
Multi-condition optimization and experimental verification of
impeller for a marine centrifugal pump

Kai Wang a, b, *, Guangzhao Luo a, Yu Li a, Ruichao Xia a, Houlin Liu a

a National Research Center of Pumps and Pumping System Engineering and Technology, Jiangsu University, Zhenjiang, 212013, China
b Institute of Fluid Engineering Equipment, Jiangsu Industrial Technology Research Institute, Zhenjiang, 212009, China

a r t i c l e i n f o

Article history:
Received 15 November 2018
Received in revised form
14 June 2019
Accepted 16 July 2019
Available online 2 August 2019

Keywords:
Marine centrifugal pump
Impeller
Multi-condition optimization
Numerical simulation
Experiment measurement

a b s t r a c t

In order to improve the performance of marine centrifugal pump, a centrifugal pump whose specific
speed is 66.7 was selected for the research. Outlet diameter D2, outlet width b2, blade outlet angle b2,
blade wrap 4 and blade number z of the impeller were chosen as the variables. The maximum weighted
average efficiency and the minimum vibration intensity at the base were calculated as objectives. Based
on the Latin Hypercube method, the impeller was numerically optimized. The numerical results show
that after optimization, the amplitudes of pressure fluctuation on the main frequency at different
monitoring points decrease in varying degrees. The radial force on impeller decreases obviously under
off-design flow rates and is more symmetrical during the operation of the pump. The variation of the
axial force is relatively small, which has no obvious relationship with the rotating angle of the impeller.
The energy performance and vibration experiment was performed for verifying. The test results show
that the weighted average efficiency under 0.8Qd, 1.0Qd and 1.2Qd increases by 4.3% after optimization.
The maximal vibration intensity at M1-M4 on the pump base reduced from 0.36mm/s to 0.25mm/s,
decreasing by 30.5%. In addition, the vibration velocities of bracket in pump side and outlet flange also
have significant reductions.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. 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 auxiliary equipment, marine centrifugal pump is widely used
on warships, and it plays a key role in the normal operation of
warships. However, excessive vibration may affect the comfort of
work environment, even may threaten the safety of the warship. In
view of the unique environment when the warship works, the
research on high-efficiency and low-vibration optimization design
of marine centrifugal pump is fundamental.

The current researches about multi-condition optimization of
centrifugal pump are mostly chosen efficiency, head or the net
positive suction head as objective functions. Shim et al. (2018)
presented a three-objective design optimization of a centrifugal
pump impeller to reduce flow recirculation and cavitation.
Benturki et al. (2018) chose the maximum head and hydraulic

efficiency and the minimum NPSHi as objectives to optimize a two
stage centrifugal pump using NSGA-II and 3D-RANS equation. Tao
et al. (2018) chose the maximum head and efficiency as objectives
to optimize a double suction centrifugal pump with CFD and
Artificial Neural Network. Wang et al. (2018), Wang and Huo, 2018
chose the highest efficiency and the lowest NPSHr as the objectives
to optimize a centrifugal pump with CFD and Immune Particle
Swarm algorithm. Lu et al. (2017) proposed a MLGA-PSO algorithm
to make an optimization for noises and hydraulic performance of
centrifugal pumps. Considering the weight of two objectives, Xu
et al. (2017) introduced an integrated factor to realize the multi-
objective optimization of both pump efficiency and cavitation
performance. Pei et al. (2016) proposed a multi-point optimization
process to improve impeller performance of a centrifugal pump
with CFD and the Latin hypercube sampling method. Based on
surrogate modeling and a multi-objective genetic algorithm, Shim
et al. (2016) performed optimization design of a centrifugal pump
with double volute by choosing hydraulic efficiency at the design
flow rate, and radial thrust coefficient at 70% and 120% of the
design flow rate as objectives. Zhao et al. (2016) proposed a multi-
objective optimization of a low specific speed centrifugal pump
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with two objectives of the maximum hydraulic efficiency of the
pump and the minimum static head difference between the suc-
tion inlet. Zhang et al. (2014) proposed a multi-objective optimi-
zation method for a family of double suction centrifugal pumps,
which two objectives are to maximize the efficiency and simul-
taneously to minimize NPSHr. Liu et al. (2013) used the maximum
of weighted average efficiency at the three conditions as the
objective function to improve internal unsteady flow in a double-
blade centrifugal pump and conducted performance characteristic
test and PIV measurements of internal flow in the pump. Safikhani
et al. (2011); Nourbakhsh et al. (2011) chose the increase of effi-
ciency and decrease of the required NPSH simultaneously as ob-
jectives during the multi-objective optimization of a centrifugal
pump.

