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ABSTRACT 

When the rotating stall occurs in a mixed-flow pump, the periodic generation and disappearance of the stall core often 

cause unstable pressure pulsation. Based on the k-ε turbulence model, the time domain and frequency domain responses of 

the pressure fluctuation of the mixed-flow pump with 3 kinds of different flange clearances are studied. The results show 

that the time-domain curves of pressure fluctuation at each monitoring point show periodic changes near stall condition, 

but the peak and trough characteristics of impeller rotation are not obvious. There is a large phase difference between 

adjacent monitoring points, accompanied by a strong pressure drop. When the flange clearance is 0.5 mm and 0.8 mm, the 

time domain curve of pressure fluctuation has 2 wave troughs in one cycle. In the near stall condition, the main frequency 

of pressure fluctuation at 3 monitoring points in the same channel is 0.2 times the rotational frequency, i.e. stall frequency. 

In addition, the main frequency amplitude in the middle of the outlet is the largest, and the larger the gap is, the larger the 

main frequency amplitude is. 

INTRODUCTION 
Due to the advantages of large flow, high efficiency, and good cavitation resistance, mixed-flow pump plays an 

important role in national infrastructure construction and is widely used in water conservancy engineering, agricultural 

irrigation, sewage treatment, ship propulsion, aerospace, and other application engineering fields[1-5]. However, when the 

pump is operating under off-design conditions, stall mass is easy to occur in the impeller due to the increase of blade angle 

of attack[6]. The continuous generation and shedding of stall mass often induce low-frequency pressure pulsation, which 

makes the noise and vibration of the pump increase. When the stall vortex frequency is consistent with the natural frequency 

of the unit, it will also cause the vibration of the whole unit and seriously threaten the safe and stable operation of the 

unit[7,8]. 

In recent years, the pressure fluctuation of the mixed-flow pump under off-design conditions has been paid attention 

by scholars at home and abroad. With the development of CFD, the application of the numerical method has become an 

important auxiliary means to study the internal pressure pulsation of the pump and explore the correlation between pressure 

pulsation and internal flow. Jin et al.[9] used Fluent to simulate the internal flow field of the mixed-flow pump. By 

analyzing the internal pressure fluctuation characteristics, it was concluded that with the decrease of the flow rate, the 

pressure fluctuation increased, and the pressure fluctuation amplitude at the impeller inlet was the largest. At the same 

time, the pressure fluctuation frequency at the impeller inlet and outlet was the impeller blade frequency, and the dominant 

frequency at the guide vane inlet and outlet changed with the change of the flow rate. The unsteady pressure pulsation in 

turbomachinery can be caused by the change of flow pattern, dynamic and static interference, and rotating stall. Byskov et 

al.[10] found the stall zone in the flow passage of the mixed-flow pump through large eddy simulation, and there was also 

a recirculation zone in the working face of the impeller. Yamade et al.[11] also found through large eddy simulation that 
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when rotating stall occurs in the mixed-flow pump, the flow pattern inside the pump becomes very unstable, and there is a 

local high-pressure region at the outlet flange on the back of the impeller blade, and flow separation occurs. Du et al.[12] 

carried out the large eddy simulation of the full three-dimensional flow passage in the guide vane mixed-flow pump, and 

analyzed the time-frequency characteristics of the pressure fluctuation at eight monitoring points of the impeller inlet and 

outlet section. It was found that the amplitude of the pressure fluctuation coefficient at the monitoring point at the outlet 

was larger than that at the inlet, and the attenuation speed of the pressure fluctuation was slower under the action of the 

rotating stall, flow separation effect, and static guide vane interference. Li et al.[13,14] studied the influence of dynamic 

and static interference on the internal pressure fluctuation characteristics of low specific speed mixed-flow pump by 

simulating the internal flow field. The results show that the amplitude of pressure fluctuation in the impeller and at the 

flange of the impeller outlet reaches the maximum, and the pressure fluctuation increases gradually from the impeller inlet 

to the guide vane outlet. And it is found that when the rotating stall occurred in the mixed-flow pump, unstable vortices 

appeared at the inlet of the impeller and caused the blockage of the flow passage. The vortices almost occupied the whole 

inlet flow passage, which caused the deterioration of the inlet flow pattern. Zhang et al.[15] analyzed the internal flow field 

and pressure fluctuation characteristics of the mixed-flow pump under different working conditions. The results show that 

when the rotating stall occurs, a large number of vortices appear near the suction surface of the guide vane, the vortex size 

increases first and then decreases along the guide vane passage, and the pressure fluctuation at the vortex core is the 

smallest. The amplitude of pressure fluctuation in the impeller from hub to rim increases gradually, and the frequency 

distribution of pressure fluctuation at the inlet and outlet of the impeller is similar. 

