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ABSTRACT 

The flow field of a low specific speed centrifugal pump is investigated in the 

present work based on numerical simulation to establish the effect of 

circumferential positions of balance holes on cavitation behaviour and cavitation 

erosion of the centrifugal pump. The distribution of the pressure around balance 

holes is studied, the initiation and development of cavitation at different balance 

hole schemes are compared, and the distribution of cavitation erosion for the 

original pump and the ideal scheme is also predicted. The results show that when 

the NPSHa is high, there is low pressure zone in balance hole, which leads to 

cavitation in the pump. The cavitation performance of pump is improved by 

gradually moving balance holes away from blade suction surface, as this reduces 

low pressure zones around the balance hole and incipient cavitation. Under 

critical cavitation conditions, the cavitation shows a tendency to collapse as the 

angle (φ) of circumferential position of balance holes decreases, and the 

proportion of the higher vapor volume fraction in cavitation core zones also 

decreases. The cavitation erosion zones on blade surfaces are predicted by using 

the Erosive Power Method (EPM). The erosion impact of the original pump is 

more pronounced in the comparative results. 
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1. INTRODUCTION 

Cavitation is the process of bubbles formation and 

collapse that occur when the local pressure drops below 

the vapor pressure at the corresponding condition during 

the operation of fluid machines (Haosheng et al., 2008; 

Brennen, 2011). The collapse of cavitation can cause a 

load impact on the blade surface (Melissaris et al., 2020). 

Long-term operation under cavitation conditions could 

lead to erosion pits forming on the blade surface (Zhu et 

al., 2021; Chen et al., 2022). This would not only 

compromise the safety and stability of the pump but also 

drastically diminish its service life (Aktas et al., 2018; 

Wang et al., 2018). 

In engineering technology and scientific research, the 

cavitation behaviour curve is typically an important tool 

for assessing the cavitation behaviour of centrifugal 

pumps, which is characterized by a sharp decline under 

critical cavitation conditions (at 3% head loss) (Gao et al., 

2017; Zhang et al., 2018). Low specific speed centrifugal 

pumps have narrow flow passages, and when cavitation 

occurs, the bubbles quickly obstruct the flow passages, 

resulting in degraded pump performance (Cui et al., 2020; 

Zhao et al., 2020; Gangipamula et al., 2022). Based on this 

context, it is crucial for engineering applications and 

scientific research to enhance the cavitation behaviour of 

pumps, primarily by preventing cavitation inception and 

delaying the development of cavitation. The impact 

mechanism of different design parameters on cavitation 

has been researched and compared to enhance the 

cavitation behaviour of pumps (Luo et al., 2016; Huang et 

al., 2018). Hu et al. (2020) examined the impact of inlet 

angle of attack on cavitation of a pump and compared 

three different inlet angles of attack, 8°, 0°, and -8°, and 

discovered that the flow uniformity could be effectively 

improved with a positive inlet angle of attack (8°). Luo et 

al. (2008) explored cavitation behaviour of boiler feed 

pumps based on the VOF cavitation model. They found 

that increasing blade inlet angle can efficiently enhanced 

its cavitation behaviour. Zhu and Chen (2012) examined 

the cavitation behaviour of pumps and discovered that the 

addition of a tiny blade in the front position of blade may 

effectively prevent its cavitation. Despite the fact that a 

number of cavitation improvement methods have been 

presented, the alterations to the construction of pump are 

http://www.jafmonline.net/
https://doi.org/10.47176/jafm.18.1.2758
mailto:qiuning@ujs.edu.cn


D. Xun et al. / JAFM, Vol. 18, No. 1, pp. 131-144, 2025.  

 

132 

large, the implementation process is complicated, and the 

influence on head and efficiency is still unknown. 