However choosing efficiency and vibration intensity as optimi-
zation objectives of centrifugal pump isn't sufficient. Therefore, in
this paper, we carried out multi-condition, multi-objective opti-
mization on the impeller of a vertical marine centrifugal pump in
order to provide some reference for the design of low-vibration and
high-efficiency marine centrifugal pump.

2. Research model

The research object is a vertical marine centrifugal pump. Main
design parameters of the pump are as following. Design flow rate of
the pump Qd is 25m3/h, head of the pump H is 34m, rotational

speed n is 2950r/min, and specific speed ns is 66.7 (ns ¼ 3:65n
ffiffiffi
Q

p
H3=4 ,

where units of flow rate, rotational speed and head are m3/s, r/min
andm, respectively). Table 1 shows the main geometric parameters
of the impeller and volute in the pump.

3. Numerical calculation method

3.1. Internal flow calculation method

Calculation domain of the marine centrifugal pump includes
inlet flow channel, impeller, leakage flow channel, volute, and
outlet extension section (shown in Fig. 1). The highly adaptive
structural mesh is selected to divide the calculation domain.

The grid correlation check of the marine centrifugal pump
model is shown in Table 2. Based on the criterion that the predic-
tion deviation of the head is less than 1%, three mesh schemes were
formulated according to the density degree of grid. The predicted
values of head were compared. Results show that the sparse grid
scheme will lead to a large deviation of the calculation head. The
medium grid is more suitable, and the deviation of head with the
dense grid is only 0.57%. Therefore total grid number of 7803519 is
chosen for further numerical optimization.

Total pressure was set as inlet condition, and the mass flow rate
is set as outlet boundary condition. For the steady calculation, the

frozen rotor interface was used, and the time-averaged NeS
equation was taken as the basic control equation. For the un-
steady calculation, the transient dynamic-static interface was
chosen. All the surfaces in the calculation domain were set to be no
slip boundary, and the roughness was set as 32.5 mm. Compared
with the standard k-ε turbulence model, the RNG k-ε model has
better adaptability for calculating the internal flow field of cen-
trifugal pump, which has large radius of curvature. Therefore, the
RNG k-ε turbulence model was used to carry out the numerical
calculation in this research.

The constant calculation uses the physics time step. During the
unsteady calculation, in order to identify the transient information
of the flow field, the time step DTwas set as 0.0001126s, that is the
requisite time for the impeller to rotate 1�. After the unsteady
calculation converging, the pressure pulsation data of the inner
surface in the pump with eight rotation periods was extracted as
the excitation source for the subsequent vibration calculation.

3.2. Vibration calculation method

The vibro-acoustic simulation software of LMS Virtual lab was
used to calculate the modal and vibration response of the pump.
The material of pump body was cast iron, which elastic modulus E
is 135GPa, density r is 7000 kg/m3, Poisson ratio m is 0.3, and
damping ratio z is 0.01. According to the actual experiment con-
ditions, the structural model ground and pump foot were con-
strained, and the bolt area near the pump foot was fully
constrained. The inlet and outlet flange were subjected to a uni-
directional constraint of zero velocity along the axial direction of
the pipe. The finite element structural model and the location of
monitoring point are shown in Fig. 2.

In the pre-processing, the pressure pulsation cgns file of the
volute and impeller surface was extracted as the incentive source in
calculation of the flow field. As the time domain information, the
file of impeller rotation for four cycles needs to be imported as an
independent analysis before processing. Then it was introduced
into the finite element analysis module. The position is the

Table 1
Main geometric parameters of the pump.

Geometric parameters symbol Value

Impeller Inlet diameter/mm D1 65
Outlet diameter/mm D2 165
Outlet width/mm b2 7
Blade outlet angle/� b2 32
Blade wrap angle/� 4 110
Blade number z 6

Volute Base circle diameter/mm D3 175
Inlet width/mm b3 20
Outlet diameter/mm Dd 50

Fig. 1. Calculation area of the pump.

Table 2
Grid correlation check.

Mesh Grid number Head H/m

Sparse 4905127 36.7
Medium 7803519 35.5
Dense 9912713 35.3
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corresponding surface group of the volute structure in the finite
elementmodel of the pump. Themain frequency of the excitation is
BPF (Blade Passing Frequency), which dominates the pressure
pulsation.

