
lable at ScienceDirect

International Journal of Naval Architecture and Ocean Engineering 13 (2021) 794e803
Contents lists avai
International Journal of Naval Architecture and Ocean Engineering

journal homepage: http: / /www.journals .elsevier .com/
internat ional- journal-of -naval-archi tecture-and-ocean-engineering/
Performance of water-jet pump under acceleration

Xian-Fang Wu a, Ming-Hui Li b, *, Hou-Lin Liu b, **, Ming-Gao Tan b, You-Dong Lu b

a School of Energy and Power Engineering, Jiangsu University, Zhenjiang, China
b The Research Center of Fluid Mechanical Engineering Technology, Jiangsu University, Zhenjiang, China
a r t i c l e i n f o

Article history:
Received 20 January 2021
Received in revised form
9 September 2021
Accepted 27 October 2021
Available online 30 October 2021

Keywords:
Water-jet pump
Acceleration mode
Acceleration time
Numerical simulation
Pressure pulsation
Cavitation
* Corresponding author.
** Corresponding author.

E-mail addresses: liminghui1231@163.com (M.-
(H.-L. Liu).

Peer review under responsibility of The Society o

https://doi.org/10.1016/j.ijnaoe.2021.10.004
2092-6782/© 2021 Production and hosting by Elsevie
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

The instantaneous acceleration affects the performance of the water-jet pump obviously. Here, based on
the user-defined function, the method to simulate the inner flow in water-jet pumps under acceleration
conditions was established. The effects of two different acceleration modes (linear acceleration and
exponential acceleration) and three kinds of different acceleration time (0.5s, 1s and 2s) on the perfor-
mance of the water-jet pump were analyzed. The results show that the thrust and the pressure pulsation
under exponential acceleration are lower than that under linear acceleration at the same time; the vapor
volume fraction in the impeller under linear acceleration is 27.3% higher than that under exponential
acceleration. As the acceleration time increases, the thrust gradually increases and the pressure pulsation
amplitude at the impeller inlet and outlet gradually decreases, while the law of pressure pulsation is the
opposite at the diffuser outlet. The main frequency of pressure pulsation at the impeller outlet is different
under different acceleration time. The research results can provide some reference for the optimal design
of water-jet pumps.
© 2021 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As a type of propulsion, water-jet propulsion is driven by the
reaction force generated by the high-speed water jets from the
water-jet pump (Liu et al., 2006; Li et al., 2007). It is widely used in
high-speed and high-performance ships all over the world
(Lawson, 2004). The water-jet propulsion has the advantages of
good high-speed maneuverability, lower noise and simple trans-
mission mechanism. It has been the focus in the ship propulsion
field. As a common form of ship maneuvering navigation, the ac-
celeration condition of water-jet ship will cause the performance
transient change of water-jet pump, which will affect its thrust,
pressure pulsation, internal flow, cavitation performance and
finally affect the stability of ship navigation. Therefore, it is neces-
sary to study the transient characteristics of water-jet pumps under
acceleration.

In the past few decades, many researches on water-jet pumps
have been carried out by experiments (Alexander et al., 1994;
Okamoto, 1993). Recently, with the development of computational
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fluid dynamics (CFD), many scholars have studied the water-jet
pump by numerical simulation (Hong et al., 2008; Liu et al., 2018;
Han et al., 2019; Zong et al., 2020). The research mainly focuses on
the energy characteristics of water-jet pumps under different
rotation speeds and ship speeds. Hu et al. studied the effect of the
water-jet pump rotation speed on the efficiency by test. The study
found that the optimal efficiency shifts to the large flow rate and
the peak efficiency also increases with the increase of rotation
speed (Hu et al., 2016). Based on numerical simulation, Shen et al.
studied the energy characteristics of the counter-rotating axial flow
water-jet pump under different speed ratios and obtained the
optimal speed ratio and speed control method at the highest effi-
ciency point under different flow rates (Shen et al., 2014). Han
analyzed the impact of impeller speed changes on the performance
of axial flow pumps by CFD and concluded that the greater the
speed deviation from the design value, the greater the reduction in
efficiency (Han, 2008). Meng et al. took the counter-rotating axial
flow water-jet pump as the research object and obtained the
pressure pulsation distribution under different ship speeds (Meng
et al., 2019). Marin analyzed the influence of the inlet channel on
the performance of the water-jet pump and found that high ship
speed would reduce the efficiency of the inlet channel (Marin,
2011). Wang et al. studied the relationship between the power
characteristics of the water-jet pump and the ship speed. The re-
sults showed that the ship speed has little effect on the power and
l Architects of Korea. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Computational domain of the water-jet pump system.

