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Abstract: This review mainly summarizes the latest developments in the internal flow field and external characteristics of cen-
trifugal pumps. In particular, the latest findings of centrifugal pumps focused on turbulence and cavitation models, flow visuali-
zation methods, and fault detection based on noise and vibration. The external characteristics, cavitation, and vibration of the 
centrifugal pump were extensively discussed. In addition, advanced multi-objective optimization methods for improving impel-
ler’s efficiency and reducing net positive suction head (NPSH) were briefed. Although some progress was made in this field, there 
remain many unsolved problems, such as monitoring and modeling of cavitation, rotational stall phenomenon, and discrepancies 
between simulation and measurement. In the future, researchers are encouraged to employ multi-dimensional flow visualization 
technologies and high-performance computing facilities to advance existing understandings on these issues and create new re-
search directions. 
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1  Introduction 

 
Centrifugal pumps are essential mechanical 

equipment for energy conversion and fluid transpor-
tation. They are widely used in agricultural water 
conservancy construction, petrochemical, electric 
power, transportation, and metallurgical industries. 

Centrifugal pumps consume about 20% of the world’s 
electricity (Mandhare et al., 2019). As one of the 
world’s main sources of power consumption, im-
proving their efficiency and reducing noise and vi-
bration can not only benefit the operation safety and 
reliability, but also reduce energy cost.  

At present, scholars have carried out research on 
centrifugal pump component design (Bowade and 
Parashar, 2015; Zhang QH et al., 2019), numerical 
simulations (Shah et al., 2013), and equipment fault 
detection (Si et al., 2019). However, issues with re-
gard to the internal and external characteristics, fault 
detection, and performance optimization were not 
fully addressed. This paper made an in-depth review 
on internal flow structure and external characteristics 
of centrifugal pumps. In addition to a large body of 
research on improving the energy efficiency of pump 
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systems, investigation on vibration monitoring and 
performance optimization is needed. 

This paper first reviews the internal flow struc-
ture of the centrifugal pump, which allows us to un-
derstand fully the complex flow field and the energy 
loss mechanism inside the centrifugal pump. Next, a 
review of the study of the external characteristics of 
centrifugal pump is presented. Third, the latest re-
search progress in vibration monitoring and fault 
detection of centrifugal pump is introduced. Finally, 
various methods and measures for optimizing the 
performance of the centrifugal pump are described. 
 
 
2  Internal flow structure of centrifugal pump 

2.1  Computational fluid dynamics model of cen-
trifugal pump 

2.1.1  Turbulence model 

The complex shape and structure of the centrif-
ugal pump make it necessary to consider several 
geometric parameters in the design of the centrifugal 
pump, which is also a great challenge to the perfor-
mance prediction of the centrifugal pump (Jafarzadeh 
et al., 2011). Computational fluid dynamics (CFD) 
methods are used to test the performance of a com-
putational prototype, which can well predict the per-
formance of fluid machinery at the drawing design 
stage. Numerical simulation provides a wealth of flow 
field information, providing a basis for engineers to 
design and improve fluid machinery. Therefore, many 
centrifugal pump researchers have used CFD for the 
fluid dynamic design of pumps. 

Solving the continuous equation and the Reyn-
olds average Navier-Stokes (RANS) equation, and 
then closing the equation with a turbulence model, 
has gradually become the main method for numerical 
calculation of centrifugal pumps. The commonly used 
RANS turbulence models for centrifugal pump CFD 
calculations include: the k-ε model, the renormaliza-
tion group (RNG) k-ε model, and the shear stress 
transfer (SST) k-ω model. The k-ε model is currently 
the most widely used of the engineering turbulence 
models (Tan et al., 2015). The equation uses the de-
ceptive scale as the feature length and is obtained by 
solving the corresponding partial differential equa-
tion. Studies have shown that it performs better flow 
field predictions for the complex 3D turbulence of 
centrifugal pumps. The k-ε model has proven to be a 

good method for studying the flow dynamics of the 
near-lobe region of a leafless centrifugal pump (Bar-
rio et al., 2010). 

The RNG k-ε model has great advantages in 
predicting turbulence caused by shearing motion 
(Guleren and Pinarbasi, 2004; Derakhshan et al., 
2013). The SST k-ω model has important improve-
ments in the prediction of backpressure gradient flow 
(Shojaeefard et al., 2012). The near-wall flow can be 
evaluated with high precision using the k-ω model 
and the SST function (Pei et al., 2013). The SST k-ω 
model has been used to study flow in impellers and 
diffusers to accurately predict the hydraulic head and 
flow structure of the pump (Zhou et al., 2015). Se-
lecting different RANS turbulence models is slightly 
different from the calculation results, and it is neces-
sary to compare and select the appropriate model 
according to the actual situation. 

The RANS model indicated to be unsuitable for 
the calculation of transient turbulent separation flows 
in centrifugal pumps (Byskov et al., 2003; Benim et 
al., 2008). Simulation strategies such as direct nu-
merical simulation (DNS) and large eddy simulation 
(LES) are potential alternatives to flow field predic-
tion in RANS (Jafarzadeh et al., 2011). However, they 
have a higher computational cost in solving boundary 
layer turbulence at higher Reynolds numbers. 

Byskov et al. (2003) compared the LES simula-
tion results of the centrifugal pump under steady-state 
operation with the RANS numerical results and per-
formed verification evaluation by particle image ve-
locimetry (PIV) measurement. The predicted velocity 
from LES was compared with experimental data to 
confirm the existence of a combination of non- 
rotating stall and relative eddy current. However, 
RANS had a lower accuracy in predicting complex 
flows in the flow field. 

The LES method is based on a second-order 
exact numerical method combined with a vortex 
viscosity subgrid-scale (SGS) model to simulate 
turbulence, and Yang et al. (2012) evaluated the 
Smagorinsky model (SM), dynamic Smagorinsky 
model (DSM), and dynamic mixed model (DMM). 
The simulation results showed that the DMM model 
could accurately capture the turbulent structure de-
tails of the large curvature flow field of the centrifugal 
pump.  

Studies of turbulence models of centrifugal 
pumps are summarized in Table 1. Using CFD to  
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simulate and predict unsteady flow in centrifugal 
pump is of great significance for improving perfor-
mance. The use of more advanced turbulence models 
to capture complex flow characteristics will help to 
improve and optimize the centrifugal pump design 
and achieve an accurate prediction of centrifugal 
pump performance. 

2.1.2  Cavitation model 

At present, the numerical simulation of the cen-
trifugal pump cavitation problem primarily uses the 
cavitation model (Bilus and Predin, 2009; Ding et al., 
2011; Wang Y et al., 2016; Hu et al., 2019). The 
choice of cavitation models is critical to the accurate 
prediction of cavitation flow. 

(1) The full cavitation model (Singhal et al., 
2002) considers phase change, bubble dynamics, 
turbulent pressure fluctuation, and non-condensable  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

gases. It has higher prediction accuracy for the critical 
cavitation value of the centrifugal pump and has bet-
ter consistency with the experimental values (Ding et 
al., 2011). The full cavitation model and the RNG k-ε 
turbulence model were used to simulate and compare 
the gas volume fraction in the impeller under partial 
flow conditions. However, the capture of the cavitation 
separation state is rather blurred (Tan et al., 2012, 
2013). The full cavitation model can provide a wide 
range of cavitation domains, but the capture of bubble 
morphology is not obvious enough, the calculation is 
difficult, and the convergence is poor. 

(2) The Zwart-Gerber-Belamri model assumes 
that all bubbles are about the same size, and the 
number of bubble densities of the interphase mass 
transfer rate is determined, while ignoring the bubble 
surface tension and the second derivative term. The 
Zwart-Gerber-Belamri cavitation model is used to 

Table 1  Summary of turbulent model of centrifugal pump 

Reference Turbulence model Test case or test region 

Guleren and Pinarbasi, 2004 k-ε Studied the effects of blade number and the relative position be-
tween blade and volute tongue on centrifugal pump based on 
RNG k-ε turbulence model 

Zhang N et al., 2016 LES Analyzed unsteady rotor-stator interaction and flow structures 
within a low specific-speed centrifugal pump using LES method 

Posa et al., 2011 LES Reported one of the first LES in turbulent and transitional flows 

Barrio et al., 2010 URANS+k-ε Simulated the unsteady flow field by the CFD program to study the 
dynamic characteristics of the flow near the tongue of the vane 
centrifugal pump 

Pei et al., 2013 URANS+SST k-ω Carried out a CFD simulation and new flow unsteadiness analysis 
for a single-blade centrifugal pump with whole flow passage 

Jafarzadeh et al., 2011 k-ε, RNG k-ε, RSM Presented a general 3D simulation of the turbulent fluid flow to 
predict the velocity and pressure fields for a centrifugal pump and 
analyzed the effect of blade number of the characteristics of the 
pump 

Kaewnai et al., 2009 k-ε, k-ω, RNG k-ε Used CFD technique to analyze and predict the performance of a 
radial flow-type impeller of a centrifugal pump 

Yang et al., 2012 LES Studied three SGS models including SM, DSM, and DMM using 
CFD code FLUENT combined with its user defined function 

Tan et al., 2015 RNG k-ε Revealed and analyzed the detailed flow field and cavitation effect 
on partial load 

Derakhshan et al., 2013 RNG k-ε Proposed an optimal design method of impellers based on ANS and 
ABC algorithm, and verified it by CFD method 

Shojaeefard et al., 2012 SST k-ω Numerically simulated the 3D flow in centrifugal pump that pumps 
viscous fluid along with the volute 

Zhou et al., 2015 SST k-ω Compared CFD investigation and PIV validation of flow field in a 
compact return diffuser under strong part-load conditions 

Byskov et al., 2003 LES Investigated the flow field in a shrouded six-bladed centrifugal 
pump impeller at design load and quarter-load using LES 

URANS: unsteady Reynolds average Navier-Stokes; RSM: Reynolds stress model; ANS: artificial neural networks; ABC: artificial bee colony 



Tong et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2020 21(2):85-117 88

predict the development of cavitation in the entire 
impeller channel. The predicted trend is qualitatively 
and quantitatively consistent with the experimental 
results (Meng et al., 2016). However, this model ig-
nores the influence of non-condensing gases, result-
ing in greater empirical constants in the formula. If 
these empirical constants are chosen improperly, it 
may have a greater impact on the results. 

