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As an important machine for energy conversion and fluid transmission, centrifugal pump
has the advantages of high efficiency, reliable performance, and easy adjustment. In order
to improve the stability of the pump, this article adopts the method of experimental and
numerical simulation in the pump and studies the variation of the vibration characteristics in
the operation process. Based on the numerical simulation results, the intake condition and
the cavitation inside the centrifugal pump are analyzed and summarized, which reveals the
flow attenuation mechanism of a pumping station. The main results of the work reported in
this article are as follows: 1) Various experimental schemes to monitor the vibration of
centrifugal pumps in real time have been designed. The vibration characteristics of the
pumps have been significantly improved by adding special trash barriers. 2) The gas
entering the pump was not enough to affect the normal operation of the pump, but
cavitation did occur in the actual operation process. 3) The critical net positive suction head
under the three conditions is calculated to be 8.9, 10.9, and 12.9 m, respectively.
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INTRODUCTION

Centrifugal pumps are widely used in chemical, petroleum, aerospace, and other fields (Zhou et al.,
2013) (Botros et al., 2016), and the requirements of its hydraulic performance and operational
stability are becoming higher (Dong and Chu, 2018). With high efficiency, reliable performance, easy
adjustment, and other advantages (Guo et al., 2018), centrifugal pump has become an indispensable
part of the economic development (Nishida et al., 2016) (Adamkowski et al., 2016). Therefore, it is
important to research the internal situation of centrifugal pumps for technological development.

Kreuz-Ihli et al. (1999) demonstrated the excitation effect of the tongue region in a vaneless radial
inflow turbine, and their results showed that the phenomenon of partial load cyclone has a great influence
on the generation of cavitation (Muggli et al., 1997), but no analysis has been made on the net positive
suction head (NPSH). Kaupert and Staubli (1999) studied the full-load disturbance phenomenon in
centrifugal pumps with guide vanes at different specific speeds, and the results showed that the frequency
of full-load disturbance phenomenon increases with the increase in specific speed (Yang et al., 2015)
(Zhang et al., 2019). However, no detailed analysis of the operating conditions in sandy rivers has been
made. Guelich and Egger (1992) used experimental and numerical simulation methods to study the
unstable flow field inside the centrifugal pump with a guide vane, and the results showed that the
frequency gradually increased to the level of full-load disturbance in the impeller (Posa and Lippolis,
2019) (Yousefi et al., 2019). The main cause of this phenomenon is a rotational stall (de O. Turci et al.,
2020). Centrifugal pump optimizationmethods based on computational fluid dynamics (ELM/CFD) and
actual experiments have been widely applied (Wang et al., 2017) (Li et al., 2018), but there is insufficient
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research on pump cavitation (Schäfer et al., 2017). The combination
of experimental and numerical simulation methods can effectively
predict the centrifugal pump axial force (Mortazavi et al., 2017) (Liu
et al., 2014), so this combinedmethod has been used in this research.

This research took the selected pumping station with double-
suction pumps and four water pumps as the experimental object.
The drainage area of this station is the Yellow River, with a
maximum sand content of 69 kg/m3 (Wang et al., 2016). The sand
in the water flow caused serious abrasion to the pump and
restricted the effective use. At present, the pumping station
has experienced a significant flow decline from 5.1 m3/s to
3.7 m3/s. This research adopted numerical simulation
(Lomakin et al., 2016) and experimental methods (Fu et al.,
2020) to study the internal flow performance of the pumping
channels and analyzed the reason of flow decay in the pumping
station. This further revealed the mechanism of flow decay in the
pump station and provided the theoretical basis for the stable
operation of the pump station.

METHODS AND EXPERIMENTS

Numerical Simulation Settings
The proper setting of the boundary conditions greatly affects the
accuracy of the numerical simulation. In thisarticle, the specific
boundary conditions are set as follows: the fluid is incompressible,
and the turbulent flow model uses the SST k-ω model. The inlet
boundary in the stationary, under non-cavitation, conditions uses the
inlet pressure of 101325Pa. With a constant discharge (or head), the
inlet pressure has to be decreased to allow the static pressure at some
areas inside the pump (at the impeller blade inlet edge or suction side)
to fall sufficiently below that of the saturated liquid vapor. According
to the actual conditions, the boundary condition of the outlet is mass
flow. The solid-wall surface uses the no-slip boundary condition,
which means that the wall surface velocity is the same as the fluid
velocity. The standard wall is applied to the surface near the wall. The
saturation pressure is 3169Pa, and the default value of 2 × 10−6 m is
selected for the mean diameter. The frozen rotor is used for steady-
state simulations, and the stator–rotor interface is used for unsteady
simulations. The convergence accuracy (RMS) is set to 10–5.