This work investigates cavitation under different 

schemes by changing angle of balance hole with 

horizontal line, thus exploring feasible methods to control 

cavitation. The balance hole can be utilized to 

counterbalance the axial thrust force between shroud and 

hub of the impeller that is generated by the pressure 

difference. Zhao et al. (2012) examined the effect of 

different balance hole radial positions in the hub on 

balancing the axial force. They discovered that the 

pressure inside balance holes increased as radial radius 

increased, as did the axial force. Luo et al. (2022) 

compared the effect of balance holes arrangement position 

on the axial force of an impeller on the basis of the two-

phase condition, the findings revealed that the axial force 

increases as the radial positions increases and decreases as 

the balance hole diameter increases. Cao et al. (2022) 

observed that as the size of balance hole increased, the 

critical cavitation number decreased, and pressure within 

the mechanical seal steadily decreases. Cheng et al. (2020) 

made a analysis and comparison of differences in 

cavitation behaviour under different balance holes ratio 

area schemes, and it was discovered that the flow 

conditions in the pump were severely compromised once 

the ratio area reached a certain value. Wang et al. (2021) 

researched cavitation behaviour of balance holes under 

varying radial positions by combining experiments and 

simulations. By comparison they point out that critical 

cavitation number reduced before rising with increasing 

radial locations of the balance hole. 

There are many scholars who have conducted further 

studies on the issue of cavitation erosion. Dular et al. 

(2006) proposed a new cavitation erosion method on the 

basis of relationship between the standard deviation of the 

vapor fraction and erosion energy. The calculations of the 

method correlates well with that of their erosion 

experiments. Li et al. (2014) used hydrofoils as a research 

carrier and suggested a method based on solving the wall 

surface pressure time derivative for predicting the 

emergence and growth of cavitation erosion. Usta and 

Korkut (2019) combined the flow characteristics of the 

fluid with the damaged area of the surface and proposed 

the pre-diction method of the Erosive Power Method, 

which was successfully applied to the study of hydrofoils 

and propellers. Koksal et al. (2021) obtained erosion 

intensity of propeller surfaces by employing the Erosive 

Power Method, while the erosion characteristics obtained 

from the simulations agreed well with the experimental 

datas. Li et al. (2021) developed a multiscale model theory 

based on VOF method and DBM as well as used the very 

large eddy simulation to capture more accurate features of 

the cavitation flow field, laying a foundation for predicting 

cavitation erosion. Arabnejad et al. (2021) used the 

erosion prediction theory on the basis of kinetic energy of 

liquid around collapsed structure to predict erosion 

regions in a nozzle, and predicted results were strongly 

correlated with the test zones. Wang et al. (2022) 

researched the cavitation flow field surrounding the Delft 

Twist-11 hydrofoil by adopting the LES and calculated 

erosion intensity on this hydrofoil surface employing the 

energy balance approach (EBA). The erosion zones of 

calculated results of simulation agreed well with the 

experiment. Accurately capturing the multiscale 

cavitation characteristics using the Eulerian-Lagrangian 

method is essential for accurately predicting erosion zones 

and intensity. Wang et al. (2023) and Li et al. (2024) 

employed this approach to predict erosion on a twisted 

hydrofoil surface and their findings demonstrated efficient 

predictive abilities. 

Currently, the mechanism of cavitation erosion is 

very complex and unknown, and there are limited 

theoretical study on the impact of balance hole positions 

on cavitation erosion. The research object of this work is 

a centrifugal pump with balance holes, the location of 

balance holes is changed along the circumferential 

direction. The internal flow field information are captured 

by numerical method. And the cavitation erosion zones 

and intensity on the blade surfaces are calculated by 

following the Erosive Power Method (EPM). In addition, 

the differences and influencing mechanism of cavitation 

behaviour as well as cavitation erosion of this pump with 

different circumferential position schemes are compared. 

Finally, a balance hole position scheme with good 

cavitation performance is proposed, which provides 

essential theoretical support for further in-depth study on 

impact of the balance holes on cavitation performance and 

cavitation erosion mechanism of centrifugal pumps and 

practical engineering applications. 

2. EXPERIMENTAL METHODOLOGY 

2.1 Centrifugal Pump Parameters 

The ZA20-250 low specific speed centrifugal pump is 

investigated in this work. The design flow rate Qd, design 

rotate speed n, and design head Hd of this pump are 10 

m3/h, 2900 rpm, and 80 m, respectively. And the specific 

speed ns calculated by formula (3.65 (n√𝑄𝑑/𝐻𝑑
3/4)) is 21. 

The experiment employed water as the medium, its 

density and dynamic viscosity are 998.9 kg/m3 and 

0.00101 Pa·s. The other parameters are listed in Table 1. 

The full flow field model is used in the simulation to 

obtain more realistic flow field simulation results, 

including the balance hole and wear ring. Figure 1 shows 

the computational domain employed for the simulation. 