Table 1
Main geometric parameters of the water-jet pump.

Number of impeller blade [ZR] 5
Number of diffuser blade [Zs] 7
Impeller diameter [D2] 310 mm
Casing diameter [D3] 312 mm
Tip clearance (normal) 1 mm
Hub ratio [Dh/D2] 0.6
Discharge nozzle diameter [Dj] 178 mm
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torque of the water-jet pump (Wang et al., 2005). Han et al. studied
the acceleration dynamic characteristics of the screw mixed flow
water-jet pump through experiment and simulation. The results
show that the relationship between the thrust and the rotation
speed is a quadratic function, and the change of submerged speed
with time satisfies the hyperbolic tangent function Number dis-
tribution (Wei et al., 2019).

In fact, not only the thrust and energy characteristics will
change, but also the cavitation characteristics will change under
water-jet pump acceleration. Many scholars focused on the cavi-
tation of tip leakage vortex (Cheng et al., 2020, 2021). Numerical
simulation is conducted with the Scale Adaptive Simulation (SAS)
turbulence model and Zwart-Gerber-Belamri (ZGB) cavitation
model to understand the cavitation-vortex interaction in the blade
tip region. The predicted cavitation performance curves are in good
agreement with the experimental results. Furthermore, the iden-
tification method of tip vortex is discussed (Xu et al., 2019). Chen
took the water-jet catamaran as the research object, simulated and
analyzed the acceleration dynamic condition of the water-jet
pump, and revealed that the main factor affecting the accelera-
tion rate was not the overload phenomenon of the propulsion main
engine during the acceleration process, but the operation of the
water-jet pump maybe in the restricted operation area (Chen,
2008). Sun et al. researched the acceleration performance of ma-
rine water-jet propulsion and found that the cavitation increases
faster than the effective net positive suction head during the ac-
celeration process and the stepwise acceleration method can be
used to prevent the occurrence of cavitation (Sun et al., 2011). Kong
et al. carried out dynamic simulation on the acceleration condition
of the water-jet propulsion system, and found that the phenomena
of low ship speed and high rotation speed of water-jet pump may
occur during the acceleration if the acceleration rate of the main
engine is too high, which will result in cavitation in the water-jet
pump (Kong et al., 2005).

In summary, there are few researches on the performance of
water-jet pump under acceleration, especially the unsteady char-
acteristics. Therefore, a CFD method to simulate the inner flow in
water-jet pumps under acceleration was explored and validated by
test firstly. Then the performance of the water-jet pump under
different acceleration modes and different acceleration times are
researched and analyzed by numerical simulation to reveal the
transient changes and development laws of thrust, pressure pul-
sation, internal flow and cavitation of the water-jet pump, which
can provide an important reference for further optimizing the
transient performance of water-jet pumps.

2. Research object and numerical model

2.1. Research object

The research was based on an axial flow water-jet pump whose
design flow rate, head, rotation speed, design ship speed, and
specific speed are Q ¼ 630 kg/s, H ¼ 21m, n ¼ 1800r/min vd ¼ 30
knot and ns ¼ 531 (ns ¼ 3.65nQ0.5H�0.75, r/min, m3/s, m), respec-
tively. The computational domain of the water-jet pump is shown
in Fig. 1. As shown in Fig. 1, the water-jet pump is composed of the
intake duct, impeller, diffuser, nozzle and water tank. Table 1 shows
the main geometric details of the water-jet pump.

2.2. Grid generation and independence check

The high-precision hexahedral grids were applied in the water
tank, intake duct, impeller, diffuser together with nozzle. The
boundary layer of the impeller and the diffuser was divided into an
O-shape to ensure that the mesh quality is above 0.3 and meet the
795
calculation accuracy requirements. The grid of each component of
the water-jet pump is shown in Fig. 2.

To reduce the effect of grid number on the calculation results,
five sets of grids of the water-jet pumpwere generated to check the
grid independence and the thrust gradient of the water-jet pump
under rated conditions was used as the criterion. The thrust F can
be obtained by below formula.

F ¼ _mðvout � vinÞ (1)

where _m is the mass flow rate of fluid medium through nozzle, vin
and vout are the average velocity at inlet and outlet, respectively.