(3) The formula of the traditional turbulence 
model is derived from the non-cavitation flow, so the 
application of the eddy viscosity model in complex 
turbulent cavitation flow is greatly limited (Liu et al., 
2009; Bensow and Bark, 2010; Lu et al., 2010). For 
many years, researchers have been working to correct 
turbulence in cavitation simulations by modifying 
turbulent viscosity (Tan et al., 2012).  

In recent years, a filter-based model (FBM) 
combining the standard k-ε model with LES has been 
gradually applied to the simulation of turbulent cavi-
tation flow in centrifugal pumps (Chen et al., 2017a; 
Lin and Xue, 2018). By comparing the application of 
RANS and FBM methods in cavitation flow of cen-
trifugal pump impeller, it was determined that FBM is 
helpful for reducing the dependence of the traditional 
vortex viscosity model and turbulence amount on 
inlet vortex viscosity, and its prediction accuracy is 
higher, which is more consistent with experimental 
visualization than other results (Liu et al., 2013a). 

A newly developed cavitation flow calculation 
model is proposed, which is a two-phase, three- 
component calculation model (Wang Y et al., 2016). 
Improving the FBM model based on the RNG k-ε 
model was achieved by using probability density 
functions. Also considered was the impact of pressure 
fluctuations on turbulence to modify the Kunz cavi-
tation model. The modified Kunz model was used as 
the cavitation model, and the modified FBM model 
was used as the turbulence model. Three numerical 
schemes were considered for comparison (Table 2), 
which showed the vapor volume fraction distribution 
on the suction side of the blade inlet edge with a flow 
coefficient ψ of 0.114 for three numerical simulations  
 

 
 
 
 
 

and the experimental test (Fig. 1). The bubble distri-
bution shows that schemes 2 and 3 were more accu-
rate in prediction. Throughout the article (Wang Y et 
al., 2016), scheme 3 better predicted critical cavita-
tion numbers of a centrifugal pump as compared to 
scheme 2. 

(4) The thermodynamic effect is an important 
factor in the vapor-liquid conversion of cavitation 
flow, but the above cavitation models were not con-
sidered. A cavitation model that considers mass, 
momentum, and energy transportation is developed 
on the basis of the Rayleigh-Plesset dynamic equation 
for bubbles and the Plesset-Zwick equation for cavi-
tating thermodynamic mechanisms (Tang et al., 2013). 

The proposed cavitation model was used to 
simulate the centrifugal pump and compared with the 
simulation results of the full cavitation model. As can 
be seen from Fig. 2, the performance curve calculated 
by using the proposed cavitation model drops more 
steeply, due to the bubble burst from the inlet to the 
outlet of the impeller, causing the release of heat and 
the temperature of the flow field to rise, and thus 
exacerbating the deterioration of performance (Tang 
et al., 2013). Hu et al. (2019) explored the law of 
cavitation jet cleaning technology in underwater jet 
flow through CFD simulation and obtained accurate 
results. Therefore, the proposed cavitation model 
considering thermodynamic effects should be con-
sidered in engineering. 

The current cavitation model is based on dif-
ferent assumptions about bubbles and more or less 
omitted from real physical properties. For centrifugal  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Vapor volume fraction distribution in the suction 
side of the blade inlet edge when the flow coefficient ψ is 
0.114 
Reprinted from (Wang Y et al., 2016), Copyright 2016, with 
permission from Elsevier 

Table 2  Three numerical schemes in (Wang Y et al., 2016) 

Scheme Turbulence model Cavitation mode Incompressible gas 

1 RNG k-ε model Zwart model Not considered 

2 FBM filter model based on RNG k-ε model  Kunz model Not considered 

3 Modified FBM filter model based on RNG k-ε model Modified Kunz model Considered 
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pump flow fields with complex turbulence and cavi-
tation, the more adaptable model should be consid-
ered according to the specific situation. 

2.2  Visualization method for internal flow of 
centrifugal pump 

Experimental testing is the most basic and 
credible method for understanding various methods 
of internal flow field in centrifugal pumps (Liu et al., 
2013c). However, the special geometry of the cen-
trifugal pump and the complex internal flow impose 
very stringent requirements on the experimental 
measurement technique. The development of mobile 
display technology is being increasingly perfected. 
Laser Doppler velocity (LDV) technology and PIV 
techniques are widely used for the observation of 
centrifugal pump flow structures. Because optical 
technology is not invasive, it does not cause external 
interference in the flow field (Wu et al., 2011). 

Scholars have used LDV to measure many flow 
fields. LDV measured the velocity field of multiple 
complex flows inside the impeller, demonstrating the 
effect of hydraulic loss on flow (Miner et al., 1989). 
LDV was used to study the unsteady complex flow 
structure at the exit portion of the impeller (Li, 2008; 
Feng et al., 2011). LDV provides accurate flow field 
results as measurements are made directly at the point 
of interest.  

PIV technology is a powerful alternative or 
complement to LDV, which provides more infor-
mation about the instantaneous spatial flow structure 
while greatly reducing acquisition time (Pedersen et 

al., 2003). Fig. 3a is the original image of the cen-
trifugal pump tongue captured by PIV, and Figs. 3b– 
3d are the velocity cloud map, flow field streamline 
map, and flow field velocity vector diagram obtained 
after the original image is subjected to flow field 
post-processing. PIV can clearly identify the vortex 
structure inside the flow field, which can best de-
scribe the average relative and absolute velocities of 
the phases in the plane, the turbulence energy, and the  
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Fig. 2  Predicted cavitation performance 

H is the head; Pout is the outlet pressure; η is the efficiency. 
Reprinted from (Tang et al., 2013), Copyright 2013, with 
permission from Springer Science+Business Media 

Fig. 3  Flow at the volute of a centrifugal pump taken 
with PIV (Huang, 2019) 
(a) Original image; (b) Velocity map; (c) Flow field stream-
line diagram; (d) Flow field speed vector 
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calculation of the vortex field (Fig. 4). It also per-
fectly captures the evolution of the phase over time in 
a blade channel. 

PIV was widely used in the observation and 
measurement of centrifugal pumps, such as the ve-
locity distribution at the interference between the 
volute tongue and the impeller (Shao et al., 2015), 
kinetic energy fluctuations (Kadambi et al., 2004), the 
entire flow field inside the guide vane and diffuser 
channel (Gaetani et al., 2012; Keller et al., 2014), 
vorticity distribution in pumps (Zhang et al., 2018), 
and unsteady flow characteristics of pumps (Liu et al., 
2013c; Keller et al., 2014; Si et al., 2015). PIV 
measurements can also be used to verify the results of 
CFD (Feng et al., 2007, 2009). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3  Internal flow phenomenon 

2.3.1  Unsteady flow features 

The coupling between rotor and stator, blade and 
fluid determines that the centrifugal pump has the first 
kind of unsteady flow, that is, the response of viscous 
flow under external disturbance (Shao et al., 2015; 
Cheng et al., 2019). Secondly, the viscous fluid forms 
a boundary layer at the solid boundary of the runner. 
Under the action of centrifugal force and Coriolis 
force, the boundary layer forms different degrees of 
separation. The unsteady flow caused by the flow 
itself is the second kind of unsteady flow inside the 
centrifugal pump (Si et al., 2015). In addition, for 
multistage centrifugal pumps, the wake of the upper 
stage passes through the gapless gap and then enters 
the next stage, resulting in a more complex unsteady 
flow in the next stage. The existence of complex un-
steady flows at the next level will inevitably affect the 
flow of the upper level (Stel et al., 2013). 

Studies have shown that under different operat-
ing conditions, there is flow separation inside the 
centrifugal pump (Zhang et al., 2018), secondary flow 
(Westra et al., 2010), gap flow (Ayad et al., 2015), 
multiphase flow (Bachert et al., 2010), and other 
complex flow phenomena. 

2.3.2  Flow field during transient operation 

Typically, the pump has transient operation, 
such as pump start and stop, increased and decreased 
flow, and power failure of the centrifugal pump motor 
(Wu et al., 2010). In these operations, the response of 
the pump system can have a transient effect due to 
changes in operating conditions. 