2.2 The Design Scheme for the Circumferential 

Positions of Balance Holes 

A schematic representation of positions of the balance 

holes is shown in Fig. 2. The angle between the center of 

balance hole and horizontal line is denoted by φ. The φ of 

the original pump is 50°, and the location of the balance 

hole is changed by varying the size of φ. In this work,  

 
Table 1 Detailed parameters of the mode pump 

Parameters Value 

Number of blades (Z) 3 

Impeller outlet width (b2) 6.5 mm 

Impeller diameter (D2) 259 mm 

Outlet pipe diameter (Dd) 25 mm 

Inlet pipe diameter (Ds) 50 mm 

Blades wrap angle (β) 190° 
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Fig. 1 Three-dimensional structure of the full flow 

field of the centrifugal pump 

 

 

Fig. 2 Position of the balance holes 

 
Table 2 Parameters of the balance hole rotation 

scheme 

Scheme φ (°) d (mm) r (mm) 

Original 50 7 30 

Ⅰ 40 7 30 

Ⅱ 30 7 30 

Ⅲ 20 7 30 

 

three rotation schemes are designed for balance hole 

which rotates by 10° clockwise while the hole diameter d 

and the radial radius r remain unchanged. The particular 

parameters for each scheme is shown in Table 2. 

2.3 Experimental Setup 

The experiment is conducted at the Research Center 

of Fluid Machinery Engineering and Technology of 

Jiangsu University. The structure of the closed test bench 

is shown in Fig. 3 (Wei et al., 2021). The test system  

 

Fig. 3 Test bench structure (Wei et al., 2021) 

 

includes a water circulation loop and a data collection 

system, which mainly consists of the motor, 

electromagnetic flowmeter, gate valve, pressure sensor, 

and centrifugal pump, respectively. In this experiment, the 

valve on outlet pipeline of this equipment may be changed 

to control the flow rate, and real-time flow rate data is 

collected using an electromagnetic flowmeter. Pressure 

sensors are positioned on both the inlet and outlet 

pipelines to measure pressure. 

3.  NUMERICAL METHODOLOGY 

3.1 Governing Equations 

In this study, the continuity and momentum equations 

on the basis of the Navier-Stokes equations applied are 

described as follows (Peters et al., 2015; Yin et al., 2021), 
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where t, u, p and μt are the time variable, velocity, local 

pressure and turbulent viscosity, respectively. The density 

of the mixture fluid ρm and the mixed dynamic viscosity 

μm are defined as, 

m l l v v    = +  (3) 

m l l v v    = +  (4) 

1v l + =  (5) 

where ρl and ρv, αl and αv, μl and μv represent the density, 

volume fraction and dynamic viscosity of gas phase and 

liquid phase, respectively. 

3.2 Cavitation Model 

This work employs the Zwart model (Zwart et al., 

2004) for cavitation mass transfer, which defines the 

cavitation evolution process on account of transport 
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relationship between liquid and gas phases, which can be 

defined as, 
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where m+
 and m−

 are evaporation and condensation 

rates, αnuc represents the vapor core volume fraction, C1 

and C2 are evaporation and condensation coefficients, RB 

is cavitation bubble radius. The empirical constants are 

set to C1 = 50, C2 = 0.01, RB = 0.001 mm, αnuc = 1×10-4. 

3.3 Turbulence Model 

The flow field inside the pump becomes more 

complicated due to the presence of the balance hole. To 

achieve realistic simulation results of the internal flow 

channel, the SST k −  turbulence model (Peters et al., 

2015) is chosen for simulation in this work. The model 

includes a hybrid function that is derived from the regular 

k −  model. The transmission of turbulent shear stress is 

accounted for in turbulent viscosity, making the SST 

k −   model more accurate and trustworthy. The 

turbulent kinetic energy equation k, turbulent frequency 

equation   and eddy viscosity equation μt are expressed 

as, 
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where Pk represents the turbulence generation rate, S 

represents a fixed strain rate estimate, and the constants 

are set toβ = 0.075, σω2 = 1/0.856. F1 and  F2 are hybrid 

functions which are obtained from, 
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where y represents the distance that is closest to the wall. 

3.4 Erosion Assessment Method 

Under the current conditions, CFD-based methods 

can effectively capture the macroscopic cavitation 

structure, but it is challenging to capture the energy shock 

caused by cavitation bubble collapses, which occurs in a 

real cavitation flow field, under microscopic conditions. 

