speed is slowly increased in the segmentation
acceleration mode.

In this paper, we analyzed the transient hydrodynamic characteristics of the high-
speed axial-flow water-jet pump in the variable speed process, which provides theoretical
support for the further study of high-speed water-jet pumps, but there are still the following
shortcomings:

(1) Environmental factors were not considered in this paper, which will have a great
impact on the actual operation of the water-jet pump. For example, cavitation is related
to steam pressure and corresponding temperature. If the appropriate temperature is
selected, cavitation can be reduced.

(2) Multi-parameter analysis and optimization are indispensable for the in-depth study
of the water-jet pump, but relevant research was not involved in the paper.
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(3) This paper mainly studied the operation characteristics and internal flow character-
istics of a high-speed water-jet pump through numerical simulation, and did not
conduct experimental discussions on the internal flow field.

In the future, we will conduct hydraulic development for high-speed water-jet pumps
under special use conditions such as a special seawater medium and special ambient tem-
perature, and conduct in-depth discussions on multi-parameter performance optimization.
In numerical simulation verification, we will use the LES method to better characterize
complex flows such as vortices as well as carry out internal flow visualization experiments
and other experimental studies where the evolution law of flow structure in water-jet
pumps will be further revealed.
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