In the aspect of experimental research, Miyabe et al. [16,17] used PIV test and numerical method to analyze the 

phenomenon of large-scale secondary reflux and vortex flow from the inlet of guide vane to the outlet of mixed-flow pump 

impeller under small flow condition, and clarified that the rotating stall of guide vane under small flow condition is the 

main reason for inducing the unstable characteristics of the mixed-flow pump. At the same time, the rotating stall at the 

inlet of the guide vane also makes the pressure pulsation fluctuate periodically. Zhang et al.[14] studied the internal pressure 

pulsation characteristics and laws of high specific speed mixed-flow pump under different working conditions by 

experimental methods. The results show that under different flow conditions, the amplitude of pressure pulsation from 

impeller inlet to guide vane outlet decreases in turn, and the periodic fluctuation of pressure pulsation also decreases in 

turn. Under the condition of small flow rate, the pressure fluctuation at impeller outlet and guide vane outlet is relatively 

weak due to the influence of low-frequency large-scale vortex generated by flow separation and stall, tip leakage flow, and 

backflow.  

At present, there are many researches on the pressure pulsation in the pump at home and abroad, but the research on 

the pressure pulsation of the mixed-flow pump under stall conditions is very rare. Therefore, the author takes the guide 

vane mixed-flow pump as the research object, and studies the influence of near stall condition on the pressure pulsation of 

the mixed-flow pump under three different flange clearances by numerical simulation method, revealing the internal 

pressure pulsation law of mixed-flow pump under stall condition. The research results have important reference value for 

the design and operation of the mixed-flow pump in large pumping station. 

METHODOLOGY  

Simulation Model and Grid Generation 
The research object of this paper is the guide vane mixed-flow pump, and its design parameters are as follows: rated 

flow Qdes = 380 m3/h, head H = 6 m, speed n = 1 450 r/min, specific speed ns = 480, blade number Z = 4, guide vane number 

Zd = 7. The mixed-flow pump model includes inlet section, impeller section, guide vane section, annular volute chamber, 

and outlet section, as shown in Figure 1. In the study, to keep the runner chamber size unchanged, the flange clearance was 

changed by changing the impeller diameter. The 3 groups of flange clearances were 0.2 mm, 0.5 mm, and 0.8 mm, 

respectively. 

 
Figure 1 Mixed-flow pump 3D model 
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The grid quality has a direct impact on the reliability of the calculation results. Therefore, ICEM CFD software is used 

to divide 5 different water regions into more precise hexahedral structured grids. The y-block topology is used in the inlet 

section, and the J/O-type topology and H/O-type topology are used in the impeller water domain and guide vane water 

domain respectively. In order to obtain high-quality flange gap area grid to meet the requirements of wall function, the 

internal grid of flange gap is encrypted by increasing the number of nodes, and the transition section from gap to impeller 

is encrypted to ensure uniform transition. It is found that when the number of global grids is close to 4.91 million, the head 

change of the mixed-flow pump calculated by increasing the number of grids by densifying the grid is small, and the 

relative error is within ±5%, which meets the requirements of grid independence test. Figure 2 and Figure 3 show the global 

mesh and the encrypted mesh near the rim region respectively. 

      
Figure 2 Global grid                 Figure 3 Rim area grid 

Turbulence Model and Boundary Conditions 
Based on the Reynolds time-averaged Navier-Stokes equations, the k-ε turbulence model is used to discretize the 

equations by the finite volume method and SIMPLEC algorithm, and the second-order upwind scheme is adopted. For the 

setting of boundary conditions, the inlet boundary is the pressure inlet, which is 20 kPa, and the outlet boundary is the mass 

flow outlet, which is set according to the change of flow. The wall function is non-slip wall, and the reference pressure is 

101.325 kPa, and the convergence accuracy is set to 10-5. In the unsteady calculation, the total calculation step is set as 2 

000 steps, the calculation time step is 3°, and it is saved once every 10 steps. The above settings and numerical calculations 

are carried out by commercial software ANSYS CFX. 