During pump start-up, the pump speed increases 
rapidly from zero to thousands of revolutions. The 
characteristic Reynolds number increases rapidly 
from zero to millions, and the internal turbulent state 
changes from laminar flow to high turbulence, in-
cluding dynamic and static interference between the 
blade and the tongue. The start-up process of the 
centrifugal pump is related to the acceleration of the 
start-up and is also related to the speed at which the 
start-up is completed, the resistance of the pipeline, 
and the shape of the pump (Chalghoum et al., 2016). 
The internal influencing factors are fluid viscosity, 
inertia, and changes in instantaneous flow regimes, 

Fig. 4  Normalized phase average of the tongue region 
taken using PIV 
(a) Velocity distribution; Reprinted from (Keller et al., 
2014), Copyright 2014, with permission from Springer 
Science+Business Media. (b) Vorticity distribution; Re-
printed from (Zhang et al., 2018), Copyright 2018, with 
permission from Elsevier 

(b)   

(a)   
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such as changes in flow parameters and development 
of vortices in the flow field (Zhang YL et al., 2016). 

Li et al. (2010) proposed a dynamic slip region 
method for transient flow evolution during the simu-
lation start-up process. Fig. 5 is the transient simula-
tion of the impeller inlet when the centrifugal pump is 
started. At the beginning of the start-up, a large vortex 
is visible at the impeller inlet. This compact vortex 
that occurs during transient start-up is the direct cause 
of the lower transient head (Li et al., 2011).  

At present, most of the internal transient flow 
research on the start-up process of the centrifugal 
pump is carried out. However, the transient inflow 
evolution mechanism during cavitation in the start-up 
process, the transient performance of the centrifugal 
pump during shutdown, and the pressure pulsation of 
the pipeline resistance transient process still need to 
be explored further. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.4  Research status on gas-liquid two-phase flow 

Centrifugal pump has indispensable application 
value in the petroleum industry (Scott, 2003; Caridad 
et al., 2008). However, if the pressure inside the pump 
is lower than the saturated oil pressure during opera-
tion, gas will be produced, forming a mixture of gas 
and liquid (Monte Verde et al., 2017). As the gas 
volume fraction (GVF) continues to increase, the flow 
pattern in the impeller changes, directly leading to a 
decrease and deterioration of pump performance. The 
change of the flow field and performance caused by 
gas-liquid two-phase flow of centrifugal pump is the 
main focus of current research. 

Visualization techniques can obtain quantitative 
information about variables in the flow field, such as 

bubble size distribution and velocity. Most laborato-
ries do not allow testing of oil and gas mixtures for 
safety reasons (Zhang JY et al., 2016; Monte Verde et 
al., 2017; Shao et al., 2018; Tong ZM et al., 2019c). 
Therefore, a mixture of water and air was selected for 
experimental study. The results obtained are helpful 
for scholars to better understand the phenomenon and 
rule of gas-liquid two-phase flow in centrifugal pump. 
In addition, these results can be used as a reference for 
numerical simulation verification. 

The fluid property, flow rate, and impeller shape 
mainly determine the change of flow pattern caused 
by the interaction of gas-liquid two phases (Zhu and 
Zhang, 2018). In the latest research, high-speed 
photography was used to study the flow patterns and 
characteristics of the pump (Monte Verde et al., 
2017). With the increase in GVF, four types of flow 
patterns were captured and identified. The identifica-
tion of the four flow patterns is well matched to var-
ious previous studies on flow patterns (Murakami and 
Minemura, 1974a, 1974b; Sato et al., 1996; Scott, 
2003; Schäfer et al., 2015; Mansour et al., 2018). 

When the local GVF inside the vane passage is 
low (from 0% to 4%), there is a uniform flow bubble 
flow state (Fig. 6a). The phase slip causes the bubbles 
to agglomerate (Jiang et al., 2019), forming agglom-
erated bubble streams (Fig. 6b). The dispersed bub-
bles continue to evolve toward the slug flow and form 
a gas-pocket flow (Fig. 6c) with an increased bubble 
size (Sekoguchi et al., 1984). The bubbles collect on 
the pressure side of the impeller blades and occupy a 
large portion of the impeller passage, resulting in the 
extremely limited available area for liquid flow 
(Poullikkas, 2003; Barrios and Prado, 2011). As the 
GVF increases, the gas-pocket flow becomes a sepa-
rate flow (Fig. 6d), and small bubble flow and fixed 
large bubbles occur simultaneously (Sato et al., 
1996), while the pump head is significantly reduced 
(Schäfer et al., 2015). The bubbles increase hydraulic 
losses and reduce the ability of the impeller to change 
the momentum of the mixture. As a result, the head 
delivered by the pump is reduced (Caridad et al., 
2008).  

Monte Verde et al. (2017) correlated the topo-
logical distribution of each stage of the gas-liquid 
flow mode of the centrifugal pump impeller. Under 
the condition of a certain speed and inlet pressure, the 
performance of the pump when the mass flow rate of 

Fig. 5  Instantaneous relative velocity evolution at the 
impeller inlet (reference frame is fixed on the impeller, 
0.1 s≤t≤1.6 s) 
(a) Time t=0.1 s; (b) t=0.5 s; (c) t=1.6 s. Reprinted from (Li et 
al., 2011), Copyright 2011, with permission from Springer 
Science+Business Media 

(a)                                (b)                                (c) 
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the gas is changed is shown in Fig. 7. The changes of 
flow patterns were observed under the above condi-
tions, and the distributions of the four flow patterns 
were divided in Fig. 7. The dashed line represents the 
boundary between the flow states. The pump per-
formance curves are similar under different gas mass 
flow rates, and all begin to deteriorate with the ap-
pearance of gas-pocket flow patterns. The presence of 
segregated flow may cause the inability of the pump 
to generate pressure and cause serious damage. 

If the gas volume fraction exceeds a certain 
value, the pump will reach a state called an air lock, in 
which case the pump will be blocked by the gas and 
stop working (Zhang JY et al., 2016). Currently, most 
articles only consider low GVF (<10%), but industrial 
applications have exceeded this value (Caridad et al., 
2008), and there are few studies on extending the 
range of the GVF value. The experimental data on 
which most of the gas-liquid two-phase flow pattern 
diagrams in centrifugal pumps are based are from 
water-air flow, so the applicable scope of flow pattern 
diagrams is also limited. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.5  Cavitation flow mechanism 

Cavitation is the compressible and unsteady 
turbulent flow caused by the mass transfer between 
gas and liquid phases (Wang et al., 2001). The effects 
of cavitation on hydrodynamics are usually noise 
(Chudina, 2003), vibration (Benaouicha et al., 2010; 
Wang et al., 2015), material damage (Mouvanal et al., 
2018), and performance degradation (Tao et al., 
2018a). The guarantee of cavitation performance is 
often very important when designing a centrifugal 
pump (Hirschi et al., 1998). 

The leading edge of the centrifugal pump blade 
is the place where the pressure is the least and cavi-
tation occurs first (Tan et al., 2014b). Figs. 8a–8d 
show the numerical results of the cavitation deterio-
ration process of the centrifugal pump when the total 
inlet pressure drops below the vapor pressure at a low 
flow rate (79% of the optimal flow rate Q0). At low 
flow rates, the typical development of cavitation is 
asymmetric (Fu et al., 2015; Tao et al., 2018a). As the 
total inlet pressure decreases, adherent cavities of 
different lengths are formed on adjacent blades (Tao 
et al., 2018a). The cavity on the blade gradually dif-
fuses to the middle of the blade from the suction 
surface near the leading edge. In one of the blades, the 
cavitation reaches its maximum strength and the va-
por volume occupies the entire blade. 

Figs. 9a−9e show the cavitation structure of 
centrifugal pump at high flow rate (120% of the op-
timal flow rate Q0). Its cavitation structure is com-
pletely different from the flow pattern observed  

Fig. 7  Relationship between the flow patterns and pump 
performance under different gas mass flow rates, m G  

Reprinted from (Monte Verde et al., 2017), Copyright 2017, 
with permission from Elsevier 

Fig. 6  Four types of flow patterns 
(a) Bubble flow pattern; (b) Agglomerated bubble flow pat-
tern; (c) Gas-pocket flow pattern; (d) Segregated flow pat-
tern. Reprinted from (Monte Verde et al., 2017), Copyright 
2017, with permission from Elsevier 

(c)                                               (d) 

(a)                                               (b) 
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at low flow rates. The cavitation in the impeller de-
velops in a symmetrical manner and, as the inlet 
pressure decreases, all of the vane passages tend to be 
evenly filled with vapor (Fu et al., 2015; Meng et al., 
2016; Tao et al., 2018a). The suction surface of the 
impeller is still occupied by most of the cavity. Also, 
these cavities are formed only inside the pump and do 
not extend into the inlet pipe. 

The main reason for this difference is the large 
positive attack angle under low discharge condition 
and the small negative attack angle under high flow 
condition (Meng et al., 2016). At a low flow rate 
where no cavitation occurs (Fig. 10a), the positive 
angle of attack present on the suction side of each 
blade results in the presence of a vortex. As the net 
positive suction head (NPSH) decreases (Fig. 10b), a 
higher reverse pressure gradient causes the vortex to 
develop toward the leading edge of the blade, and the 
inlet flow coefficient decreases locally, resulting in a 
decrease in the cavity of the passage. The pressure 
distribution during high flow conditions is different 
from the low flow rate, so the distribution and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

development of the cavity are completely different 
under the two conditions. 