The results are summarized in Table 2. It can be seen from
Table 2, when the number of grids rises to scheme 3, the change of
the thrust is less than 0.1%, which means the number of grids has
little influence on the results. Considering the computational
complexity and calculation accuracy, scheme 3 was finally selected,
and the number of grids in the computational domain is 4402117, of
which the number of impeller, diffuser and intake duct grids is
2300790, 1053570 and 496858, respectively.
2.3. Turbulence model and cavitation model

The turbulent flow based on the Reynoldseaveraged Naviere-
Stokes equations was solved by the RNG k-εmodel to give accurate
predictions of the flow separation phenomena. The transmission
equations for this model are
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Fig. 2. Grid of each component of the water-jet pump.

Table 2
Grid independence check.

Scheme Intake duct Impeller Diffuser Total Thrust/N

1 315 832 1 634 857 623 458 2 845 450 6 125.6
2 389 527 1 952 586 806 268 3 569 595 6 115.7
3 496 858 2 300 790 1 053 570 4 402 117 6 108.4
4 542 385 2 753 219 1 305 924 5 399 962 6 104.8
5 612 458 3 158 250 1 503 589 6 261 536 6 102.4
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where Gk indicates the kinetic energy production of turbulence k
affected by the average speed, Gb also indicates the production of
kinetic energy of turbulence k affected by buoyancy, ak and aε are
the inverse effective Prandtl number for k and ε, meff is the effective
turbulent viscosity, h ¼ Sk/ε, S is the scalar measure of the defor-
mation tensor.

The Z-wart cavitation model, applied in this study, can be
derived from Rayleigh-Plesset equation and its equations are
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where u is the velocity, rl is the liquid density, rv is the vapor
density, _mþ and _m� are the source term and sink term, which
respectively represent the condensation rate and evaporation rate,
Pv is the saturated vapor pressure, P is the local fluid pressure, anuc
is the nuclei volume fraction, RB is the bubble radius, Cdest is the
constant generation rate of vapor when P < Pv , the Cprod is the
constant rate for reconversion of the vapor back into liquid when
P > Pv.

2.4. Pressure pulsation monitoring points distribution

In order to study the pressure pulsation in the water-jet pump
under different acceleration modes and acceleration time, M1, M2,
andM3, 3 different monitoring points were set at the impeller inlet,
impeller outlet and diffuser outlet respectively, as shown in Fig. 3.
They are all in the middle from the hub to the rim.

2.5. Boundary conditions

The inlet boundary condition is the velocity inlet type (Normal
Speed/knot), the outlet boundary condition of the water tank is the
free flow type (Opening) and the nozzle outlet boundary condition
is the static pressure outlet type (Static Pressure).

The non-slip wall condition is imposed at the other solid walls
and the near wall area is processed by the standard wall function.
The interface between the dynamic and static components is the
frozen rotor interface and transient interface in the steady and
unsteady calculations, respectively. The turbulence model is the
RNG k-ε and a high-precision second-order upwind solution is
adopted. To improve the simulation accuracy, the unsteady nu-
merical simulation takes the results of steady calculation as the



Fig. 3. Location of pressure pulsation monitoring points.
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initial condition, and in a time step the impeller rotates 2�. The total
calculation steps is 2000 steps.

The Z-wart cavitationmodel is applied to simulate the cavitation
in the water-jet pump and the saturated vapor pressure of the fluid
is 3169Pa.

3. Validation of the numerical simulation

3.1. Test rig

In order to validate the reliability of the numerical simulation, a
performance test was carried out on the pump section (impeller,
diffuser and nozzle) of the water-jet pump. The test shaft speed is
the rated rotation speed of the water-jet pump, 1800r/min. The
performance test of the water-jet pump starts from the maximum
flow rate and the mass flow rate is controlled by the discharge
valve. The head of the water-jet pump under different mass flow
rates is recorded and then the performance of thewater-jet pump is
obtained under rated speed.

3.2. Test setup

The test rig is mainly composed of inlet water tank, outlet water
tank, impellers, diffuser, nozzles, inlet varied diameter pipe, outlet
varied diameter pipe, outlet elbows, motors, electromagnetic
flowmeters and pressure sensors. The structure of the model pump
test rig is shown in Fig. 4. The uncertainty of the electromagnetic
flowmeter is 0.2%, while the torque meter has an uncertainty of
0.1%. The uncertainty of the pressure transducer is less than 0.1%. To
reduce random error, one parameter is measured 5 times and the
least square method is applied to get the best value among the
multiple observations with the same accuracy.

