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Abstract. The unsteady cavitation flows in a centrifugal pump are numerically simulated by 

using the RNG k-ε turbulence model and the improved mass transport cavitation model. The 

calculated data is in good agreement with the experimental results, so the numerical modal and 

method can accurately predict the cavitation flows in a centrifugal pump. The flow 

characteristics without and with cavitation are analyzed by setting 15 monitoring points in the 

impeller. The calculation results indicated that the dominant frequencies of pressure 

fluctuations in impeller is the impeller rotating frequency fi and 2fi, the impeller rotating 

frequency always played the dominant role. Under non-cavitation condition, the maximum 

value of pressure fluctuation amplitudes appears at impeller outlet. Under cavitation condition, 

the maximum value of pressure fluctuation amplitudes appears near 4/5 blade length from 

blade inlet. The shedding and collapsing of cavitation bubbles in impeller, which disturbs the 

flow field of pump impeller and causes the amplitude of pressure fluctuations increase. This 

research provided a reference for optimization design of impeller in centrifugal pump． 

1.  Introduction 

Cavitation is a common phenomenon in the hydraulic machinery operating and one of the important 

causes of pressure fluctuation. Pressure fluctuation not only produces noise and vibration, but also 

causes the flow component alternating load, causing its fatigue damage. At present, the study of 

hydraulic mechanical cavitation characteristics is mainly carried out from the experimental research 

[1-3] and numerical simulation [4-6]. Cernetic [7] adopts acceleration sensor and microphone, and the 

initial cavitation of centrifugal pump is monitored. Duplaa et al. [8] tested a cavitating centrifugal 

pump during fast startups, and large-scale low frequency vibration pressure signal is captured under 

the large flow rate, and the water hammer phenomena is observed under the low flow rate. Ding et al. 

[9] calculated the pump cavitation flow field using the standard k-ε turbulence model and the full 

cavitation model, and considered that the relationship between gas content and the pressure, the fluid 

compressibility effects and non-uniformity of noncondensable gas mass fraction. The calculation 

result indicates predicted pump performance and cavitation characteristics match well with the test 

results. Shi et al. [10] numerical simulated the unsteady flow of centrifugal pump, the results show that 

the cyclic and static coupling between the impeller and volute is the main factor causing the pressure 

fluctuation, and the amplitude of pressure fluctuations increase with the development of cavitation. Liu 
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et al. [11] applied FBM model and modified mass transport cavitation model, and successfully 

predicted the cavitation bubbles patterns of centrifugal pump impeller inlet.  

In this paper, the unsteady cavitation flow in a centrifugal pump are calculated by using the RNG k-

ε turbulence model and improved mass transport cavitation model, and verify the calculation results 

through test. The pressure fluctuation characteristics is analyzed, the evolution process of cavitation 

patterns in the impeller is also discussed. 

2.  Computational domain and grid 

2.1.  Computational model and method 

The continuity and momentum equations are as follows: 
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Where U is the velocity vector, p is the pressure, μt is the turbulent viscosity, ρm is the mixture density 

and μm is the mixture dynamic viscosity.  

The turbulence model adopts RNG k-ε equation. 

In the present study, the mass transport cavitation model is selected.  
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Where αv is the vapor volume fraction, ρv is the vapor density, which value is 0.554 kg/m3, m+ is the 

source term for evaporation, and m- is the source term for condensation.  

The calculation formula of m+ and m- are shown in Eq. (4) and (5). 
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Where ρl is the liquid density, Rb stands for the nucleation site radius, pv is the water vaporization 

pressure. The values of these parameters are: ρl=997 kg/m3, Rb=10-6 m, pv=3574 Pa. Cevap and Ccond are 

the empirical coefficients of evaporation and condensation, which values are 50 and 0.01 [12], 

respectively. The value of the empirical coefficient of condensation is modified, and adopted 

Ccond=0.0001 [13] to improve the quality of the transport cavitation model.   

The Ansys-CFX14.0 commercial software is used for numerical simulation, and the pump inlet and 

outlet are given the total pressure and mass flow rate, respectively. The interface between the stationary 

and rotating frame is set to the transient frozen rotor mode. In steady calculation, the inlet pressure 

value is given by the test results and gradually decreases, and the current calculation point result is the 

initial value of the next calculation point. In unsteady calculation, one impeller rotation cycle time is 

T=0.04138 s, using steady calculated results as the initial value, and based on the number of blades 

Zi=7, determine the time step is Δt=T/7/32=0.0001847 s. 

2.2. Parameter and grid of centrifugal pump  

The centrifugal pump used in this paper is a pump with a shrouded impeller and seven twisted blades. 

The main parameters are given as follows: the volume flow rate Qd=25 m3/h, the head H=7 m, the 

rotational speed n=1450 r/min, the number of blades Zi=7, the impeller outer diameter D2=160 mm. 