Bachert et al. (2010) observed that cavitation at 
the volute tongue of the pump precedes cavitation on 
the blade under high flow conditions. This is a special 
case. The velocity direction at the trailing edge of the 
blade does deviate from the zero-attack angle of the 
tongue, and there is a significant oscillation, resulting 
in cavitation on the tongue. The reverse flow caused 
by the interaction between the impeller and the tongue 
is the main cause of unsteady cavitation and pressure 
fluctuations in the pump (Shi et al., 2014; Meng et al., 
2016; Li XJ et al., 2018). Li XJ et al. (2018) found 
that increasing the radial clearance between the im-
peller and the volute tongue and changing the edge of 
the tongue and the trailing edge of the blade is an 
effective and reasonable way to reduce the pressure 
pulsation amplitude caused by cavitation. Increasing 
spiral sub-blades (Chen et al., 2017b) and splitter 
blades (Yang et al., 2014), appropriate number of 
induction wheels (Guo et al., 2016), and optimizing 
blade leading edge shape (Tao et al., 2018a) can  

Fig. 8  Vapor structures in the test pump at a low flow rate (79% of the optimal flow rate Q0) as the inlet total pressure 
decreases (Tan et al., 2013): (a) HNPSHa=2.08 m; (b) HNPSHa=1.44 m; (c) HNPSHa=1.30 m; (d) HNPSHa=1.27 m  
HNPSHa indicates the net positive suction head available  

(a)                                                  (b)                                                    (c)                                                (d) 

Fig. 9  Vapor structures in the test pump at a high flow rate (120% of the optimal flow rate Q0) as the inlet total pressure 
decreases (Wang, 2016): (a) HNPSHa=4.24 m; (b) HNPSHa=3.06 m; (c) HNPSHa=2.59 m; (d) HNPSHa=1.28 m; (e) HNPSHa=1.05 m 

(a)                                          (b)                                        (c)                                         (d)                                         (e) 
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effectively improve the hydraulic performance and 
cavitation performance of centrifugal pumps. 
 
 
3  External characteristics of centrifugal 
pump 

 
In engineering applications, the main concern is 

the external characteristics of the centrifugal pump, 
such as whether the head and flow meet the applica-
tion standard, whether efficiency is relatively high, 
how much energy-saving effect is achieved, whether 
the vibration and noise meet the requirements in the 
process of operation, and whether the service life is 
sufficient. The basic parameters characterizing the 
main performance of the centrifugal pump include 
flow rate (Q), head (H), power (P), efficiency (η), 
NPSHr, and speed (n). 

3.1  External characteristics under off-design 
conditions 

The centrifugal pump has unstable operation 
under small flow conditions, and the external char-
acteristic shows a positive slope of the head-flow 
curve. The internal flow is characterized by unstable 
phenomena such as stall and separation. The flow in 
the impeller flow channel is relatively stable and 
uniform under large flow. Due to the jet-wake effect, 
the static pressure near the tongue is lower, which  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

makes the pump more prone to cavitation (Bachert et 
al., 2010). 

Meng et al. (2016) conducted numerical simula-
tion and experimental tests on the cavitation process 
of centrifugal pumps under low flow, design flow, and 
high flow rates (46%, 70%, 100%, and 130% of the 
optimal flow rate Q0). Fig. 11 shows the head-NPSH 
and efficiency-NPSH curves at different flow rates. 
The head reduction rule is similar in different flow 
rates, as is the efficiency reduction rule. With the 
decrease of NPSH, the head and efficiency of the 
pump change little at first. Once the lower NPSH is 
reached, cavitation failure shows a downward trend in 
pump head and efficiency. This is consistent with the 
typical behavior that has been observed in other cen-
trifugal pumps (Medvitz et al., 2002; Tan et al., 2012; 
Liu et al., 2013b; Wang et al., 2015). 

As shown in Fig. 12, the cavity mostly adheres to 
the suction side during the reduction of NPSHa and 
gradually blocks the entire blade passage. The vortex 
in the wake of the cavity is in the middle of the 
channel, and a high kinetic energy nucleus appears at 
the trailing edge of the suction blade near the tongue. 
The impeller cannot convert high kinetic energy into 
potential energy under vortex flow. Drop of pump 
head is inevitable (Li et al., 2013). 

Under high flow rates, the pump head remains 
almost constant, and a sudden drop occurs when the 
critical point is reached (Fu et al., 2015). The critical 

Fig. 10  Velocity distribution in the same blade channel at a low flow rate (70% of the optimal flow rate) 
(a) No cavitation; (b) Cavitation. Reprinted from (Meng et al., 2016), Copyright 2016, with permission from Emerald Publishing 
Limited 

(a)                                                                                             (b) 
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NPSH under large flow conditions is higher than 
those of small flow conditions and design conditions, 
indicating that the anti-cavitation performance of the 
centrifugal pump is reduced with increasing flow rate, 
and the pump is more prone to cavitation. Under the 
condition of small flow, the drop of the head is slower 
and slightly rises before the decline. It can be 
understood that the bubble burst produces a certain 
pressure wave, and the head rises. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Effect of speed on the external characteristics 

When designing and selecting a centrifugal 
pump, it is necessary to consider the situation when 
the centrifugal pump meets the maximum flow and 
head. Centrifugal pumps with a flow rate and a head 
that far exceed the actual demand are generally 
selected. In order to achieve cost-effective operation 
of the centrifugal pump, reducing the speed is a more 
effective, convenient, and economical way. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Comparing the H-Q and η-Q curves at three 

speeds, as shown in Fig. 13, it can be seen that as the 
speed decreases, the head decreases, the efficiency 
increases, and the flow rate decreases at the highest 
efficiency point, but the steeper the efficiency curve, 
the narrower the range of efficient workflows (Zhou 
et al., 2016). This means that the lower the speed, the 
narrower the working range of the pump. 

Jiang (2015) used the energy gradient method 
(Dou and Jiang, 2013) to analyze the flow instability 
at different flow rates inside the centrifugal pump, as 
shown in Fig. 14. As the rotational speed decreases, 
the energy gradient function of the internal flow field 
decreases, making the flow more stable. This is one of 
the main reasons why efficiency increases with the 
decrease in rotational speed. 

3.3  Hydraulic loss due to overcurrent components 

The energy obtained by the effective fluid 
flowing through the impeller with the rotation of the 
impeller is not fully converted into the pressure en-
ergy of the fluid, because the fluid flowing through 
the impeller and volute of the pump is accompanied 
by hydraulic friction loss and hydraulic loss caused by 
outflow, impact, and changes in speed and direction. 
Part of the energy is consumed by the shaft rotation. 

The energy lost by unit mass fluid flowing 
through the flow parts of the pump is called hydraulic 
loss of the pump. Hydraulic loss in centrifugal pump 
is mainly generated by the impeller, volute, and other 
over-flow components. Reducing hydraulic loss is the  

Fig. 11  Head-NPSH curves (a) and efficiency-NPSH 
curves (b) at different flow rates 
Cal. represents calculation result. Reprinted from (Meng et 
al., 2016), Copyright 2016, with permission from Emerald 
Publishing Limited 

(a)   

(b)   

Fig. 12  Vapor volume fraction (αv) and velocity distribu-
tion in blade-to-blade view at 0.7 span 
Reprinted from (Li et al., 2013), Copyright 2013, with per-
mission from Springer Science+Business Media 
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main method to improve centrifugal pump efficiency 
(Wang C et al., 2017). By studying the flow in the 
volute, it was found that reducing the hydraulic loss 

caused by the outlet vortex between the impeller and 
the volute can effectively improve the performance of 
the pump (Shojaeefard et al., 2012). Circular section 
volutes have higher head and efficiency than other 
sections in almost the entire flow range (Alemi et al., 
2015). 

Tan et al. (2014b) found that the pre-rotation 
adjustment of the inlet guide vane (IGV) widened the 
efficient area under off-design conditions. Pumps 
using IGV are more efficient than pumps that do not 
use IGV, and the maximum efficiency is improved by 
more than 2.0% under design conditions. Due to the 
change in the peripheral speed at the impeller inlet 
caused by the IGV, the head is either reduced or 
increased under positive or negative pre-rotation, 
respectively. When the IGV is installed, the cavitation 
performance of the centrifugal pump is reduced, but 
the change in NPSH is less than 0.5 m. 

 
 

4  Fault detection based on noise and vibration 
 

Long-term operation in the vibration state will 
damage the inner surface of the liquid-carrying 
component, resulting in wear and material removal, 
which leads to damage and premature failure of hy-
draulic and machine components, such as impeller 
blades, shafts bearings, and mechanical sealing sur-
faces (Wood et al., 1960; Brennen, 2005; de Giorgi et 
al., 2015). The vibration and noise signals contain a 
wealth of operating information, and are easy to col-
lect. They can be applied to fault detection of cen-
trifugal pumps. Therefore, using modern signal pro-
cessing technology to explore the fault feature ex-
traction and pattern recognition of centrifugal pumps 
is an important research direction at present. 