Patella and Reboud (Fortes Patella & Reboud, 1998) 

defined the potential energy prior to the macroscopic 

cavitation structure collapsing as, 

pot vE p V=    (17) 

vp p p = −  (18) 

where Epot is cavitation potential energy, p and pv represent 

reference and saturation pressure, and Vv represent the 

vapor volume. The law of potential energy change with 

time in the process of the collapse as the key factor in 

assessing the erosion intensity, the potential power density 

Ppot of bubble clusters could be obtained from, 
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where αv and Vcell are vapor volume fraction as well as 

volume of unit cell, respectively. 

The Erosive Power Method (Usta & Korkut, 2019) is 

an erosion assessment method depends on the time 

derivatives with different parameters, which could be 

calculated as follows, 
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 (21) 

In the calculation of this work, the different flow field 

parameters such as the reference pressure, saturated 

pressure, the time derivative are captured by ANSYS 

CFX® version 2021R1. And the cavitation erosion zones 

on the blade are predicted based on above erosion 

assessment formula by ANSYS CFD-Post® version 

2021R1. 

3.5 Numerical Setup 

In the simulation, the flow field characteristics are 

simulated by ANSYS CFX® version 2021R1, the inlet 

boundary is set to the Total pressure, its starting value is 

101325 Pa. The outlet boundary is set to Mass Flow rate 

and its value is 10 m3/h. Different cavitation conditions 

can be obtained by gradually reducing inlet pressure, and 

when change in inlet pressure results in a 3% reduction in  
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Table 3 Unsteady calculation values of the head for different time steps and experimental values 

Time steps 1° 2° 4° Experimental values 

Head (m) 75.88 76.63 79.89 77.53 

 

 

Fig. 4 Grid distribution of the computational domain, 

a) impeller; b) volute 

 

condition. All walls are set to the No Slip Wall. The wall 

roughness is neglected based on the research (Lin et al. 

2022). The impeller is set to a rotating domain which is 

kept at the same speed as that of the experiment, whereas 

the remaining components are static domains. The 

surfaces of the inlet section, pump chamber, and wear ring 

2 connected to the impeller are set as the rotating and static 

intersection surfaces respectively, while the other 

intersection surfaces are coupled in static intersection 

mode. To select an appropriate time step, the head at 

design flow rate and critical cavitation conditions are 

calculated using time steps of 5.7415 × 10-5 s, 1.14943 × 

10-4 s, and 2.29886 × 10-4 s, which corresponding to the 

rotation angles of 1°, 2°, and 4°, respectively. The average 

values over a rotation period is then calculated and 

compared to the experimental values as shown in Table 3. 

The time step is 1.14943 × 10-4 s for simulation in order to 

assure efficiency and accuracy of numerical simulation. 

And the convergence residual accuracy is set to 4 × 10-7 in 

this work. 

 

Fig. 5 Grid-independence verification 

 

The medium employed in the present work is water 

at 16 °C, which has a density and saturated vapor pressure 

of 998.9 kg/m3 and 1817.15 Pa, respectively. 

3.6 Grid-Independent Check 

A hexahedral structured mesh is used by ANSYS 

ICEM® version 2021R1 to assure accuracy and efficiency 

of calculations. The computational domain mesh is shown 

in Fig. 4. To account for the effect of computational 

domain grids on numerical calculations in the present 

work, a grid independence verification is conducted under 

the rated condition, and the head variation is used as the 

criterion for grid suitability. Figure 5 shows the grid-

independent verification. A mesh with 4.09 × 106 cells is 

selected for numerical simulation based on the results of 

the grid verification. The optimized mesh scheme derived 

from the independent verification helps to mitigate the 

impact of the grid-related factors on the accuracy of the 

simulation result. To more accurately capture the flow 

field variations and information around the blades, the first 

layer height must be within a specific range. In this study, 

the first layer height is 0.03 mm and its grid expansion 

ratio is 1.5. Additionally, the y+ value on the blade surface 

was kept below 30 in order to meet the requirement of 

turbulence model in this calculation. Figure 6 shows the 

distribution of y+ values on the blade surface. 