3.3. Test verification

Using the above method, the performance of the water-jet
Fig. 4. Model pump test rig. (1) motor, (2) inlet elbows, (3) impeller, (4) diffuser, (5)
nozzle, (6) outlet varied diameter pipe, (7) outlet water tank.
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pump is numerically obtained and compared with the test data.
Fig. 5 shows the head comparisons of the water-jet pump between
the experiments and the numerical simulations. It shows that the
calculated head is in good accordance with the experimental head.
The head deviation increases under the partial working conditions,
but the maximum deviation of the head is within 2%, which meets
the accuracy requirements. Therefore, the numerical approach is
validated to be feasible and reasonable for the research.

4. Research schemes

4.1. Research schemes for different acceleration modes

In order to fully consider the impact of impeller rotation accel-
eration and ship speed change, the transient change law is applied
by using the user-defined formula. For water-jet pumps, there are
two common acceleration modes, linear acceleration and expo-
nential acceleration. The basic formula for linear acceleration is

n(t) ¼ n0 þnat (8)

where n0 is the initial speed of the impeller, rad/s; na is the speed
acceleration of the impeller, rad/s2; t is a certainmoment during the
acceleration of the impeller, s.

According to the variation curve of speed under acceleration, the
change law of ship speed is determined. Fig. 6(a) shows the specific
variation curve of rotation speed and ship speed under linear ac-
celeration. In Fig. 6(a), the acceleration time is from 0 to 1s and the
rotation speed and ship speed increase linearly. The rotation speed
increases from 1400r/min to 2200r/min within 1s and the ship
speed increases from 10 knots to 15 knots. After the acceleration, it
runs at the highest rotation speed and highest ship speed.

The basic formula for exponential acceleration is

n(t) ¼ n0þna[1-exp(�t/t0)] (9)

where t0 is the total duration of the impeller acceleration, s.
Within the same acceleration time (t ¼ 1s), the performance of

the water-jet pump is analyzed in exponential acceleration mode.
Fig. 6(b) shows the variation curve of rotation speed and ship speed
in exponential acceleration mode. In Fig. 6(b), the total acceleration
time is 1s and the rotation speed and ship speed increase expo-
nentially from 0 to 1s. The initial rotation speed and ship speed is
Fig. 5. Head comparison between numerical and experimental results.



Fig. 6. The variation curves of rotation speed and ship speed under different accel-
eration modes.

Fig. 7. The variation curves of rotation speed and ship speed under different acceler-
ation times.
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1400r/min and 10 knots, respectively. The calculated results were
analyzed within 1 s.
4.2. Research schemes under different acceleration time

To study the effect of acceleration time, three research schemes
are considered under linear acceleration mode, including 0.5s, 1s
and 2s. Fig. 7 shows the variation curves of rotation speed and ship
speed with time when the acceleration time is 0.5s and 2s. In Fig. 7,
the rotation speed and ship speed increase linearly from 1400r/min
and 10 knot to 2200r/min and 15 knot within 0.5s and 2s, respec-
tively, and run at maximum rotation speed and ship speed after
acceleration. In order to facilitate the analysis of the performance of
the water-jet pump under different acceleration time, the total
acceleration time is recorded as T. The numerical calculation results
at 1/4T and T are compared respectively.
798
5. Results and discussion

5.1. Influence of acceleration mode on water-jet pump transient
performance

5.1.1. Thrust characteristics analysis
Fig. 8 shows the thrust performance variation curves of the

water-jet pump under different acceleration modes. It can be seen
from Fig. 8 that the thrust of the water-jet pump under the two
acceleration modes all increases gradually with the increase of the
acceleration time. The thrust basically increases linearly when
accelerating linearly, and increases exponentially when acceler-
ating exponentially. The thrust under exponential acceleration is
lower than that under linear acceleration at the same time, and as
the acceleration time increases, the thrust difference between the
two acceleration modes increases gradually. This is due to the
different acceleration modes lead to the rotation speed difference



Fig. 8. The thrust variation curves under different acceleration modes.

Fig. 9. Pressure pulsation under linear acceleration.
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at the same time, which causes the performance change. In the case
of linear mode, the acceleration is constant and the thrust increases
linearly. In the case of exponential mode, the acceleration gradually
decreases and the thrust increases more slowly during the accel-
eration process. When the acceleration time is 1/4T, the thrust
under linear acceleration is 1.03 times that of exponential acceler-
ation. When the acceleration time is T, the thrust under linear ac-
celeration is 1.41 times that of exponential acceleration.