In order to ensure the accuracy of vibration calculation, pressure
pulsation information of wall includes the unsteady pulsation of
the volute and the impeller surface were extracted, and pressure of
the fluid surface obtained by CFD was interpolated to the finite
element model required for vibration calculation. Based on the
modal superposition method, the vibration of centrifugal pump
under fluid excitation was calculated to avoid the greater deviation
in vibration response calculation caused by the calculation error in
modal calculation.

Fig. 3 shows the vibration calculation and experiment results of
the monitoring points under design flow rate. It can be seen that
the calculated value is larger than that in experiment, but the
variation trend between them is basically consistent. Characteristic
frequencies occur at APF (Axial Passing frequency), 2APF and 3APF,
and the vibration velocities have the same order of magnitude. It
indicates that the numerical vibration calculation method of ma-
rine centrifugal pump is certainly reliable.

4. Multi-condition optimization method

4.1. Design variables

The design variables are outlet diameter D2, outlet width b2,
blade outlet angle b2, blade wrapping angle 4 and blade number z
of the impeller.

4.2. Objective function

Heads of the pump under 0.8Qd, 1.0Qd and 1.2Qd were chosen as
the constraint. The maximum weighted average efficiency under
the three flow rates and the minimum vibration intensity of
monitoring points at the base were chosen as objective functions.

Fig. 2. Finite element model of the pump.

Fig. 3. Calculation and experiment results of vibration.

Table 3
15 optimization schemes.

D2/mm b2/mm b2/� F/� z

1 160.00 6.43 25.00 100.00 6
2 164.29 7.00 25.71 107.14 6
3 165.00 7.29 26.43 110.00 7
4 167.14 8.14 27.14 104.29 5
5 170.00 6.71 27.86 108.57 6
6 160.71 5.29 28.57 102.86 6
7 167.86 6.14 29.29 118.57 5
8 161.43 8.71 30.00 115.71 5
9 169.29 5.57 30.71 111.43 6
10 168.57 5.00 31.43 114.29 7
11 162.14 8.43 32.14 120.00 6
12 162.86 9.00 32.86 112.86 7
13 163.57 7.57 33.57 105.71 5
14 165.71 7.86 34.29 117.14 6
15 166.43 5.86 35.00 101.43 7

Table 4
Optimization results.

h/% Vmax/mm$s�1

Original scheme 70.2 0.47
1 76.2 0.41
2 74.2 0.51
3 72.8 0.36
4 72.1 0.47
5 75.1 0.53
6 76.1 0.70
7 75.7 0.68
8 75.0 0.52
9 72.3 0.57
10 73.2 0.60
11 71.7 0.68
12 69.4 0.58
13 74.2 0.40
14 71.6 0.45
15 74.0 0.66

Fig. 4. Comparison of energy performance.
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4.2.1. Weighted average efficiency

h ¼
P

hiwiP
wi

(1)

where hi is the efficiency under different flow rate, wi is the weight
factor under different flow rate. The weight factors of 0.8Qd, 1.0Qd
and 1.2Qd determined by the super-transfer approximation method
(Liu et al., 2013) are 0.29, 0.42 and 0.29 respectively.

4.2.2. Vibration intensity
The vibration intensity is generally used to evaluate the vibra-

tion level of centrifugal pump, which is the maximum root mean
square value of the vibration velocity under three flow rates in the
three directions of XYZ.

Vims ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

ðN�1

n¼0

v2ðnÞ

vuuut (2)

Vmax/min (3)

where N is number of discrete points of the measured signal, v(n) is
the vibration velocity, Vims is the root-mean-square value of vi-
bration velocity and Vmax is the vibration intensity.

4.3. Optimization schemes

Based on the Latin Hypercube method, 15 optimization schemes
of the pump were designed, which are shown in Table 3.

Energy performances and vibration characteristics of the 15
schemes were numerically calculated by CFX and LMS Virtual Lab.
The optimization results are shown in Table 4.

From Table 4, we can see that the weighted average efficiency of
scheme 13 under 0.8Qd, 1.0Qd and 1.2Qd is 74.2% and the vibration
intensity of scheme 13 is 0.40mm/s, which is the optimal solution.
Therefore scheme 13 was selected for further study and experi-
mental verification.