RESULTS AND DISCUSSION 

Experimental Verification of External Characteristic 
Due to the limitation of the test conditions, the head and efficiency of the mixed-flow pump with 0.5 mm and 0.8 mm 

flange clearance were measured and compared with the simulation results. It can be seen from Figure 4 that the positive 

slope of the H-Q curve of the mixed-flow pump is the most obvious when the flange clearance is 0.8 mm. In the flow range 

from 0.4Qdes to 1.2Qdes, the numerical simulation results are basically consistent with the experimental results, only when 

the flow rate is low, there is a large error. In general, the head and efficiency predicted by the numerical simulation are in 

good agreement with the experimental results, so the reliability of the simulation results is high. 

     

δ=0.5 mm                                       δ=0.8 mm 

Figure 4 Comparison of external characteristic between numerical simulation and test 
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Time-domain analysis of pressure fluctuation under different tip clearances 
In the near stall condition, the vortex will gradually form at the outlet of the impeller passage, and its blocking effect 

is very obvious. With the rotation of the impeller, the vortex will develop and propagate in the opposite direction of the 

rotation direction of the impeller. In order to study the propagation characteristics of the stall core, monitoring points are 

set at the outlet of 4 flow channels of the impeller, and the monitoring points in each flow channel are arranged from the 

hub to the rim, as shown in Figure 5. In order to better analyze the pressure fluctuation at each monitoring point, the 

pressure coefficient Cp is used to deal with the transient pressure dimensionless, which is used to express the intensity of 

pressure fluctuation. 

 

Figure 5 Position of impeller outlet monitoring points 

Figure 6 shows the time-domain diagram of the pressure fluctuation at the monitoring points Y5, Y6, Y7, and Y8 at 

the outlet of 4 flow channels of the impeller under near stall condition. It can be seen from the figure that the pressure 

fluctuation curves of 4 monitoring points along the circumferential direction under 3 different flange clearances show 

periodic changes under near stall condition, but the peaks and troughs representing the impeller rotation are not obvious. 
Under the same flange clearance, the pressure fluctuation curve is similar in different channels, but there is a large phase 

difference between the adjacent monitoring points. With the rotation of the impeller, there will be a strong pressure drop 

at the monitoring points, which is the main periodic characteristic of the pressure fluctuation curve near stall. When the 

gap is 0.2 mm, there is only one trough in one cycle of the pressure fluctuation curve. When the gap is 0.5 mm or 0.8 mm, 

it can be found that there are two troughs in one cycle of the pressure fluctuation curve. Therefore, it can be judged that the 

number of stall nuclei changes from 1 to 2, and the propagation of double stall nuclei is more complex than that of single 

stall nuclei in the 2 adjacent channels, so the pressure fluctuation curve is slightly more complex than that of the gap of 0.2 

mm. In the adjacent channel, the second pressure drop in the current channel corresponds to the first pressure drop in the 

next channel. After the exit pressure drop of the current channel, the second pressure drop occurs in the next channel, and 

the first pressure drop occurs in the flow passage after the next. This process corresponds to a stall vortex propagation 

process in which the current flow passage exits the stall state, the next flow passage continues to be in the stall state, and 

the flow passage after next enters the stall state at the same time. Because the double stall nuclei will interfere with each 

other in the process of propagation, the pressure fluctuation curve will fluctuate slightly when it forms 2 troughs. At the 

same time, when the gap is 0.5 mm, the phase difference between adjacent monitoring points is almost unchanged, while 

when the gap is 0.8 mm, the phase difference between adjacent monitoring points is shortened, which indicates that the 

propagation of stall nuclei is accelerating. 

       
δ=0.2 mm                        δ=0.5 mm                        δ=0.8 mm 

Figure 6 Time-domain characteristics of pressure coefficient at Y5, Y6, Y7, Y8 
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Figure 7 shows the time domain diagram of pressure fluctuation from the monitoring point of the hub to the monitoring 

point of the rim in a single channel with different rim clearances under near stall condition. It can be seen from the figure 

that the pressure fluctuation amplitude of the monitoring point Y8 located in the middle of the impeller outlet is larger, 

while the pressure fluctuation amplitude of the monitoring point Y4 located in the hub and flange of the impeller outlet is 

smaller and the difference is not big, but the pressure fluctuation frequency of the monitoring point Y4 located in the flange 

is higher. It shows that the main part of the vortex is located in the middle of the impeller outlet, which has the greatest 

influence on the pressure fluctuation. At the same time, when the gap is larger than 0.2 mm, the lowest value of the pressure 

fluctuation curve increases, which indicates that the two stall nuclei in the adjacent channel interfere with each other in the 

propagation process. 