5.1.2. Pressure pulsation analysis
Fig. 9 and Fig. 10 present pressure pulsation at each monitoring

points under different acceleration modes. In order to improve the
accuracy of the calculation results, the pressure fluctuation coeffi-
cient CP is introduced to describe the pressure in the water-jet
pump, and the specific expression is

Cp ¼ p� p
0:5ru2

(10)

where p is the pressure at themonitoring point, Pa; p is the average
pressure at the monitoring point within the calculation time, Pa; r
is the fluid density, kg/m3; u is the circumferential velocity at the
outer diameter of the impeller, m/s.

Fig. 9 shows the pressure pulsation at the impeller inlet,
impeller outlet and diffuser outlet under the linear acceleration. In
the time domain and frequency domain of pressure pulsation, the
ordinate is the pressure fluctuation coefficient, and the abscissa is
the number of impeller rotation cycles and frequency, respectively.
It can be seen from Fig. 9(a) that the pressure pulsation coefficient
gradually increases at the impeller inlet. The pressure pulsation at
the impeller outlet presents 5 peaks and 5 valleys. The pressure
pulsation coefficient increased gradually with acceleration. At the
diffuser outlet, the pressure pulsation coefficients increases grad-
ually with acceleration, but the increase amplitude is different.

It can be seen from Fig. 9(b), the main frequency of the pressure
pulsation at the impeller inlet is the rotation frequency (25Hz),
which indicates that the pressure at the impeller inlet is mainly
affected by the shaft rotation. The main frequency of the pressure
pulsation is 7 times the rotation frequency (175Hz) at the impeller
outlet, which indicates that the pressure pulsation is mainly
affected by the diffuser at the impeller outlet. The main frequency
of pressure pulsation is blade frequency at the diffuser outlet. It
shows that the pressure pulsation at the diffuser outlet is mainly
affected by the impeller rotation.
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It can be seen from Fig.10(a), the change of pressure pulsation at
each monitoring point under exponential acceleration is the same
basically as that under linear acceleration. During the acceleration,
the pressure pulsation at the impeller inlet increase gradually. The
pressure pulsation at the impeller outlet and the diffuser outlet is
only different on its value. Compared with linear acceleration, the
pressure pulsation amplitude is smaller at each monitoring point
under exponential acceleration.

Compared the frequency domain distribution in Figs. 9 and 10, it
can be found that the frequency distribution law at eachmonitoring
point is nearly the same under different acceleration modes. The
pressure pulsation at impeller inlet is dominated by low-frequency
pulsations such as rotation frequency, and the pressure pulsation
amplitude at the main frequency is 0.62 times that of linear ac-
celeration. Themain frequency of pressure pulsation at the impeller
outlet is 7 times the rotation frequency. The secondary main fre-
quency is the blade frequency, and the pressure fluctuation
amplitude at the main frequency is 0.79 times that of linear ac-
celeration. The main frequency of pressure pulsation at the diffuser
outlet is also the rotation frequency, but the low-frequency pulsa-
tion is more stable than that of linear acceleration.

In general, the acceleration mode has little influence on the
pressure pulsation in time domain distribution and the main fre-
quency distribution, but it has obvious effect on the pressure pul-
sation amplitude at the main frequency. Compared with the



Fig. 10. Pressure pulsation under exponential acceleration.

Fig. 11. Cavitation distribution in the impeller under different acceleration modes
(0.8s).

Fig. 12. Vapor phase volume fraction in impeller under different acceleration modes
(0.8s).
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pressure pulsation amplitude at main frequency under the linear
acceleration, it decreases obviously when the water-jet pump ac-
celerates exponentially, especially at monitoring point M2. This
may be due to that the acceleration under linear acceleration is
larger at the same time, which makes the dynamic and static
interference between impeller and diffuser more intense.
800
5.1.3. Analysis on cavitation in the impeller
Fig. 11 shows the distribution of cavitation bubbles in the

impeller under different acceleration modes. As shown in Fig. 11,
the bubble distributions in the impeller under two acceleration
modes are all like a fan at the blade inlet and develop toward the
middle of the blade gradually. Compared with the linear accelera-
tion mode, the cavitation area on the blade suction surface from
hub to rim is smaller under the exponential acceleration mode.

To analyze cavitation carefully, the vapor phase volume fraction
in the impeller is compared under different acceleration modes.
Fig.12 shows the vapor phase volume fraction in the impeller under
different acceleration modes. It can be seen from Fig. 12 that the
vapor volume fraction under linear acceleration is 27.3% higher
than that under exponential acceleration after the acceleration. It
shows that the acceleration mode has an important influence on
the cavitation in the water-jet pump and the exponential acceler-
ation can reduce the cavitation in impeller.