4.4. Optimization results and analysis

4.4.1. Energy performance
Fig. 4 shows calculation results of energy performance of the

pump before and after optimization. It can be seen from Fig. 4 that
after optimization, efficiency of the pump under 0.8Qd increases
from 68.7% to 71.9%, which increases by 3.2 percentage points.
Under 1.0Qd, efficiency of the pump increases from 72.5% to 74.6%,
which increases by 2.1 percentage points. Under 1.2Qd, it increases
from 73.5% to 75.8%, which increases by 2.3 percentage points. The
weighted average efficiency under 0.8Qd, 1.0Qd and 1.2Qd is 74.2%,
which is 2.7 percentage points larger than that of original model.

Fig. 5. Comparison of internal flow fields before and after optimization.
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4.4.2. Internal flow field analysis
Fig. 5 shows internal flow fields of impeller and volute under

0.8Qd 1.0Qd and 1.2Qd.
It can be seen from Fig. 5 that the flow velocity near the impeller

inlet under 0.8Qd slightly increases, and there is a large vortex in a
passage of impeller. The flow in the pump is slightly disordered and
the streamline is not uniform under small flow rate. The flow loss is
large, and the high speed area near the impeller outlet increases
obviously. After optimization, the area of the low speed region near
volute outlet is obviously reduced and the streamline distribution is
more uniform. Before optimization, there is a large low-speed area
near the impeller inlet, whose velocity is below 5.6m/s. The

velocity at the impeller outlet and near the suction surface of the
blade is larger, reaching 18m/s. The gradient of velocity from the
tongue to the outlet of the volute slightly decreases, and the ve-
locity near the boundary layer of the wall is low, which may be due
to the existence of the viscosity of the fluid in the boundary layer of
the wall. After optimization, the situation is obviously improved
and the velocity gradient decreases, which indicates that the ve-
locity in the impeller is relatively uniform and the low-velocity
region also decreases.

Under 1.0Qd, vortex scale in the single channel of original model
obviously decreases even disappears, and the flow velocity in the
impeller passage region increases. The difference of flow in volute is
not obvious. After optimization, the vortex mass existing in the
single impeller flow channel becomes in smaller scale and the flow
field near the impeller is relatively more uniform. The fluid flow
angle obviously increases, which is beneficial to reduce the flow
loss.

When the flow rate increases to 1.2Qd, the flow velocity in the
impeller is evenly distributed. The phenomenon of small backflow
in the impeller passage gradually disappeared. By observing the
internal flow of the volute, it can be found that there is not much
difference before and after optimization, but more obvious is that
the turbulent flow phenomenon near the outlet of the volute has
been relieved to some extent. In addition, the area of the low-
velocity region at 4m/s near the inlet of the impeller significantly
reduces.

4.4.3. Analysis of pressure pulsation
In order to get a more universal conclusion, the pressure pul-

sation coefficient Cp is obtained by dimensionless processing of

Fig. 6. Arrangement of pressure pulsation monitoring points.

Fig. 7. Frequency domain diagrams of pressure pulsation at P1 and P2.
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Fig. 8. Frequency domain diagrams of pressure pulsation at P3eP7.
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Fig. 9. Time domain diagrams of radial force in the impeller.
Fig. 10. Time domain diagrams of axial force in the impeller.
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pressure pulsation information.

Cp ¼ p� p
1
2 rU

2
tip

(4)

where p is instantaneous pressure, p is the time averaged pressure,
r is the fluid density and Utip is the blade root velocity of the
impeller.

Fig. 6 gives the location of pressure pulsation monitoring points.
P1 and P2 are located at the tongue of the volute and volute outlet
respectively, and P3~P5 are located at the middle of a single flow
channel of impeller respectively.

Fig. 7 shows the frequency domain diagrams of pressure pul-
sation at P1 and P2.