4.1  Noise and vibration 

Many scholars have found a close relationship 
between vibration and cavitation of centrifugal 
pumps. Zargar (2014) used a condition monitoring 
system to detect cavitation in the pump and analyzed 
the vibration signal in both time and frequency do-
mains, finding that the vibration signal suddenly in-
creased when cavitation occurred. Lu et al. (2017b) 
noticed that there is a clear correspondence between 
the development of cavitation and the enhancement of 

Fig. 13  Pump performance comparisons with different 
rotating speeds n* (Jiang, 2015) 
(a) H-Q curves; (b) η-Q curves 

(a)   

(b)   

Fig. 14  Distribution of the energy gradient function K of 
the central plane at different rotational speeds n* (Jiang, 
2015)  
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vibration signals during the decline of NPSHa when 
studying the vibration characteristics caused by cav-
itation of centrifugal pumps, shown in Fig. 15. The 
research in (Černetič, 2009; Čudina and Prezelj, 
2009) revealed that the cause of vibration caused by 
cavitation is because the collapse of bubbles in the 
blade passage during cavitation will produce unsteady 
impact and shock on the surface of the blade, which is 
then transmitted to other locations of the pump 
through the fluid, leading to the pump’s vibrational 
energy increasing rapidly. It was found that the  
vibration-induced vibration in the pump is most af-
fected at the pump inlet, which maybe because cavi-
tation is the strongest at the leading edge of the blade 
(Lu et al., 2017a). The asymmetry of the airfoil on the 
impeller causes vibration of the impeller shaft (Yo-
shida et al., 2010). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pressure pulsation is another major cause of vi-

bration and noise, so the factors that stimulate pres-
sure pulsation are also the factors that stimulate vi-
bration and noise. At present, the mechanism of 
pressure pulsation is further explored mainly by 
studying the vibration and noise caused by pressure 
pulsation. Researchers have studied the mechanism of 
pressure fluctuation. When the fluid flows out of the 
trailing edge of the blade, the vortex caused by the 
trailing edge contributes to flow instability, and the 
fluid will collide with the tongue and the volute wall, 
resulting in strong turbulence (Choi et al., 2003; Bar-
rio et al., 2011). Strong pressure pulsations charac-

terized by discrete blade passing frequencies and 
harmonics are thus generated (Parrondo-Gayo et al., 
2002). Wang K et al. (2016) also found that the fre-
quency of pressure pulsation at each monitoring point 
on the pump is mainly the axial frequency and multi- 
axis frequency, which confirmed that the interaction 
between the blade and the tongue is the main cause of 
pressure fluctuation. 

When the flow rates are different, the causes of 
pressure pulsation are diversified (Zheng et al., 2018). 
Under the condition of large flow rate, pressure 
fluctuation is mainly caused by the relative motion of 
the blade and the volute tongue and the low pressure 
of the rear edge of the blade. Under the condition of 
small flow rate, the pressure fluctuation is mainly 
related to the relative position of the blade and the 
volute tongue and the vortex structure at the outlet of 
the blade.  

Chalghoum et al. (2018) and Zhang JF et al. 
(2019) studied the distribution of pressure fluctua-
tions in centrifugal pumps by numerical simulation 
and experiments. It can be explained that the insta-
bility of the internal flow field of the centrifugal pump 
is the main reason for the pressure fluctuation of the 
centrifugal pump. According to the simulation results 
of the pressure fluctuation distribution, it was found 
that there is a maximum pressure fluctuation distri-
bution caused by the rotor-stator interaction in the 
volute tongue region, as displayed in Fig. 16. Addi-
tionally, rotational stall can also contribute to pressure 
fluctuation under off-design conditions (Zhao et al., 
2018). Compared with single-suction centrifugal 
pumps, double-suction centrifugal pumps tend to 
suffer from more pressure fluctuations because of the 
high energy involved (Yao et al., 2011). The pressure 
fluctuations in most regions of the volute are obtained 
by superimposing the pressure generated by the two 
impellers, except for the region of axial flows (Song 
et al., 2019). 

In addition to cavitation and pressure pulsations, 
other factors can contribute to vibration and noise in 
the centrifugal pump. Under high flow conditions, 
local low pressure at the tongue of the volute pro-
duces backflow and results in high-speed jets, which 
cause more severe vibration (Zhao and Zhao, 2018; 
Lu et al., 2019; Tong ZM et al., 2019a). At a lower 
flow rate, the unsteady flow in the pump is more  

Fig. 15  Root mean square (RMS) of vibration and the 
suction performance curve 
Reprinted from (Lu et al., 2017a), Copyright 2017, with 
permission from Springer Science+Business Media 
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obvious, the vibration and noise at this time are more 
prominent, and the vibration frequency at this time is 
concentrated in the low frequency region. For the 
solid-liquid two-phase flow, the amplitude of the 
vibration is strongly influenced by the concentration, 
and increases with the increase of the concentration 
(Zhao and Zhao, 2018).  

In general, the source of centrifugal pump vi-
bration and noise can be summarized as a hydrody-
namic source and a mechanical source (Kim et al., 
2013; Goyal and Pabla, 2016; Wang K et al., 2018; 
Guo et al., 2019; Mousmoulis et al., 2019). The hy-
drodynamic source involves flow characteristics 
within the pump, such as turbulence, secondary flow, 
water hammer, cavitation, interaction of the impeller 
with the volute, and strong interaction of the impeller 
with the surrounding fluid. Mechanical sources in-
clude non-uniform forces between the rotating and 
non-rotating components of the pump system, im-
proper use of the pump as specified in the installation 
manual, and conditions caused by incorrect pump 
assembly and wear. 

4.2  Diagnosis based on vibration and noise 

Farokhzad et al. (2013) revealed that the changes 
in vibration signals were a function of failure under 
different operating conditions. Gao et al. (2017) ob-
served the characteristics of the vibrational energy 
and found that the vibration signal works better than 
the traditional 3% head drop rule when detecting the 
occurrence of cavitation. Therefore, it is feasible to 
use the vibration and noise signals for centrifugal 
pump fault detection.  

In addition, fault diagnosis based on vibration 
signals is a non-invasive diagnostic method, which  

 
 
 
 
 
 
 
 
 
 
 
 
 

will not affect the integrity of the centrifugal pump 
(Lu et al., 2019). The vibration signals can be used to 
effectively detect the hump, rotation stall, secondary 
flow, unstable flow, and cavitation. Among these 
faults mostly detected by vibration and noise is cavi-
tation (Luo et al., 2015; Li Y et al., 2018; Al-Obaidi, 
2019). At present, vibration signals are mostly used in 
fault diagnosis. However, in recent research, it has 
been found that, compared with solid vibration and air 
noise methods, fault diagnosis methods based on 
liquid noise in non-small pumps are more sensitive 
and reliable (Dong et al., 2019). Fig. 17 depicts the 
normalized 1/3 octave spectrum of liquid noise in 
Dong et al. (2019)’s experiment. 

It is a relatively new trend to apply artificial in-
telligence to fault detection based on vibration signal, 
which has been studied by several scholars in recent 
years. Sakthivel et al. (2010b) collected the vibration 
signals of the monoblock centrifugal pump in six 
kinds of fault states, and extracted and classified the 
characteristics of the vibration signal using the C4.5 
decision tree algorithm for fault diagnosis. Sakthivel 
et al. (2010b)’s research proves the practicality of 
applying the C4.5 decision tree algorithm to mon-
oblock centrifugal pump fault diagnosis. Sakthivel et 
al. (2010a) also compared the application of the de-
cision tree fuzzy method and rough set fuzzy method 
in centrifugal pump fault classification under the 
same experimental conditions. The results showed 
that the decision tree fuzzy hybrid system somewhat 
better performed than the rough set fuzzy hybrid 
system in terms of overall classification accuracy.  

Bordoloi and Tiwari (2017) used a support vector 
machine (SVM), a machine learning tool, to extract 
statistical features from vibration signals to diagnose  

(a)                                                                                                                    (b) 

Fig. 16  Pressure pulsation in the volute flow passage (Zhang JF et al., 2019) 
(a) Entire volute; (b) Enlarged tongue region 
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blockage levels and cavitation problems at different 
flow rates. Al Tobi et al. (2017) invented a centrifugal 
pump fault diagnosis method based on artificial in-
telligence and a genetic algorithm system. This 
method uses vibration analysis and automatic diag-
nostic methods to analyze the vibration mode of the 
centrifugal pump to judge the failure. Zouari et al. 
(2004) used neural networks and fuzzy neural net-
works to diagnose centrifugal pump faults, and uti-

lized statistical methods and spectrum analysis for 
feature extraction. Panda et al. (2018) installed the 
centrifugal pump in a machine fault simulator for 
experiments to obtain the vibration characteristics of 
the pump. A machine learning algorithm based on 
support vector machines was used to study fluid 
blockage and cavitation failure at different flow rates. 
In these experiments, Panda et al. (2018) found that 
binary fault classification performed better than var-
ious fault classifications in predicting different con-
gestion situations. A multi-class support vector ma-
chine fault classification algorithm based on hy-
perparameter optimization was later proposed (Rapur 
and Tiwari, 2018). Fig. 18 is the flowchart of classi-
fication methodology. The state of the centrifugal 
pump was monitored using the vibration power spec-
trum of the centrifugal pump and the current data of the 
induction motor line. According to these experi-
mental results, this method can successfully classify 
both multiple independent faults and coexisting faults 
(Li Y et al., 2018). 