Totally, the cavitation characteristics under exponential accel-
eration are better than that under linear acceleration. This is
because the change of shaft rotation speed is smaller under expo-
nential acceleration. So the velocity at blade inlet varies slowly,
which results in less hydraulic loss. So under linear acceleration, the
impeller rotation speed is higher at the same time, which is more
likely to occur cavitation and the vapor phase volume fraction is
also higher.
5.2. Influence of acceleration time on transient performance of
water-jet pump

5.2.1. Thrust characteristics analysis
Fig. 13 shows the thrust variation curves of the water-jet pump

under different acceleration time (0.5s, 1s, 2s). It can be seen from
Fig. 13 that the thrust of the water-jet pump shows a straight up-
ward trend under different acceleration times. As the acceleration
time increases, the overall thrust of the water-jet pump decreases a
little. When the acceleration time is 0.5s, the thrust is the largest,
and when the acceleration time is 2s, the thrust is the smallest,
with a maximum difference of 3.4%. This may be due to that the
shorter the acceleration time leads to larger flow acceleration,
resulting in a large pulsation of the shaft power of the water-jet
pump (Han, 2019), which leads to the greater change of the flow



Fig. 13. The thrust variation curves under different acceleration time.

Fig. 14. Time domain distribution comparison under different acceleration time.

Fig. 15. Frequency domain distribution comparison under different acceleration time.
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momentum and the increase of the thrust.

5.2.2. Pressure pulsation analysis
Fig. 14 shows the time domain distribution of pressure pulsation
801
at the impeller inlet, outlet and the diffuser outlet under different
acceleration time. When the acceleration time is 0.5s or 2s, the
pressure pulsation at each monitoring point is similar to that when
the acceleration time is 1s. It can be seen from Fig. 14(a) that the
pressure pulsation at the impeller inlet decreases gradually with
acceleration. The pressure pulsation at the impeller outlet has
obvious periodicity, and the number of pulsations in each cycle is
consistent with the blade number, indicating that the pressure
pulsation at the impeller outlet is mainly affected by the impeller
rotation. The pressure pulsation at the diffuser outlet has no
obvious periodic characteristics and the pressure pulsation ampli-
tude increases gradually with acceleration.

Comparedwith Fig. 9, it can be found that the pressure pulsation
amplitude at each measuring point decreases gradually with the
increase of acceleration time. This means that larger flow acceler-
ation will result in larger flow shock. When the acceleration time is
0.5s, the maximum pressure pulsation coefficient is 1.46 and 1.52
times of that under 1s and 2s, respectively.

Fig. 15 shows the frequency domain distribution of pressure
pulsation at each measuring point under different acceleration
time. When the acceleration time is 0.5s or 2s, the main frequency
distribution of pressure pulsation is similar basically at each
monitoring point. From Fig. 15(a) and (b), the main frequency of the
pressure pulsation at the impeller inlet is the rotation frequency
and there are peaks at the blade frequency and its harmonic
frequency.

Compared with Fig. 10, it can be found the pressure pulsation
amplitude at the main frequency of the impeller inlet decreases



Fig. 16. Cavitation distribution in the impeller under different acceleration time.

Fig. 17. Vapor phase volume fraction in impeller under different acceleration time.
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gradually as the acceleration time increases. When the acceleration
time is 0.5s, the pressure pulsation amplitude at the main fre-
quency is 1.73 times that at 2s. As for the frequency distribution at
the impeller outlet, the main frequency of pressure pulsation is the
same at different acceleration time, which is 7 times the rotation
frequency.

However, with the increase of the acceleration time, the pres-
sure pulsation amplitude at the impeller outlet under the main
frequency and the secondary frequency decreases. This may be due
to the interaction between the diffuser and the impeller gets
weakerwith the acceleration time increases and the decrease of the
impeller rotation acceleration. There are more low-frequency pul-
sations at the diffuser outlet and the pressure pulsation stabilizes
gradually as the acceleration time increases. When the acceleration
time is less, the higher rotational acceleration causes the more
instability flow in the water-jet pump, so there are more low-
frequency pulsations.
802
5.2.3. Analysis on cavitation in the impeller
Fig. 16 show the distribution of cavitation bubbles in the

impeller under different acceleration time. From Fig. 16, it can be
seen that the bubble distribution is similar under different accel-
eration time. The bubbles are mainly distributed at rim of the blade
inlet and the distribution is asymmetric. During the acceleration,
the bubbles move to the middle of the blade gradually and the
cavitation becomes more serious.