Computational Area and Grid
Calculation Area
According to the actual situation of the pumping units in the
double-suction pumping station, Pro/E 2018 software is used to
establish the 3D model of the full flow path of the centrifugal
pump. The cross-sectional length of the inlet and the outlet of the
centrifugal pump will reduce the influence of boundary
conditions on the internal flow field during the modeling process.

Grid
Grid is the calculation carrier of numerical simulation, which
imposes strict requirements on the resolution of the grid. The
inlet flow channel is divided into three parts: inlet section,
channel, and outlet section. The 3D model of the centrifugal
pump is divided into five parts: inlet section, suction chamber,
impeller, spiral casing, and outlet section, which are further

divided into different numbers of grids. In this article, we
choose the unstructured tetrahedral mesh. The grid of some
parts is shown in Figure 1.

Grid Independence Study
Table1 Grid recorded the results with different node numbers
used in the simulation. It can be seen from the table that when the
number of grids reaches 14 million, the efficiency and head
remain unchanged with an increased number of grids.
Considering the time and computer performance, the final
number of cells is 14 million. There are 1.4 million grid cells
in the inlet section, 5.9 million grid cells in the suction chamber,
2.6 million grid cells in the impeller, 3.14 million grid cells in the
volute, and 0.9 million grid cells in the outlet section.

Centrifugal Pump Experiment
In thisarticle, the centrifugal pump experimental system
includes double-suction centrifugal pumps, accelerometers,
a wireless gateway data acquisition system, and a software
data analysis system. The acceleration sensor (frequency range
2–10 KHz; noise <20 mV) can measure the velocity and
acceleration in all directions at the same time. In this
experiment, the main collection is the vibration velocity of
the pump casing under each monitoring point. The
acceleration sensor specification model is GY7600WS, which
is produced by Zhongke Genyun in China. The data
acquisition system is mainly a wireless gateway by ZigBee
whose specification model is GY7800WS. The design flow
rate QD of the double-suction centrifugal pump is 4.57 m3/
s, the design head is 108.08 m, and the design speed is 750 r/
min. Specific parameters are shown in Table 2.

The real-time monitoring system used the velocity sensor,
acceleration sensor, and temperature sensor to monitor the
state of the pump at five different locations and the data is
recorded during 72 h without drastic changes in the flow. The
monitoring points are shown in Figure 2. Choose the flow
channel after the front pond to put the trash rack and monitor
the data after 4–5 h. Close the valve of the pump and remove
the gas in the pump. After reaching the maximum flow, record
the inlet and outlet pressure and flow data until the flow
becomes stable again.

Verification of Numerical Simulation Results
and Experimental Results
Figure 3 shows the comparison between the simulation results
and the experimental results in the clear water state to verify the
accuracy of the numerical simulation. The numerical simulation
results are in good agreement with the experimental results. Some
load and overload conditions show large errors, which may have
come from unstable factors such as reflux and flow separation.
However, the error is still within the acceptable range, and the
efficiency error and head error are less than 5.0%. Near the effective
area (0.7–1.1QD), the errors of head and efficiency are less than 3.0
and 3.5%, respectively. Therefore, the numerical model in this
article can meet the requirements of the calculation accuracy.
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NUMERICAL SIMULATION RESULTS AND
DISCUSSION

Gas–Liquid Flow Characteristics of the Inlet
The gas (air)–liquid (water) distribution diagram of each part of
the inlet flow channel of the pump under different flow
conditions is shown in Figure 4. The volume of the gas
increases with the increasing flow rate, but it can be found
that the volume of the gas entering the pump from the outlet
section is very small. Therefore, it can be considered that the gas
entering the pump is not enough to affect the normal operation of
the pump.

Pressure Distribution of Overflow
Components
Cross-Sectional Pressure Distribution in the Suction
Chamber
Taking XY as the plane, we draw the pressure distribution
diagram of the oil suction cavity section under different flow
conditions in the Z-direction. Blue represents the lowest
pressure and red represents the highest pressure. It can be
seen from Figure 5 that with a rising Z value, the blue area at
the interface between the suction chamber and the impeller is
decreasing, which means that the pressure is increasing. While
the whole area at the housing and other areas of the suction
chamber is becoming lighter and the pressure is decreasing.
Comparing the position of the blue area, the pressure in the
suction chamber near the contact surface of the impeller
decreases with the increase in the distance in the
Z-direction. Figure 5 shows the pressure distribution of the
suction chamber cross section at low flow rate (Q = 4.0 m3/s).
Comparing the different flow conditions, in the small flow
condition, the pressure on the section of the entire suction
chamber is greater than the pressure on the section under the
design flow condition, particularly at the curved part of the
suction chamber inlet. Because the direction of the fluid
changes at these positions, the pressure value is greater than
other positions.