The computational domain consists of inlet section, impeller area and volute. The whole 

computational domain grid of the centrifugal pump adopts structured hexahedral grid, the impeller 

grid, as shown in figure 1. The grid independence has been verified, the grid with 1.56 million 

elements is employed for the following calculations [13].  
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In order to analysis the pressure fluctuation characteristics of pump impeller, 15 monitoring points 

are set in the impeller inside. The monitoring points positions are as follows: the blade suction side (S1, 

S2, S3, S4, S5), the flow passage middle (M1, M2, M3, M4, M5) and the blade pressure side (P1, P2, 

P3, P4, P5), as shown in figure 2.  

                                   

Figure 1. Centrifugal pump impeller grid.       Figure 2. Monitoring points position in impeller. 

3.  Results and analysis 

3.1.  Validation of calculation results 

The pump performance numerical results is compared with the experimental data, as shown in figure 3. 

In the range of 6.434–27.393 m3/h, the calculated results is consistent with the experimental results.  

          
(a) Centrifugal pump head                                             (b) Centrifugal pump efficiency  

Figure 3. Centrifugal pump head and efficiency. 

In the unsteady calculation condition, the numerical results of pump cavitation performance is 

compared with the experimental data, as shown in figure 4. The vertical axis is the pump hydraulic 

head, the horizontal coordinates is the available net positive suction head (NPSHa) which is defined in 

equation (6).  

Blade2 

Blade1 
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Figure 4. Centrifugal pump head and NPSHa. 
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Where pin is the pump inlet pressure and uin is the pump inlet speed. 

 The result showed the change curve of pump head which obtained by numerical calculation is 

basically consistent with the experimental results. 

3.2. Analysis of the pressure fluctuation frequency domain in impeller  

In the calculation of unsteady cavitation flows, the full developed condition NPSHa=1.80 m and 

NPSHa=1.40 m are selected to analysis. The total time of calculation is 10 impeller rotation cycles. 

The characteristics of pressure fluctuation frequency domain is obtained by FFT (Fast Fourier 

Transform). The impeller rotating frequency is fi=24.17 Hz. 

Figure 5 shows the frequency characteristics of pressure fluctuations under non-cavitation and 

cavitation condition. Under non-cavitation, the pressure fluctuation dominant frequency on each 

monitoring point is impeller rotating frequency fi; Under NPSHa=1.80 m, the dominant frequency on 

monitoring point S3 is 2fi and the other points is fi; Under NPSHa=1.40 m, the dominant frequency on 

each monitoring point is impeller rotating frequency fi. Under non-cavitation and cavitation condition, 

the amplitudes of pressure fluctuation on each monitoring point decreases with the frequency increase. 

 

   
(a) Non-cavitation 

   
(b) NPSHa=1.80 m 



5

1234567890 ‘’“”

Asian Working Group- IAHR’s Symposium on Hydraulic Machinery and Systems IOP Publishing

IOP Conf. Series: Earth and Environmental Science 163 (2018) 012040  doi :10.1088/1755-1315/163/1/012040

   
(c) NPSHa=1.40 m 

Figure 5.  Pressure fluctuation frequency domain in impeller.  

3.3. Analysis of the maximum amplitude of pressure in impeller 

Table 1 shows the maximum amplitudes of pressure fluctuations for the non-cavitation and cavitation 

condition. Under non-cavitation, the pressure fluctuation maximum amplitudes on each monitoring 

point in the impeller is increasing from the inlet to outlet, which is the biggest at the impeller outlet. 

Under NPSHa=1.8 m, the pressure fluctuation maximum amplitudes in blade suction side is the 

biggest on the monitoring point S4, which value is 3756.1 Pa, about 1.6 times of non-cavitation. It is 

in the flow passage and blade pressure side, the biggest on the monitoring point M5 and P5, which 

values are 3643.3 Pa and 3736.5 Pa respectively, and basically consistent with non-cavitation. Under 

NPSHa=1.4 m, the pressure fluctuation maximum amplitudes in blade suction side is the biggest on 

the monitoring point S5, which value is 5388.8 Pa, about 1.8 times of non-cavitation. It is in the flow 

passage and blade pressure side, the biggest on the monitoring point M4 and P5, which values are 

5997.8 Pa and 8223.8 Pa respectively, and about 2.2 and 2.1 times of non-cavitation. 

Table 1. Maximum amplitude of pressure in impeller. 

Monitoring 

points 

Maximum amplitude of pressure fluctuation/Pa 

Non-cavitation NPSHa=1.80 m NPSHa=1.40 m 

S1 691.9 731.8 584.6 

S2 1 632.8 1 909.4 1 569 

S3 1 914.1 667.2 1 693.2 

S4 2 301.6 3 756.1 3 075.4 

S5 3 002.6 2 551.2 5 388.8 

M1 1 071.9 1 119.6 942.5 

M2 1 542.6 1 457.8 1 201.9 

M3 2 058.2 2 386 3 250.9 

M4 2 726.8 2 626.8 5 997.8 

M5 3 793.4 3 643.3 5 107.3 

P1 1 096.2 1 161.8 1 122.5 

P2 1 603.2 1 606.4 1 632.7 

P3 2 331.4 2 358 4 107.7 

P4 3 359.6 3 320.9 4 541.6 

P5 3 913.9 3 736.5 8 223.8 
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3.4. Analysis of the cavitation patterns in impeller 

Table 1 shows that compared with non-cavitation, the amplitude of pressure fluctuations has changed 

greatly in the cavitation condition. Under NPSHa=1.8 m, the maximum amplitudes in blade suction 

side is the biggest at the monitoring point S4, not at the outlet of impeller. Under NPSHa=1.4 m, the 

maximum amplitudes in the flow passage is the biggest at the monitoring point M4, not at the impeller 

outlet.  