Generally speaking, when the acceleration time increases, the
cavitation distribution area increases slightly. This may be due to
that the phenomenon of the flow hysteresis in the impeller gets
weaker with the increase of acceleration time (Han, 2019).

The vapor phase volume fractions are compared at 2 different
moments under different acceleration time, as shown in Fig. 17. It
can be seen from Fig. 17 that the acceleration time has a small in-
fluence on the vapor phase volume fraction in the impeller and the
vapor phase volume fraction in the impeller is nearly the same at
different times. However, it can be seen that the vapor phase vol-
ume fraction of the impeller is different at different time. With the
increase of the acceleration time, the vapor phase volume fraction
in the impeller increases gradually under different acceleration
time. Under different acceleration time, the vapor phase volume
fractions all increase sharply at last. When the acceleration time is
T, the vapor phase volume fraction is about 3 times that at 1/4T. This
shows that cavitation evolves faster in a short period of time.
6. Conclusions

Based on user-defined function, the transient inner flow in the
water-jet pump under acceleration were simulated and the tran-
sient performance were obtained. The thrust, pressure pulsation,
internal flow and cavitation of the water-jet pump under acceler-
ation modes and different acceleration time were analyzed in
detail. The main conclusions are as follows.

(1) The thrust of the water-jet pump rises linearly under linear
acceleration and it basically increases exponentially during
exponential acceleration. At the same time, the thrust under
exponential acceleration is lower than that under linear ac-
celeration and the thrust difference increases gradually. After
acceleration, the thrust under linear acceleration is 1.41
times that under exponential acceleration. The acceleration
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time has little effect on the thrust and the thrust just de-
creases a little as the acceleration time increases.

(2) In both frequency domain and time domain, the pressure
pulsation law is similar under different acceleration modes,
but the pressure pulsation under exponential acceleration is
a little lower than that under linear acceleration, especially at
impeller outlet. Under different acceleration times, the main
frequency of pressure pulsation at the impeller inlet is al-
ways the rotation frequency and the pressure pulsation
amplitude at the main frequency decreases gradually with
the acceleration time increasing. The main frequency of
pressure pulsation at the impeller outlet changes under
different acceleration time. When the acceleration time is
0.5s, the main frequency is the impeller blade passing fre-
quency, and when the acceleration time is 1s or 2s, the main
frequency is 7 times the rotation frequency.

(3) Different acceleration modes have a greater effect on the
cavitation and the vapor phase volume fraction under linear
acceleration is 27.3% higher than that under exponential
acceleration. With the increase of the acceleration time, the
vapor phase volume fraction in the impeller increases and
the bubble distribution in the impeller approaches gradually.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgment

This work was supported by the National Natural Science
Foundation of China under Grant 51779108, 52179084 and
51979124; And the Priority Academic Program Development of
Jiangsu Higher Education Institutions (PAPD).

References

Alexander, K.V., Coop, H., van Terwisga, T., 1994. Waterjetehull interaction: recent
experimental results. SNAME Transactions 102, 275e335.

Chen, H.Q., 2008. Simulation analysis of matching characteristics of marine waterjet
propulsion system. Ship 19 (6), 47e50, 58.
803
Cheng, H.Y., Bai, X.R., Long, X.P., Ji, B., Peng, X.X., Farhat, M., 2020. Large eddy
simulation of the tip-leakage cavitating flow with an insight on how cavitation
influences vorticity and turbulence. Appl. Math. Model. 77.

Cheng, H.Y., Ji, B., Long, X.P., Huai, W.X., Mohamed, Farhat, 2021. A review of cavi-
tation in tip-leakage flow and its control. J. Hydrodyn. (prepublish).

Han, X.L., 2008. Numerical simulation of the influence of rotation speed on the
performance of water-jet pump. Chuanhai Eng. (2), 134e137.

Han, Y., 2019. The Study of Transient Characteristics on ScrewMixed-FlowWater-Jet
Pump during Startup Period. Lanzhou University of Technology, Lanzhou, China.

Han, W., Han, Y., Gong, P.F., Wang, J., Xu, D.D., 2019. Numerical study on pressure
fluctuation of screw mixed flow water jet propulsion pump. Hydropower En-
ergy Sci. 37 (3), 136e139. þ 149.

Hong, G., Wan, L.L., Zhao, H.D., 2008. Numerical flow and performance analysis of a
water-jet axial flow pump. Ocean Eng. 35 (16).