Impeller Cross-Sectional Pressure Distribution
Taking XY as the plane, we analyze the pressure distribution of the
impeller cross section in the Z-direction under the design condition.
The maximum cross-sectional pressure at Z = 0.1 m is 881.7 kPa, at
Z = 0.15m is 632.5 kPa, and at Z = 0.2 m is 8,437.9 kPa. The overall

FIGURE 1 | The grid of flow system components. (A) Impeller; (B) Suction chamber; (C) Volute; (D) Exit section.

TABLE 1 | Grid independence analysis.

Parameter Number of grids

Grid 1 Grid 2 Grid 3 Grid 4

Number of cells/10,000 500 900 1,400 1,600
Efficiency/% 81.86 83.39 89.97 90.03
Head/m 98.77 103.81 106.83 106.95

TABLE 2 | Centrifugal pump parameters.

Parameters Valuer Parameters Value

Rotation speed 750 rpm Flow rate 4.57 m3/s
Head 108.08 m Mechanical input 8,000 kW
Efficiency 88% Number of blades 6
NPSH 10.5 m Impeller inlet diameter 730 mm
Suction chamber 1,325 mm Impeller outlet diameter 125 mm
Inlet diameter
Outlet diameter of volute 1,200 mm Impeller outlet width 800 mm
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pressure decreases with the increase in the cross-sectional distance in
the Z-direction. The pressure at the inlet of the blade is the lowest,
and gradually increases in the direction of the outlet of the blade.
Figure 6 shows the pressure distribution of each impeller section at
Q = 4.0 m3/s. The maximum cross-sectional pressure at Z = 0.1 m is
897.5 kPa, at Z = 0.15m is 647.0 kPa, and at Z = 0.2 m is 462.6 kPa.
The relationship between the pressure and the distance in the
Z-direction is the same as the design flow condition.
Furthermore, the pressure at the inlet of the impeller is smaller
than the pressure at the outlet of the impeller, and the pressure on
each blade increases gradually in the clockwise direction.

Pressure Distribution of the Spiral Shell
Cross Section
Plot the pressure distribution of the spiral shell cross section in
the Z-direction in the design flow condition and low flow
condition (Q = 4.0 m3/s), the results are showed in Figure 7.
The position of Z = 0 m is also the position of the central section
of the shell. According to its pressure distribution, the annular
channel of the inlet of the shell owns the smallest pressure of the
whole shell components. With the direction of water flow till the

outlet part of the shell, the pressure from the inner wall surface to
the outer wall surface is increasing. In the diagram with Z = 0 m
for design flow and low flow, a circular orange area at the exit of
the shell can be seen, surrounded by a red area at higher pressures,
indicating the possible presence. In the cross section away from
the central section, the pressure in the shell decreases slightly. But
in the cross section away from the profile, there are more red
areas, filling almost the entire exit section of the shell. But the
cross section between Z = 0.05 m and Z = 0.1 m does not show
any orange areas in the central section. It can be observed that as
the flow rate increases, the pressure in the various sections of the
shell decreases (Lomakin et al., 2016).

Pump Cavitation Characteristic
Based on the experimental results and external characteristics
analysis, the cavitation may occur in the pump. Three flow
conditions are designed in the numerical simulation of
cavitation, the pump inlet pressure is reduced from 2 atm
(101,325 Pa) to 1 atm, forcing the centrifugal pump cavitation.

Design Flow Conditions
It can be seen from Figure 8 that when the inlet pressure is
reduced from 2 to 1 atm, the volume of the bubbles on the back of
the blade changes during the whole process. From the beginning
of the bubble, the volume of the bubble on the blade suction side
will increase with every 0.1 atm decreasing until the inlet pressure
drops to 1 atm. It can be found that the bubble volume at the inlet
of the blade gradually increases until it reaches the maximum at
1 atm. On the contrast, the bubble volume in the direction of the
outlet gradually decreases and reaches the lowest. And there is no
cavitation on the outside of the blade because of the inlet pressure
on the back of the blade reaching the lowest. As showed in
Figure 8, the bubbles first appeared at the back of the blade. As
the pressure increased, the bubbles moved toward the blade outlet
and gradually spread to the inside through the flow channel. The
pressure of the blade inlet penetrated again and gradually started
to compress the bubble, made the volume of the bubble rapidly
decrease until it busted. The surrounding high-pressure liquid
quickly fills the volume left by the burst of the bubble. When the
inlet pressure drops to 1atm, the volume of the bubbles on the
back of the blade has almost reached 1/2 of the entire blade.