 

δ=0.2 mm 

 

δ=0.5 mm 

 

δ=0.8 mm 

Figure 7 Time-domain characteristics of pressure coefficient at Y4, Y8, Y12 
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Frequency domain analysis of pressure fluctuation under different tip clearances 
In order to analyze the frequency-domain characteristics of pressure fluctuation, the fast Fourier transform (FFT) is 

used to transform the time-domain information into the frequency-domain information. Figure 8 shows the frequency 

domain diagram of pressure pulsation at 3 monitoring points from hub to rim in a single flow passage of impeller under 

near stall condition, where abscissa f * is the multiple of impeller rotation frequency. It can be seen from the figure that the 

main frequency of the frequency domain curve of pressure fluctuation at the 3 monitoring points is not the impeller rotation 

frequency or blade frequency, but 0.2 times of the rotation frequency, and the amplitude of the main frequency is high, 

which is the stall frequency. At the same time, the main frequency amplitude of the monitoring point Y8 located in the 

middle of the impeller outlet is the largest, while the main frequency amplitude of the monitoring points Y12 and Y4 

located in the hub and flange is smaller and the difference is not significant.This is because the main part of the stall core 

is located in the middle of the impeller outlet, so it has the greatest impact on the pressure fluctuation of the fluid there, and 

has less impact on the pressure fluctuation of the fluid at the hub and flange. 

    
δ=0.2 mm 

   
δ=0.5 mm 

 
δ=0.8 mm 

Figure 8 Frequency domain characteristics of pressure coefficient at Y4, Y8, Y12 
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In the near stall condition, the frequency-domain curves of pressure fluctuation at the 3 monitoring points are different 

due to the different flange clearance, which indicates that the stall state in the impeller is different. Because the main part 

of the stall core is located in the middle of the impeller outlet, the influence on the frequency-domain curves of pressure 

fluctuation at the monitoring points is always the most obvious. When the flange clearance is 0.2 mm, the main frequency 

amplitude of Y8 frequency domain curve at the impeller outlet monitoring point is larger, and the main frequency 

attenuation is slow. When the gap increases to 0.5 mm, because there are 2 stall cores, compared with the single-channel 

propagation mode, the pressure drop amplitude is weaker, so the amplitude of the main frequency decreases and the 

attenuation of the main frequency is faster. In addition, the secondary frequency components on the frequency-domain 

curve are increased compared with the gap of 0.2 mm, which is also caused by the mutual interference between the 2 stall 

nuclei. When the flange clearance is 0.8 mm, there are still 2 stall cores, so the overall trend of frequency-domain curve is 

similar to that when the clearance is 0.5 mm, but the main frequency amplitude increases. 

CONCLUSIONS 
In the near stall condition, the time domain curves of pressure fluctuation at each monitoring point show periodic 

changes, but the characteristics of the peaks and troughs representing the impeller rotation are fuzzy. There is a large phase 

difference between adjacent monitoring points, and there is a strong pressure drop on the time domain curve, which is the 

main periodic characteristic of the pressure fluctuation curve near stall.  

The phase difference between the adjacent monitoring points is consistent with the propagation period of the stall core 

under different wheel gaps. With the increase of the gap, the number of stall nuclei increases, and the propagation 

mechanism of stall nuclei tend to be complex, resulting in 2 wave troughs in one cycle of the pressure fluctuation time 

domain curve. In addition, since the main part of the vortex is located in the middle of the impeller outlet, the pressure 

fluctuation of Y8 is the largest. 

In the near stall condition, the amplitudes of pressure fluctuation frequency-domain curves at 3 monitoring points in 

the same channel are quite different, but the main frequency is 0.2 times the impeller rotation frequency, i.e. stall frequency. 

In addition, the main frequency amplitude of the frequency-domain curve of the middle monitoring point Y8 is the largest. 

When the number of stall cores is the same, the larger the gap is, the larger the main frequency amplitude is. 

NOMENCLATURE 
Q  Design Flow Rate 

H  Head 

Z  Number of Impeller Blades 

Zd  Number of Guide Vane Blades 

N  Rated Speed 

ns  Specific Speed 

η  Efficiency 

δ  Flange Clearance 

f *  Multiple of Impeller Rotation Frequency 

Cp  Pressure Coefficient 
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