By observing the distribution of pressure pulsation at P1, it is
found that the number of wave peaks and troughs before optimi-
zation is 6. The number of that after optimization change to be 5,
which is due to the different number of blades. The generation of
each wave peak and trough is closely related to the sudden change
of pressure in the flow channel when the blade sweeps through the
monitoring point. In the frequency domain distribution of pressure
pulsation at P1 and P2, there are obvious peaks in fundamental
frequency and its high order harmonic frequency. The amplitude of
pressure pulsation at P1 is obviously higher than that at P2. It is
because P1 is close to the tongue, and the effect of rotor - stator
interaction is the most obvious. Due to the change of blade number
of impeller, the original main frequency (i.e. blade passing fre-
quency) also changed from 295Hz (6APF) to 245Hz (5APF). For the
convenience of subsequent analysis, BPF1 (6APF) and BPF2 (5APF)
were defined. The pressure pulsation coefficient Cp of monitoring
point P1 under 0.8Qd also decreases from 0.082 to 0.063, which
decreases by 23.2%. The pressure pulsation coefficient Cp of P1
under 1.0Qd decreases from 0.047 to 0.035, which decreases by
25.5%. Under 1.2Qd, the pressure pulsation coefficient Cp of P1 de-
creases from 0.052 to 0.041, which decreases by 21.2%. After opti-
mization, the amplitudes of the pressure pulsation are relatively
reduced.

The pressure pulsation distribution at P2 is similar to that at P1,
but the fluctuation degree of pressure pulsation in frequency
domain is smaller than that at P1.

Fig. 8 shows frequency domain diagrams of pressure pulsation
at P3eP7 before and after optimization.

It can be seen from Fig. 8 that after optimization, the pressure
pulsation amplitude on the main frequency at the five monitoring
points decrease, which is conducive to reduce the fluid-induced
vibration. The decreasing gradient of pressure pulsation increases

Fig. 11. Comparison of energy performance.

Table 5
Arrangement of vibration monitoring points.

M1-M4 M5-M8 M9

Pump base Junction plate Inlet flange
M10 M11 M12
Pump body Bracket in pump side Outlet flange

Fig. 12. Schematic diagram of vibration monitoring points.

Table 6
Vibration intensity at M-M4.

Flow rate Vibration intensity/mm$s�1

Original model Optimization model

M1 0.8Qd 0.26 0.24
1.0Qd 0.20 0.19
1.2Qd 0.23 0.13

M2 0.8Qd 0.32 0.21
1.0Qd 0.30 0.20
1.2Qd 0.33 0.18

M3 0.8Qd 0.34 0.19
1.0Qd 0.36 0.19
1.2Qd 0.36 0.23

M4 0.8Qd 0.28 0.25
1.0Qd 0.30 0.19
1.2Qd 0.30 0.23

Vmax 0.36 0.25
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Fig. 13. Frequency spectrum of vibration at M1-M4.

K. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 71e84 79



gradually with the monitoring point extending from the inlet to the
outlet of the impeller.

In addition, the pressure pulsation characteristic at P7 change
greatly before and after optimization. Before optimization, the
amplitude of high harmonic frequency of shaft frequency at P7 is
significantly larger than that of other monitoring points. After
optimization, under 1.2Qd, there is no peak value on the shaft fre-
quency and its doubling frequency in the pressure pulsation spec-
trum at P7, and the characteristic frequency is BPF and its high
harmonic frequency.

4.4.4. Analysis of radial force and axial force
Fig. 9 shows radial force in the impeller before and after opti-

mization. It can be seen from Fig. 9 that the magnitude of the radial
force on the surface of the impeller fluctuates regularly and steadily
with change of rotation angle. The peaks and troughs in the time
domain diagrams are consistent with the number of blades. And
the direction andmagnitude of radial force received by the impeller
changes, which changed from hexagonal star distribution to
pentagonal star distribution. By analyzing the radial force on the
surface of impeller that rotates one circle, we can see that after
optimization, the peak value of radial force in the impeller under
0.8Qd decreases from 15.8 N to 14.2 N, which decreases by 10.1%.
Under 1.0Qd, the peak values of radial force in the impeller did not
change significantly which remained around 11 N, while the values
of peak valley decrease significantly. Under 1.2Qd, the peak value of
radial force in the impeller decreases from 17.9 N to 14.1 N, which
decreases by about 21.2%. On the whole, the radial force in the
impeller decreases significantly under off-design flow rates. This
may be because the loss of fluid flow and the unbalanced force on
the impeller are reduced after the impeller optimization. The re-
sults show that the radial force on the impeller is more symmetrical
during the operation of the pump, and the radial force gradient
level is obviously improved, which is conducive to improving the
stability of the pump.