FIGURE 3 | Comparison between the simulation results and the
experimental results.

FIGURE 2 | Experimental scheme: (A) monitoring points; (B) trash rack.
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With the reduced inlet pressure, the vapor phase volume
fraction in the impeller runner changes a lot - the results are
shown in Figure 9. The inlet pressure from 2.0 atm down to
1.5 atm, the impeller runner volume of the bubbles did not
change much. When the pressure falls, the impeller runner
volume fraction of the bubbles begins to grow substantially.
The inlet pressure at 1.3 atm of the bubble volume fraction
has increased significantly. The vapor phase volume fraction
increases significantly with every 0.1 atm decreasing of the
inlet pressure.

Off-Design Conditions
The head and NPSH at the corresponding inlet pressure can be
solved by the relevant formula. The cavitation characteristic

curve of the centrifugal pump under different flow conditions
have been plotted in Figures 10A–C. As the NPSH decreases,
the pump head also decreases in all the figures. At Q = 4.0 m3/s,
when the NPSH drops to 15 m, the head starts to drop. After
that, when the pressure is reduced by 1atm, the head will be
greatly reduced. It is generally believed that when the head of
the pump drops by 3%, it is considered that the cavitation has
occurred inside the pump. The cavitation margin at this time is
the critical cavitation margin, which can be calculated. The
critical cavitation allowance under small flow conditions is
8.9 m. The critical cavitation can be calculated as 10.9 m,
and the centrifugal pump in the design flow conditions is
10.5 m, which also confirms the accuracy of the numerical
simulation.

FIGURE 5 | Cross-sectional pressure diagram of the suction chamber at Q = 4.0 m3/s. Z in represents different cross-sectional heights.

FIGURE 4 | The gas–liquid distribution of the inlet flow channel under different water levels. Q in represents different flow rates.
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FIGURE 8 | Volume distribution of cavitation on the blade suction side. P in represents different atmospheric pressures.

FIGURE 7 | Q = 4.0 m3/s spiral shell cross-sectional pressure diagram. Z in represents different cross-sectional heights.

FIGURE 6 | Impeller cross-sectional pressure diagram at Q = 4.0 m3/s. Z in represents different cross-sectional heights.
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VIBRATION CHARACTERISTICS OF THE
CENTRIFUGAL PUMP WITH TRASH RACK

Vibration of Bearing Housing at the P1
Monitoring Site
The design flow rate is 4.57 m3/s, the speed is 750 r/min, and the
theoretical shaft frequency is 75 Hz. Figure 11A is the bearing

vibration velocity of the unit under different flow conditions
without the trash rack. It can be seen from Figure 11A the
diagram of the vibration velocity amplitude of the pump casing
in the low-frequency section. The vibration amplitude at the
maximum flow rate can reach 4.65 mm/s, and the minimum
vibration amplitude at the minimum flow rate is about 4.3 mm/
s. The maximum velocity amplitude at the low-frequency band in
Figure 11A will decrease as the flow rate decreases.

FIGURE 9 | Volume distribution of cavitation with the trash rack. P in represents different atmospheric pressures.

FIGURE 10 | Cavitation curves for different operating conditions. Q in represents different flow rates.
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FIGURE 11 | Vibration velocity distribution of P1 monitoring point. ((A) Vibration velocity distribution of P1 without the trash rack. (B) Velocity frequency domain
distribution of P1 with the trash rack. (C)–(F) Distribution of velocity frequency domain for different flow conditions at P1 (C) Q = 4.3 m3/s, (D) Q = 4.45 m3/s, (E) Q =
4.85 m3/s, and (F) Q = 5.05 m3/s).
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Figure 11B shows the vibration velocity amplitude
distribution in the frequency spectrum with different flow
conditions after adding the trash rack. The vibration velocity
amplitude can reach 4.0 mm/s at the maximum flow and
2.45 mm/s at the minimum flow. Comparing Figure 11A with
Figure 11B, the velocity amplitude in the low-frequency band is
much larger after adding the trash rack. The amplitude of the
velocity frequencies decreases as the flow rate decreases.