Hu, H.P., Shi, H.P., Chai, L.P., Li, S.X., Xia, X., 2016. Experimental study on the influ-
ence of rotation speed on the performance of micro water-jet pump. J. Hefei
Univ. Technol. (Nat. Sci.) 39 (6), 725e729.

Kong, Q.F., Chen, G.J., Zeng, F.M., 2005. Mathematical modeling and dynamic
simulation of marine waterjet propulsion system. J. Syst. Simul. (12),
2844e2848.

Lawson, W., 2004. Development of a New Outboard Waterjet Propulsion System for
Life Boat Use. International Conference on Waterjet Propulsion Ⅳ. London, UK.

Li, X.H., Zhu, Y.Q., Nie, S.L., 2007. Review on the development of water-jet propul-
sion. Hydraulic Pneumatic (7), 1e4.

Liu, C.J., Wang, Y.S., Ding, J.M., Sun, C.L., 2006. Evolution of modern water-jet pro-
pulsion device. Naval Ship Sci. Technol. 28 (4), 8e12.

Liu, C.J., Ding, J.M., Su, Y.S., Gu, C.Z., 2018. Numerical simulation and experimental
verification of cavitation performance of water jet propulsion pump. Ship Mech.
22 (1), 38e44.

Marin, K., 2011. Verification and validation study of URANS simulations for an axial
waterjet propelled large high-speed ship. J. Mar. Sci. Technol. 16 (4), 434e447.

Meng, K.X., Pan, Z.Y., Wang, X.B., 2019. Pressure fluctuation analysis of water jet
thruster at different speeds. J. Drain. Irrig. Machinery Eng. 37 (3), 224e231.

Okamoto, Y., 1993. On the pressure distribution of a waterjet intake duct in self
propulsion conditions. Proceedings of FAST’93 1, 843e854.

Shen, Z.H., Pan, Z.Y., Li, H., Pan, X.W., Huang, Z.j., 2014. Speed control method of
counter rotating axial-flow water-jet pump based on CFD. J. Drain. Irrig. Mech.
Eng. 32 (11), 931e936.

Sun, C.L., Wang, Y.S., Huang, B., 2011. Study on the performance of marine waterjet
propeller under special working conditions. J. Harbin Eng. Univ. 32 (7),
867e872.

Wang, Y.S., Ding, J.M., Ao, C.Y., Chen, H.Q., Zhang, Y.S., 2005. Study on the correlation
between power characteristics and speed of waterjet propulsion. J. Naval Eng.
Univ. (3), 22e26.

Wei, H., Ting, S.M., Su, C.Y., Gong, R.N., Li, B.M., 2019. Direct sailing variable accel-
eration dynamics characteristics of water-jet propulsion with a screw mixed-
flow pump. Appl. Sci. 9 (19).

Xu, S., Long, X.P., Ji, B., Li, G.B., Song, T., 2019. Vortex dynamic characteristics of
unsteady tip clearance cavitation in a waterjet pump determined with different
vortex identification methods. J. Mech. Sci. Technol. 33 (12).

Zong, P., Pan, Z.Y., Cen, C.H., 2020. Effect of deflector angle on performance of
reversing bucket of water jet propulsion. J. Drainage Irrigation Mechan. Eng. 38
(12), 1251e1257.

http://refhub.elsevier.com/S2092-6782(21)00056-X/sref1
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref1
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref1
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref1
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref2
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref2
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref2
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref3
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref3
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref3
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref4
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref4
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref5
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref5
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref5
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref6
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref6
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref7
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref7
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref7
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref7
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref7
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref8
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref8
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref9
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref9
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref9
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref9
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref10
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref10
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref10
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref10
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref11
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref11
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref12
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref12
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref12
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref13
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref13
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref13
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref14
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref14
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref14
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref14
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref15
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref15
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref15
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref16
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref16
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref16
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref17
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref17
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref17
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref18
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref18
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref18
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref18
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref19
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref19
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref19
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref19
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref20
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref20
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref20
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref20
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref21
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref21
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref21
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref22
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref22
http://refhub.elsevier.com/S2092-6782(21)00056-X/sref22
http://refhub.elsevier.com/S2092-6782(21)00056-X/optWlCvDG563S
http://refhub.elsevier.com/S2092-6782(21)00056-X/optWlCvDG563S
http://refhub.elsevier.com/S2092-6782(21)00056-X/optWlCvDG563S
http://refhub.elsevier.com/S2092-6782(21)00056-X/optWlCvDG563S