The pressure distribution on the suction and pressure side of the blades under NPSHa=1.8 m and 

1.4 m, as shown in figure 6 and 7.  

Under NPSHa=1.8 m and 1.4 m, instantaneous pressure distribution on the suction side of the 

blade1, as shown in figure 6. The pressure distribution on the front of blade suction side is uneven and 

on the rear of blade suction side is more uniform. With time, the pressure distribution on the front of 

blade suction side has changed greatly, especially near the top of suction side. 

Under NPSHa=1.8 m and 1.4 m, instantaneous pressure distribution on the pressure side of the 

blade2, as shown in figure 7. The pressure distribution on the pressure side is more uniform except for 

near the inlet. With time, the pressure distribution on the pressure side is relatively stable. 

                                       
t=T/4                         t=T/2                         t=3T/4                         t=T 

(a) NPSHa=1.80 m 

                                        
t=T/4                         t=T/2                         t=3T/4                         t=T 

(b) NPSHa=1.40 m 

Figure 6.  Instantaneous pressure distribution on the suction side of the blade1. 

               
t=T/4                      t=T/2                      t=3T/4                      t=T 

(a) NPSHa=1.80 m 
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t=T/4                      t=T/2                      t=3T/4                      t=T 

(b) NPSHa=1.40 m 

Figure 7.  Instantaneous pressure distribution on the pressure side of the blade2. 

The cavitation transient patterns in the impeller flow passage under NPSHa=1.8 m and 1.4 m, as 

shown in figure 8. The cavitation patterns in the No.1 impeller flow passage (Corresponding the 

orange blade1 suction side) is analyzed. The cavity volume fraction is 0.1. 

Under NPSHa=1.8 m, the evolution process of cavitation patterns, as shown in figure 8(a). When 

t=T/4, a continuous cavitation bubbles attached to the blade suction side of the No.1 flow passage, the 

trailing edge of cavitation bubbles extends to the monitoring point S3; When the No.1 flow passage 

rotates along the direction of impeller rotation to t=T/2, 3T/4, the cavitation bubbles growths along the 

blade suction side towards the impeller outlet; When t=T, the trailing edge of cavitation bubbles 

extends to the monitoring point S4, and it appears cracks.  

Under NPSHa=1.4 m, the evolution process of cavitation patterns, as shown in figure 8(b). When 

t=T/4, a large scale continuous cavitation bubbles attached to the blade suction side of the No.1 flow 

passage, the trailing edge of cavitation bubbles extends to the monitoring point M5; When the No.1 

flow passage rotates along the direction of impeller rotation to t=T/2, 3T/4, the trailing edge of 

cavitation bubbles is retracted; When t=T, the trailing edge of cavitation bubbles growths towards the 

flow passage middle, and its volume expands to the monitoring point M4.  

             
t=T/4                                 t=T/2                                  t=3T/4                                  t=T 

(a) NPSHa=1.80 m 

             
t=T/4                                 t=T/2                                  t=3T/4                                  t=T 

(b) NPSHa=1.40 m 

Figure 8. The evolution process of cavitation patterns in impeller. 

4.  Conclusion  

In order to investigate the pressure fluctuation characteristics induced by cavitation in a centrifugal 

pump, the RNG k-ε turbulence model and improved mass transport cavitation model has been 
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employed to calculate the unsteady cavitation flows. The numerical simulation is verified by 

comparing with experiment data. 

Under non-cavitation, the dominant frequency of pressure fluctuation is impeller rotating frequency 

fi; Under NPSHa=1.80 m, the dominant frequency is fi and 2fi; Under NPSHa=1.40 m, the dominant 

frequency is fi. 

Under non-cavitation, the maximum value of pressure fluctuation amplitudes in impeller appears at 

outlet; Under NPSHa=1.80 m, the maximum value in flow passage and blade pressure side appears at 

outlet, but in blade suction side it appears at 4/5 blade length from blade inlet, which about 1.6 times 

of non-cavitation; Under NPSHa=1.40 m, the maximum value in blade suction side and blade pressure 

side appears at outlet, but in flow passage it appears at 4/5 blade length from blade inlet, which about 

2.2 times of non-cavitation. 

The shedding and collapsing of cavitation bubbles in impeller flow passage, is resulting in the 

maximum value of pressure fluctuation amplitudes appears near 4/5 blade length from blade inlet. 
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