4.3  Signal processing 

The usual means for analyzing the pressure 
signal gathered include time-domain analysis, fre-
quency domain analysis, and time frequency domain 
analysis. The time-domain analysis method can ob-
tain the change law of the amplitude value with time, 
and the frequency-domain analysis method can obtain 
the individual sub-signals of the synthesized total 
signal, both of which can be used to assist fault 
analysis. The two methods are the most basic and 
popularly used, so this paper will not go into too much 
description here but rather will introduce signal 
analysis methods in the time-frequency domain. 

The time-frequency domain analysis method 
makes up for the shortcomings of time-domain and 
frequency-domain analyses and can represent both 
time-domain and frequency-domain features. Re-
searchers have used a variety of time-frequency do-
main analysis methods in the processing of centrifu-
gal pump vibration signals or pressure pulsation sig-
nals. Compared with traditional frequency domain 
analysis, short-time Fourier transform (STFT) offers 
better time resolution and can be used to analyze 
vibration signal. Li Y et al. (2018) analyzed the vi-
bration signal using an ameliorative algorithm, i.e.  

Fig. 17  Normalized 1/3 octave spectrum of liquid-borne 
noise (Dong et al., 2019)  
(a) Under various cavitation coefficients σ; (b) Under various 
flow coefficients  
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united algorithm based on STFT and Wigner-Ville 
distribution (WVD). Fig. 19a shows the time domain 
information of the vibration signal x(t). The WVD 
result of x(t) is shown in Fig. 19b. Fig. 19c depicts the 
result of the STFT of x(t). Fig. 19d describes the result 
of STFT-WVD of x(t). By comparing the four figures, 
it can be concluded that STFT-WVD is excellent in 
denoising, time-frequency concentration, and elimi-
nating cross terms. However, this method is limited in 
time and frequency resolution and time frequency 
aggregation (Luo et al., 2019).  

The advent of wavelet analysis solved this 
problem. Pavesi et al. (2008) and Cavazzini et al. 
(2011) proved the applicability of wavelet in the field 
of impeller machinery. Wavelet analysis can provide 
high frequency resolution in the low frequency band 
of the signal, improve time resolution in the high 
frequency band, and perform noise reduction on some 
original signals (Al Tobi et al., 2017). This powerful 
function makes the wavelet transform increasingly 
popular in the field of centrifugal pump fault diagno-
sis (Bordoloi and Tiwari, 2017). An adaptive optimal- 
kernel time-frequency representation (AOK TFR) is 
another means for signal analysis in the time- 
frequency domain and the time-frequency domain for 
a double-suction centrifugal pump was first identified 
in this time-frequency method (Yao et al., 2011). Sun 
et al. (2018) used a time-frequency signal analysis 
method based on the cyclic stationary theory to detect 
cavitation and seal failure of centrifugal pumps. The 
time-frequency signal analysis method based on the 
cyclic stationary theory is able to extract the fre-
quency characteristic components of the signal from  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the non-stationary vibration signal while avoiding the 
influence of the modulation and noise components  
on the vibration signal, thereby performing fault  
diagnosis. 

 
 

5  Performance optimization of centrifugal 
pumps 
 

Optimized pump design is one of the primary 
ways to achieve excellent pump performance (Hergt, 
1999). In recent years, various optimization tech-
niques have been combined with CFD to improve 
the performance of centrifugal pumps (Zhao et al., 
2016).  

Some scholars have optimized the volute 
(Golbabaei Asl et al., 2009), the nozzle (Chang et al., 
2020), and the number of supporting blades (Guleren, 
2018; Xue et al., 2019) to improve the performance of 
centrifugal pump. The impeller is the most important 
part of centrifugal pump as its geometry is closely 
related to the performance of the pump. Therefore, the 
optimization of the shape of the impeller should be 
carefully considered (Zhang et al., 2014a). 

In previous studies, designers often studied the 
effects of a single variable of impeller blades on 
efficiency, such as different blade winding angles 
(Tan et al., 2014a; Gao et al., 2016), number of blades 
(Bellary et al., 2016; Wei et al., 2017), and blade exit 
width (Shi et al., 2013), or by determining the 
optimum geometry of the blade to achieve higher 
efficiency. Obviously, these studies only regard the 
energy efficiency of centrifugal pumps as a single  

Fig. 18  Process of the classification methodology 
MSVM is the multi-class support vector machine. Reprinted from (Rapur and Tiwari, 2018a), Copyright 2018, with permission 
from Springer Science+Business Media 
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objective of design and optimization while ignoring 
other performance indices such as head and NPSHr. 
Although efficiency is always the most important 
economic and technical index of the pump, other 
performance parameters also determine whether the 
pump can run stably and efficiently (Zhang et al., 
2014a). Therefore, the impeller optimization design 
of a centrifugal pump is a multi-objective optimiza-
tion problem with multiple design requirements. 

In fact, the head and efficiency need to be 
maximized, while the NPSHr needs to be minimized, 
and these optimization parameters cannot be achieved 
simultaneously. In addition, these three performance 
indices are often obtained through experimental tests 
or CFD simulation. In order to achieve an objective 
optimization, a large amount of external characteristic 
data need to be obtained under different working 
conditions (Bellary et al., 2016), requiring a signifi-
cant investment of time. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For the impeller of the centrifugal pump, there 

should be more than 14 parameters to completely 
describe the entire geometric information (Liu et al., 
2018). One of the most difficult problems in impeller 
geometric parameterization is to reduce design vari-
ables as much as possible while satisfying design 
requirements. It can be challenging to reasonably 
evaluate these variables and make effective values 
(Zhou et al., 2012; Tong SG et al., 2018). 

The most popular optimization method at pre-
sent is to combine the design of experiment (DOE), 
the surrogate model, and the multi-objective optimi-
zation algorithm. This method better overcomes the 
above shortcomings in the actual optimization of the 
centrifugal pump. It enables the optimal combination 
for finding parameters, establishing an appropriate 
metamodel between decision variables and related 
objective functions, and determining the best com-
promise among several controversial goals. 

Fig. 19  Time domain diagram and the calculation results of three algorithms of the signal x(t) 
(a) Time domain diagram of signal x(t); (b) Calculation result of WVD method; (c) Calculation result of STFT method; (d) 
Calculation result of STFT-WVD method. Reprinted from (Li Y et al., 2018), Copyright 2018, with permission from Springer 
Science+Business Media 

(c)                                                                                                            (d) 

(a)                                                                                                             (b) 
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As shown in Fig. 20, the entire process mainly 
includes the following steps:  

1. Use DOE to determine the design variables for 
performance-sensitive responses. Generate different 
impeller solutions. 

2. According to the design variables, use CFD 
software to simulate a group of centrifugal pumps 
with different blade shapes. Obtain simulation results 
of head, efficiency, NPSHr, and other objective 
performance parameters. 

3. Use a surrogate model to establish the 
relationship between design parameters and objective  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

parameters. The design parameters are used as input 
variables for the surrogate model, and the objective 
parameters are used as output variables. 

4. Test and verify the surrogate model 
constructed in Step 3. The predicted value is then 
compared with the simulation value. If the predicted 
value is in good agreement, Step 5 is entered. 
Otherwise, go back to Step 3 to update the surrogate 
model. 

5. Apply the multi-objective optimization (MOO) 
algorithm to solve the multi-objective optimization 
problem of centrifugal pump based on the surrogate  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 20  Typical performance optimization process of centrifugal pumps 
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model, and obtain the Pareto front. 
6. Select the final solution from Pareto front as 

the optimal solution. 
The centrifugal pumps are generated based on 

the values of design variables provided by the best 
solution. Finally, the CFD simulation of the 
optimized model of the centrifugal pump was carried 
out, and it was verified with the substitute model and 
experimental results. 

5.1  Design of experiment 

DOE is the basis of optimization. Using this 
method, the importance of design variables relative to 
the optimization objective can be calculated, and the 
optimal combination of design variables can be ob-
tained (Pei et al., 2016b), which can effectively im-
prove the performance of the pump and shorten the 
design cycle (Pei et al., 2019). Smaller alternative 
model errors can be obtained using DOE samples 
compared to using the same number of random sam-
ples (van den Braembussche, 2008). 

Orthogonal array (OA) and optimized Latin 
hypercube sampling (OLHS) are common design 
methods. The OLHS method is an improvement on 
the Latin hypercube sampling method (Pei et al., 
2016b, 2019). OA is a DOE method that evolved from 
Latin hypercube design and group theory (Zhao et al., 
2016). In the orthogonal experiment, representative 
experiments can be selected from the overall exper-
iment to help determine the optimal solution and 
reveal important information that was not expected 
(Zhou et al., 2013). OA minimizes the number of test 
runs while maintaining a pair of balanced attributes 
(Nataraj and Arunachalam, 2006). Several scholars 
have used orthogonal methods for the design of cen-
trifugal pumps (Zhou et al., 2013; Zhang et al., 2017; 
Wang and Huo, 2018; Wang et al., 2019). 