Fig. 10 shows the time domain distribution of axial forces in the
impeller. It can be seen from Fig. 10 that the change of axial force in
the impeller is relatively small, and there is no obvious connection
with the rotation angle of the impeller. After optimization, axial
force in the impeller under 0.8Qd decreases from 368N to 251N,
which decreases by 31.7%. Axial force in the impeller under 1.0Qd

decreases obviously from 334N to 176 N, which decreases by 47.3%.
Under 1.2Qd, axial force in the impeller decreases from 382N to
272 N, which decreases by 28.8%. As a whole, because the marine
centrifugal pump is vertical pump, the axial force is in the vertical
direction, which is helpful to reduce the vibration level of the

pump.

5. Experimental validation

5.1. Energy performance

Fig. 11 shows the experimental energy performance. As can be
seen from Fig.11, efficiency of the pump under 0.8Qd increases from
66.7% to 70.7%, which increases by 4.0 percentage points. Under
1.0Qd, efficiency of the pump increases from 68.2% to 73.8%, which
increases by 5.6 percentage points. Under 1.2Qd, efficiency of the
pump increases from 72.1% to 74.9%, which increases by 2.8 per-
centage points. Therefore, after three-condition optimization, the
weighted average efficiency of the pump under 0.8Qd, 1.0Qd and
1.2Qd is 73.2%, which increases by 4.3 percentage points.

5.2. Comparison of vibration characteristics

5.2.1. Arrangement of vibration monitoring points
The characteristic frequency of vibration and pressure pulsation

of the centrifugal pump is generally lower than 1000 Hz, so the
sampling frequency of the pump was set at 6.4 kHz and the sam-
pling time was set at 60s. DASP V10 software was used to collect
data and process signal. The INV9832 piezoelectric triaxial accel-
eration sensor is used in the vibration experiment.

Table 5 gives arrangement of vibration monitoring points, and
Fig. 12 shows schematic diagram of vibration monitoring points.

5.2.2. M1-M4
Table 6 shows vibration intensity at M1-M4 before and after

optimization.
According to Table 6, after optimization, the maximumvibration

intensity of the base monitoring points M1-M4 decreases from
0.36mm/s to 0.25mm/s under 0.8Qd, 1.0Qd and 1.2Qd, which de-
creases by 30.5%. It shows that the hydraulic optimization has
obvious influence on the maximum vibration intensity of the base
monitoring points.

Fig. 13 shows the frequency spectrum of vibration at M1-M4
under five flow rates.

It can be seen from Fig. 13 that after optimization, the vibration
velocity level at M1-M4 decreases in varying degrees. The charac-
teristic frequencies in the vibration spectrum are APF and its har-
monic frequency. The peak value appears on APF and the secondary
peak value appears on BPF2. The vibration velocity on BPF2 at M4 is
larger than that at the other monitoring points.

With the increase of flow rate, the vibration velocity decreases

Table 7
Vibration intensity at M5-M8.

Flow rate Vibration intensity/mm$s�1

Original model Optimization model

M5 0.8Qd 0.77 0.62
1.0Qd 0.74 0.64
1.2Qd 0.76 0.64

M6 0.8Qd 0.80 0.60
1.0Qd 0.76 0.58
1.2Qd 0.79 0.58

M7 0.8Qd 0.79 0.58
1.0Qd 0.77 0.56
1.2Qd 0.80 0.60

M8 0.8Qd 0.79 0.63
1.0Qd 0.78 0.59
1.2Qd 0.80 0.64

Vmax 0.80 0.64

K. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 71e8480



Fig. 14. Frequency spectrum of vibration at M5-M8.
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first and then increases. The vibration velocity under small flow
rates is slightly higher than that under the large flow rates.

5.2.3. M5-M8
Table 7 shows the vibration intensity at M5-M8. It can be seen

from Table 7 that after optimization, the maximum vibration in-
tensity at M5-M8 under 0.8Qd, 1.0Qd and 1.2Qd decreases from
0.80mm/s to 0.64mm/s. It indicates that floating raft loading has a
certain impact on reducing the maximum vibration intensity of
monitoring points at the junction plate.

Fig.14 shows the frequency spectrum of vibration at theM5-M8.
It can be seen from Fig. 14 that the vibration energy at M5-M8

has a significant attenuation, and the vibration velocity at the main
frequency decreases from 0.80mm/s to 0.60mm/s, which de-
creases by 25%. Characteristic frequencies are APF and its harmonic
frequency. The peak value appears on the APF, and the secondary
peak value appears on the BPF2. It is because the small distance
between the four monitoring points of the connecting plate and the
motor, and the main influence on the vibration of this region is the
axial motion. At the same time, the hydraulic factors that charac-
terize BPF2 have slight influence on it. In addition, the change of
flow rate has no obvious influence on the vibration level at the
monitoring points of the connecting plate.