Figures 11C–F represent the frequency spectra of the bearing
housing vibration velocity at each flow condition. No matter in
which flow condition without the trash rack, there will always be
many irregular vibration velocity spectral components in the low-
frequency band. The figure shows that the large vibration velocity
amplitude occurs again 2 times at the shaft frequency in both the
high flow conditions, which is probably due to the higher flow
and poor stability of the pump shortly after discharge.

FIGURE 12 | Velocity frequency spectra at P3 for each flow condition. Q in represents different flow rates.
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Vibration of Bearing Housing at the P2
Monitoring Site
The vibration pattern at the P2 monitoring point of the pump in the
low-frequency band is more complicated without the trash rack. In
each flow condition, the largest value can reach upto 2.5mm/s. Near
the designed condition, the smallest amplitude is 1.8 mm/s which is
smaller than the range of the velocity amplitude at P1. The vibration
amplitude variation pattern at P2 is more complex due to the
turbulence. The vibration pattern of the pump casing at P2 is
more simplified after adding the trash rack, and the vibration
amplitude in the low-frequency band is also much smaller. The
maximum vibration amplitude can reach upto 4.7mm/s and the
minimum vibration amplitude is 1.8 mm/s, which is better optimized
compared with the vibration amplitude without the trash rack.

By comparing the velocity frequency domain diagrams at the
same flow condition, it can be found that under small flow condition,
the largest values of velocity appear at the shaft frequency, but the
largest values of velocity appear at the blade frequency in the large
flow condition. Moreover, after excluding the influence of weeds and
other debris, the pump vibration condition under the P2 monitoring
point is well improved. The vibration amplitude in the wide
frequency area will become relatively simple with the decrease of
weeds and other debris with the trash rack.

Vibration of Bearing Housing at Different
Flow Conditions
The change of P3 (different from the position monitored by P1) is
very similar to the change of the P1 monitoring point. Without
the trash rack, the vibration velocity amplitude is slightly higher,
the velocity amplitude is larger, and the vibration velocity spectral
components are also higher. The vibration velocity spectral
components of P2, P3, P1, and P5 under low and high flow
conditions are compared, as shown in Figures 12A–D. It can be
found that the largest vibration velocity amplitude of P2 is greater
than the largest vibration velocity amplitude of P3 in all the
conditions. At the low frequency, the vibration times of P3
becomes longer than P2, and in the high frequency, the
broadband region of P2 becomes wider than P3. For P1 and
P5, it can be found that the vibration of P1 in the low-frequency
band is slightly better than that of the P5 monitoring points. The
vibration amplitude of P1 in low-frequency band is higher than
P5. The vibration amplitude of P1 in the high-frequency area is
smaller than the P5. But at the higher frequency, the P5
monitoring point does not have a significant vibration amplitude.

The changes in the vibration frequency spectra taken at the
monitoring sites show some similarity in the pump casing
vibration when measured in the same direction. As the pump
is a double-suction centrifugal pump, flow inlets, the influence of
water flow velocity, inlet size, and other factors will lead to a
certain difference in the flow field. According to the vibration
velocity spectral components of all the monitoring points, it is
obvious that: 1) after adding the trash rack, the vibration
frequency domain of each monitoring point is better than the
speed frequency domain. 2) Irregular vibration amplitude is
found in the low-frequency region of each monitoring point,

but is further reduced in the frequency domain after adding the
trash rack. 3) The irregular vibration amplitude may be caused by
the cavitation in the centrifugal pump.

CONCLUSION

In thisarticle, the change law of the vibration of the centrifugal
pump during operation was studied by using experimental and
numerical simulations. The results presented the flow decay
mechanism of a double-suction pump station. The main
works and findings can be summarized as follows:

1) Wemonitored the vibration of the pump bearings in real time.
The results showed that the pump vibration curves were
significantly improved after adding the trash rack.

2) We compared and analyzed the gas (air)–liquid (water)
characteristics of each component under different conditions
by the numerical simulations. The gas in the inlet flow
channel could not affect the normal operation of the pump.

3) The head gradually decreases as the flow rate rises, and the
efficiency reached the maximum when the flow rate was
4.5 m3/s.

4) Based on the numerical simulation of cavitation, the change
law between the bubble volume on the blade suction side and
the inlet pressure under the three flow conditions was
analyzed. The critical NPSH was calculated to be 8.9, 10.9,
and 12.9 m, respectively.

5) Serious cavitation has happened inside the pump. This is the
main reason that causes the centrifugal pump performance
and pump flow to drop. It is hoped that the cavitation of the
pump can be more effectively solved with the joint
cooperation of more scholars in the future.
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