A matrix analysis model was proposed (Si et al., 
2013). The effects of 10 geometric parameters of the 
impeller and vane on the head, efficiency, and shaft 
power were studied. The order of each variable was 
directly determined according to weight. Finally, a set 
of optimal geometric parameters was obtained by 
weighting calculation. The proposed method solves 
the problem of large calculation amount and unrea-
sonable weight determination in orthogonal experi-
mental design. 

5.2  Surrogate model 

Establishing a surrogate model can greatly re-
duce computational pressure (Zhao et al., 2016). Ar-
tificial neural network (ANN) (Wu et al., 2008; De-
rakhshan et al., 2013), response surface analysis 
(RSA) (Pei et al., 2016a), Kriging (KRG) (Zhang et 
al., 2014c), and radial basis neural network (RBNN) 
(Bellary et al., 2016) have all been applied in cen-
trifugal pump optimization. 

RSA is a polynomial function of the response 
generated by numerical calculations (Pei et al., 
2016a). ANN abstracts the human brain’s vegetative 
cell network from the angle of data process, estab-
lishes an easy model, and forms completely different 
networks that are in step with different affiliation 
strategies (Wang et al., 2019). The KRG model has a 
global model and system deviation at non-sampling 
points (Bellary et al., 2016). Compared with RSA, the 
KRG method has advantages in high-dimensional 
nonlinear problems and prediction accuracy due to the 
use of random hypothesis, especially in multi-objective 
optimization problems (Zhang et al., 2014c). The 
basic concepts of ANN and RBNN are all derived 
from learning events. However, compared with ANN, 
the RBNN algorithm implementation is relatively 
simple, and in most cases RBNN algorithm is supe-
rior to the other three surrogate models in accuracy 
and robustness (Jin et al., 2001). Heo et al. (2016) 
compared the accuracy of RSA, KRG, and RBNN in 
the prediction of centrifugal pump performance and 
verified that the optimal objective function was pre-
dicted by the RBNN model. 

Reliability and robustness can be improved by 
using multiple surrogates, as surrogates are problem- 
dependent (Siddique et al., 2018). The weighted av-
erage surrogate (WAS) is based on the average of the 
predicted error sum of squares (PRESS), which is 
implemented from cross validation (CV) error esti-
mations (Bellary et al., 2016). A simplified form of 
the predictive response of the WAS model can be 
written as 

 

WAS RSA RSA KRG KRG RBNN RBNN= ,F w F w F w F          (1) 

 
where FRSA, FKRG, and FRBNN are constructed using 
the CFD evaluated responses. wRSA, wKRG, and wRBNN 
represent weights. When the surrogate model has a 
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lower CV error, it will have a higher weight, meaning 
that the lower the CV error, the greater the contribu-
tion of the surrogate model to the construction of the 
WAS model (Bellary et al., 2016). Since WAS in-
cludes predictions for all surrogate models, satisfac-
tory results have been obtained. Therefore, the au-
thors suggest using multiple surrogates to generate 
the Pareto front instead of using a single agent. 

5.3  Multi-objective optimization 

MOO usually maximizes or minimizes two or 
more objective functions under variable constraints 
(Pei et al., 2019). It is almost impossible to obtain an 
optimal solution that satisfies all objective functions. 
The multiple parameters considered are a “win-win” 
strategy to satisfy as many opposing goals as possible 
at the same time. 

The genetic algorithm achieves global optimi-
zation of space through population evolution based on 
coding design parameters, cross-genetic and offspring 
mutations (Liu et al., 2019). Zhu et al. (2012) used 
genetic algorithm to predict the performance of cen-
trifugal pump, which reduced the sample training 
time compared with the back propagation (BP) net-
work prediction algorithm and was more suitable for 
engineering applications. Safikhani et al. (2011) and 
Huang et al. (2015) used a multi-objective genetic 
algorithm (MOGA) to optimize the impeller of the 
pump, and both algorithms obtained good results. 

Non-dominated sorting genetic algorithm-II 
(NSGA-II) was developed to reduce time and com-
plexity and improved convergence to the optimal 
Pareto front (Fang et al., 2008; Tong SG et al., 2019). 
Zhang et al. (2011) combined ANN and NSGA-II to 
develop a multi-objective pump impeller optimization 
method, which improves the pressure and efficiency 
of the spiral shaft multiphase pump. Benturki et al. 
(2018) obtained an optimal design from two Pareto 
fronts through CFD and NSGA-II, as shown in 
Fig. 21. CFD analysis was carried out on the optimal 
multistage pump, and the optimized two-stage cen-
trifugal pump’s meridional shape was changed. By 
comparing the internal flow field, the hydrodynamic 
performance demonstrated greater performance in 
flow stability, pressure loading and recovery, as 
shown in Fig. 22. The performance of multistage 
pump was also improved. 

NSGA-III algorithm was proposed by Deb and 
Jain (2014). NSGA-III introduces the concept of ref-
erence points based on NSGA-II algorithm, which 
improves the convergence of the algorithm and the 
uniformity of the optimal solution distribution. We 
used NSGA-III and NSGA-II to optimize the impeller 
structure of the centrifugal pump separately. By 
comparing the pump head, efficiency, and flow field 
streamline distribution optimized by the two algo-
rithms, we find that the overall performance of the 
NSGA-III algorithm is superior (Tong ZM et al., 
2019b).  

Multi-objective evolutionary algorithm (MOEA/ 
D) is a scaling function that uses uniformly distrib-
uted weight vectors (Zhang and Li, 2007). MOEA/D 
has good global search performance and can better 
deal with multi-objective problems involving multi-
ple conflicting objectives. Based on the multi- 
objective evolutionary algorithm, Zhang et al. 
(2014a) used Pareto optimal solution to optimize the 
impeller of the multi-phase pump with spiral axis. 
Bonaiuti and Zangeneh (2009) not only considered 
multiple objectives, but also optimized performance 
at multiple operating points under different operating 
conditions. 

In the research of MOO of centrifugal pump, 
MOGA and NSGA-II have been widely used. Eagle 
strategy (ES) (Derakhshan and Bashiri, 2018), artifi-
cial bee colony (ABC) (Derakhshan et al., 2013), 
multi-island genetic algorithm (MIGA) (Wang WJ et 
al., 2017), artificial fish swarm algorithm (AFSA) 
(Liu et al., 2019), and particle swarm optimization 
(PSO) (Wang YQ et al., 2018) have also been used for 
MOO of pumps. From the perspective of solving 
practical centrifugal pump problems, exploring more 
suitable MOO methods based on constraints is still a 
focus of current research. 

5.4  Performance optimization of centrifugal 
pumps 

Methods to improve the performance of cen-
trifugal pump by combining DOE, surrogate model, 
and MOO algorithm have been widely applied. Ta-
ble 3 (p.106) summarizes the use of design parame-
ters, surrogate model, and optimization methods in 
previous studies. Various shape optimization param-
eters and objective parameters are shown in Fig. 23 
(p.107). 
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Fig. 22  Mid-span streamlines colored by the relative flow velocity 
(a) Original first stage; (b) Optimum first stage; (c) Original second stage; (d) Optimum second stage (Benturki et al., 2018) 

(a)                                         (b)                                              (c)                                            (d)  

Fig. 21  Pareto fronts of the first stage: (a) head and hydraulic efficiency, (b) hydraulic efficiency and NPSHi; Pareto 
fronts of the second stage: (c) head and hydraulic efficiency, (d) head and NPSHi (Benturki et al., 2018) 

(a)                                                                                                        (b) 

(c)                                                                                                           (d) 
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Table 3  Summarized previous studies on centrifugal pump optimization  

Reference Variable parameter 
Surrogate  

model 
Optimization  

algorithm 
Optimization  

parameter 
Nourbakhsh et 

al., 2011 
Leading edge angle, trailing edge angle, 

stagger angle 
GMDH-type neu-

ral network 
PSO NPSHr, efficiency 

Safikhani et 
al., 2011 

Leading edge angle, trailing edge angle, 
stagger angle 

GMDH-type neu-
ral network 

Pareto MOO Efficiency, NPSHr 

Wang et al., 
2011 

Meridional sweep at hub, meridional sweep  
at tip, tangential lean at hub, tangential  
lean at tip 

Back propagation 
neural network 
(BPNN) 

NSGA-II Aerodynamic perfor-
mance, efficiency, to-
tal pressure, choked 
mass flow 

Zhang et al., 
2011 

Flange import angle, flange outlet angle, half 
cone angle of hub, hub ratio of import 

BP-ANN NSGA-II Head, efficiency 

Derakhshan et 
al., 2013 

Hub diameter, suction diameter, impeller 
diameter, impeller width, inlet and outlet 
blade angles 

ANN ABC Efficiency, head 

Yang and Xiao, 
2014 

Impeller high pressure side diameter, impeller 
low pressure side shroud diameter, impeller 
low pressure side hub diameter, impeller 
high pressure side exit width 

RSA MOGA Turbine performance at 
the design point and 
low flow rate of the 
rated point  