5.2.4. M9-M12
Table 8 shows the vibration intensity at M9-M12.
According to Table 8, after optimization, the vibration intensity at

M9 under 0.8Qd, 1.0Qd and 1.2Qd decreases from 0.78mm/s to
0.50mm/s, which decreases by 35.9%. The vibration intensity at M10
decreases from 0.38mm/s to 0.25mm/s, which decreases by 34.2%.
The vibration intensity at M11 decreases from 0.39mm/s to
0.18mm/s, which decreases by 53.8%. The vibration intensity at M12
decreases from 0.60mm/s to 0.15mm/s, which decreases by 75%.

Fig. 15 shows the frequency spectrum of vibration at M9-M12.
It can be seen from Fig. 15 that compared with M1-M8, the lo-

cations of M9-M12 are relatively special, so the vibration spectrums
are more complex. After optimization, the overall vibration velocity
at M9 decreases from 0.63mm/s to 0.43mm/s, which decreases by
32.7%. The vibration energy of axial frequency decreases obviously.
while the blade passing frequency and other characteristic fre-
quencies account for a small proportion and do not change signif-
icantly. For the monitoring point M10 at the pump body, the

vibration velocity decreases significantly from 0.54mm/s to
0.35mm/s, which decrease by 35.2%. And the vibration velocity
decreases slightly at the blade passing frequency, which is not
obvious. For the monitoring point M11, the vibration velocity de-
creases from 0.40mm/s to 0.24mms, which decreases by 40%. It is
because the position of M10 and M11 is close to the area of fluid
flow, which is more sensitive to the decrease of vibration energy
caused by the change of flow rate. For the monitoring point M12 at
the outlet flange, the vibration velocity decreases from 0.58mm/s
to 0.15mm/s, which decreases by 74.1%.

6. Conclusions

1. Three-condition numerical optimization results of the marine
centrifugal pump show that after optimization, the pressure
pulsation coefficient Cp at P1 under 0.8Qd decreases from 0.082
to 0.063, Cp under 1.0Qd decreases from 0.047 to 0.035 and Cp
under 1.2Qd decreases from 0.052 to 0.041.

2. The peak-to-peak value of the radial force in the impeller under
0.8Qd decreases from 15.8 N to 14.2 N, the peak-to-peak value of
the radial force in the impeller under 1.0Qd is maintained near
11.0 N, and the peak-to-peak value of the radial force in the
impeller under 1.2Qd descends from 17.9 N to 14.1 N.

3. The axial force in the impeller under 0.8Qd decreases from 368 N
to 251 N, the axial force in the impeller under 1.0Qd decreases
from 334N to 176N, and the axial force in the impeller under
1.2Qd decreases from 382 N to 272N.

4. Experimental results of energy performance of the marine
centrifugal pump show that the weighted average efficiency of
the pump under 0.8Qd, 1.0Qd and 1.2Qd increases 4.3 percentage
points than original model.

5. After optimization, the maximum vibration intensity at M1-M4
under 0.8Qd, 1.0Qd and 1.2Qd decreases from 0.36mm/s to
0.25mm/s. The maximal vibration intensity at M5-M8 reduced
from 0.80mm/s to 0.64mm/s. The maximal vibration intensity
at M9 reduced from 0.78mm/s to 0.50mm/s. The maximal vi-
bration intensity at M10 reduced from 0.38mm/s to 0.25mm/s.
Themaximal vibration intensity atM11 reduced from 0.39mm/s
to 0.18mm/s, and the maximal vibration intensity at M12
reduced from 0.60mm/s to 0.15mm/s.

Table 8
Vibration intensity at M9-M12.

Flow rate Vibration intensity/mm$s�1

Original model Optimization model

M9 0.8Qd 0.63 0.47
1.0Qd 0.65 0.40
1.2Qd 0.78 0.50

M10 0.8Qd 0.38 0.25
1.0Qd 0.34 0.23
1.2Qd 0.38 0.25

M11 0.8Qd 0.39 0.18
1.0Qd 0.35 0.15
1.2Qd 0.38 0.10

M12 0.8Qd 0.60 0.14
1.0Qd 0.57 0.11
1.2Qd 0.60 0.15

K. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 71e8482



Fig. 15. Frequency spectrum of vibration at M9-M12.
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