Zhang et al., 
2014b 

Four design variables for the Bezier curve KRG NSGA II,  
MOEA/D 

Efficiency, NPSHr 

Kim et al., 
2015 

Inlet angle of the impeller hub, inlet angle  
of the impeller shroud, outlet angle of the 
impeller hub, outlet angle of the impeller 
shroud 

RSA  Head, efficiency 

Heo et al., 
2016 

Hub inlet angle, first control point of a 
fourth-order Bezier curve defining hub  
on the meridional plane of impeller, blade 
outlet angle, blade angle profile coefficient 
of impeller 

RSA, KRG, RBNN Sequential  
quadratic  

programming  
(SQP) 

Efficiency, head 

Pei et al., 
2016a 

Shroud radius of arc, hub radius of arc, 
shroud angle, hub angle 

RSA NSGA-II Efficiencies based on the 
design points of 0.6Q0, 
1.0Q0, and 1.62Q0 

Shim et al., 
2016 

Expansion coefficient of the rib structure, 
ratio of the distance between the rib  
starting point and the volute entrance to  
the diameter of impeller, ratio of the angle 
from the volute throat to the end of the rib 
structure to the angle of the entire dis-
charge diffuser 

RSA MOGA Radial force, amplitude 
of the radial force 
fluctuation 

Zhao et al., 
2016 

Blade outlet angle, blade inlet angle, splitter 
offset angle, impeller meridional section 

Two-layer feed-
forward neural 
network 

NSGA-II Efficiency, NPSHr 

Derakhshan 
and Bashiri, 
2018 

Hub diameter, suction diameter, impeller 
diameter, impeller width, inlet and outlet 
blade angles 

ANN, feedforward 
neural network 

ES Efficiency, head 

Shim et al., 
2018 

A fifth-order Bezier curve for the shroud,  
ratio of the inlet radius of the blade hub to 
the inlet radius of the impeller shroud,  
coefficients for determining the incidence 
angles at the shroud, ratio of the axial 
length of the blade to the inlet radius of  
the impeller shroud 

KRG MOGA Efficiency, NPSHr 

Tao et al., 
2018b 

Blade angle, wrap angle on hub, mid-span, 
shroud 

ANN Pareto MOO Efficiency, head 
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Inlet blade angle, outlet blade angle, and the 
number of blades are the main sensitive variables that 
affect the performance of the centrifugal pump, and 
thus they are selected as design variables in most 
studies. The decrease of inlet angle and increase of 
outlet angle can improve the performance of centrif-
ugal pump in treating viscous fluid (Tao et al., 2018b). 
The outlet blade angle is also an important design 
parameter that increases peripheral velocity (Siddique 
et al., 2018). Tong ZM et al. (2019c) explored the 
optimization of the design value of guide vane outlet 
flow angle based on the matching of rotor loss char-
acteristics with specified variable operating condi-
tions. With the increase in the number of blades, the 
flow line tends to be uniform and the pump head 
increases (Liu et al., 2010). However, contrary to Liu 
et al. (2010)’s opinion, it is believed that increasing 
the number of blades increases the blockage at the 
inlet of the pump, leading to the decrease of head and 
efficiency (Cavazzini et al., 2015).  

The Bezier curve technology can make the angle 
of blade profile arbitrary change and keep stable, so 
using the Bezier curve control point to optimize im-
peller blade shape has been widely used in recent 
years (Goel et al., 2008; Pei et al., 2016b). Based on 
the non-uniform rational B-spline (NURBS) 3D re-
construction method, the aerodynamic optimization 
design of centrifugal impeller blade was carried out 
(Liu and Zhang, 2010). Using the Bezier curve and 
linear function to control the annular angle distribu-
tion and the stacking angle of blade profile, the op-

timal alternative model of blade shape was deter-
mined, and the hydraulic efficiency was significantly 
improved (Liu et al., 2019). 

Head, efficiency, and NPSHr are the primary 
objective functions in most studies (Bellary et al., 
2016; Zhao et al., 2016; Wang YQ et al., 2018; Liu et 
al., 2019). Pei et al. (2019) took another approach, 
taking the efficiency of centrifugal pump at 0.5Q0, 
1.0Q0, and 1.5Q0 as the objective function, and pro-
posing a MOO method based on genetic algorithm 
and ANN. Under the three optimization conditions, 
the velocity distribution of inlet and outlet was more 
uniform than that of the original condition, which 
expanded the range of efficient operation of the cen-
trifugal pump (Pei et al., 2019). 

 
 

6  Conclusions 
 

This review paper focuses on the latest devel-
opments in the internal flow field and external char-
acteristics of centrifugal pumps, performance opti-
mization, and fault detection: 

1. The research on the internal flow structure of 
centrifugal pumps in the literature published in recent 
years was reviewed. We discussed the numerical 
methods and visual experimental techniques for the 
flow field in centrifugal pumps. The development and 
genesis of various flow structures in the pump under 
gas-liquid two-phase state and cavitation state have 
been discussed or partially discussed. For the nu-
merical simulation method, the algorithm for the flow 
field calculation in the centrifugal pump can be fur-
ther improved, which will make the convergence 
better, the stability condition more relaxed, and the 
calculation time shorter, and improve the design  
efficiency. 

2. A summary of the external characteristics of 
the centrifugal pump under non-design conditions 
was provided, in addition to an explanation of the 
complex relationship between the development of 
cavitation and external features and the influence of 
overcurrent components on external characteristics. 

3. There are many reasons for pressure pulsation 
in centrifugal pumps, among which the interaction 
between rotor and stator is the main reason under all 
operation conditions. In the case of large flow rate, 
the pressure fluctuation is also related to the low 

Fig. 23  Centrifugal pump impeller design variables and 
optimization parameters 
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pressure of the trailing edge of the blade. Under the 
condition of small flow rate, the pressure fluctuation 
results from the vortex structure at the outlet of the 
blade as well. There are many optimization methods 
for reducing pressure, including impeller optimiza-
tion, diffuser optimization, and distance optimization 
between impeller and volute. The essence of these 
optimization methods is to stabilize the flow in cen-
trifugal pump. 

4. The various methods and measures for opti-
mizing the performance of centrifugal pumps are 
described in detail. The latest overall process for 
multi-objective optimization of centrifugal pumps 
was reviewed. The applicability of various alternative 
models and multi-objective optimization methods to 
optimize the performance of centrifugal pumps was 
introduced and analyzed. A summary of the design 
variables and optimization parameters for multi- 
objective optimization of centrifugal pumps in recent 
years to further promote the optimization research of 
centrifugal pumps was provided. 

At present, the rapid development of experi-
ments and numerical techniques has enabled re-
searchers at home and abroad to make progress in the 
study of the internal flow phenomenon mechanism 
and flow field structure of centrifugal pumps. How-
ever, there is no systematic and rapid method to ac-
curately predict centrifugal pump noise, cavitation, 
backflow, secondary flow, and other phenomena and 
optimize the centrifugal pump structure. There are 
still some problems to be solved in the research, such 
as the monitoring and prevention of primary cavita-
tion, how the rotational stall phenomenon in the pump 
develops, and data differences that cannot be ignored 
between the numerical and experimental results. 
Therefore, the coupling relationship between the 
complex unsteady flow characteristics of the fluid in 
the centrifugal pump and the pump performance is 
worthy of study. To further improve the efficiency of 
centrifugal pumps in the future, researchers are en-
couraged to focus on developing multi-dimensional 
visualization technology to measure the internal flow 
field as well as advanced numerical models based on 
high-performance computing facilities. 
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中文概要 
 

题 目：离心泵内部流动结构、性能优化与故障检测综述 

目 的：对离心泵的内部流动机理和外部特性、振动监测

和性能优化进行研究，并对新兴研究趋势进行评

述，为提高离心泵系统的能效提供参考建议。 

创新点：1. 探讨了最新的用于离心泵数值模拟的湍流模型

和空化模型的研究成果以及利用可视化方法揭

示离心泵内部复杂流动现象的最新进展。2. 对离

心泵的外部特性、空化和振动进行了广泛的讨

论，并总结出一种提高离心泵在工程应用中的效

率和扬程、降低汽蚀余量的适用性强的离心泵叶

轮多目标优化方法。 

方 法：1. 对离心泵的内部流动机理进行综述，以充分了

解离心泵内部复杂的流场结构和能量损失机理。

2. 对离心泵外部特性进行研究，解释内部非定常

流动与外部特性的耦合关系。3. 介绍与离心泵在

运行过程中压力脉动的监测和测量相关的最新

研究进展。4. 详细介绍优化离心泵性能的各种方

法和措施。 

结 论：1. 尽管对离心泵内部流动现象机理及流场结构的

研究已经取得了一定进展，但研究中仍存在一些

亟待解决的问题，如初生空化的监测与预防、泵

内旋转失速现象发生发展的规律、数值模拟和实

验之间不可忽视的数据差异等。2. 针对这些问

题，开发高精度的计算流体动力学仿真模型，结

合关键过流部件的优化设计来减少流动不稳定

性和提高性能，以及运用现代流动显示技术的最

新设备进行大量的仔细繁杂的试验与测量工作，

是非常必要和重要的，也是未来泵内流动研究的

趋势。 

关键词：离心泵；气液两相流；空化机理；压力脉动；多

目标优化 

 

 