4. RESULTS AND DISCUSSION 

4.1 Validation of the Numerical Approach 

The test is conducted on the original pump with a 

balance hole (φ = 50°) to assess the reliability of the 

simulation findings. A comparison curve of external 

characteristics of original pump at a rated speed with flow 

rates between 6 m3/h and 14 m3/h is shown in Fig. 7. Under 

the rated operating conditions, the test head is 79.93 m and 

numerical result is 79.14 m, with a relative error of  

less than 1%. The reason for numerical head is somewhat  

(a) 

(b) 
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Fig. 6 Distribution of y+ on the blade surface, a) 

pressure surface; b) suction surface 

 

 

Fig. 7 Comparison of the external characteristics of 

the original pump (φ = 50°) 

 

smaller than experimental head is that this simulation 

conditions cannot fully replicate the actual requirements 

of the experiment. And numerical efficiency is slightly 

higher than the experimental results because this 

calculation didn’t take into account the mechanical and 

volumetric losses. Overall, the change in trend of the 

experimental head and efficiency curve can be accurately 

predicted by using the present numerical methods. 

In addition, a comparison of the curves reveals that 

values of head calculated from simulation are smaller than 

test results, while the efficiency is higher. The trend of the 

simulated external characteristic curve is consistent with 

that obtained from the experiment. It is worth mentioning 

that the highest efficiency point on the original pump is 

not at the rated flow condition, and the efficiency steadily  

 

Fig. 8 Comparison of the cavitation performance of 

the original pump 

 

increases as the flow rate increases. The optimal working 

condition shifts significantly from the design working 

condition primarily on account of a small geometry of this 

pump. The fluid viscosity effect is more pronounced, and 

the flow loss is greater so that the high efficiency point 

shifts to the high flow working condition. 

A comparison between experimental and simulated 

cavitation behaviour curve of the original pump under 

rated settings is shown in Fig. 8. A vacuum pump is 

utilized in the experiment to evacuate the water storage 

tank to lower the inlet pressure at rated flow condition. 

The cavitation performance curve is then plotted using the 

head and NPSHa values for different inlet pressures, and 

the NPSHa can be obtained from, 

2

2

s s v

a

p v p
NPSH

g g g 
= + −  (22) 

Upon comparing the cavitation performance curves 

reveals, it is evident that there are minor differences 

between test and simulation, the curves follow the same 

variation pattern. The inlet pressure decreases and the 

head increases slightly at the beginning of the cavitation 

simulation. The cavitation becomes more pronounced as 

inlet pressure falls to a particular level, altering internal 

flow conditions such that the head no longer rises and 

begins to have a downward trend. As the inlet pressure 

continues to reduce, cavitation intensifies and the head-

down tendency increases. The severity of pump cavitation 

escalates when the head reduces by approximately 3%, 

thereby undermining the capacity of the pump for safe and 

dependable operation. In general, this is regarded as a 

critical cavitation state and is referred to as the critical 

cavitation condition. 

As shown in Fig. 9, the cavitation bubbles 

corresponding to the four typical NPSH are selected for 

evolutionary analysis to further examine the cavitation 

development process of the original pump. Figure 9 (a) 

illustrates that cavitation generates in the balance holes in 

the original pump during initial stage of cavitation. This is 

attribute to low pressure of balance holes connecting the 

impeller and wear ring 2, which induces the occurrence of 

cavitation in this region, and the pressure distribution is 

shown in Fig. 10, the operating pressure is the saturated 

vapor pressure of 1817.15Pa. In addition, the cavitation  

(b) 

(b) 
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Fig. 9 Cavitation evolution of the original pump (The cavitation structure in the simulation is shown by iso-

surfaces of the vapor volume fraction αv = 0.1.) 

 

  

Fig. 10 Distribution of the impeller absolute pressure 

(NPSHa = 10.04 m) 

 

induced by the balance hole has a clustered structure, 

which is significantly different from the attached 

cavitation generated at the blade suction surface. When 

NPSHa = 6.93 m, the cavitation of the pump becomes 

more noticeable, and cavitation bubbles accumulate in 

large numbers in the area following the balance hole. As a 

result, the flow field of pump is affected and its 

performance also begins to decline. As cavitation 

continues to advance, the group of cavitation bubbles 

proliferates across the blade surface, which causes 

impeller passage blockage. At the critical cavitation 

condition, when NPSHa = 5.67 m, increased cavitation 

will significantly impacting the flow state of the pump by 

causing blockage in its passages. It is noteworthy that the 

trailing of cavitation bubbles begins to move away from 

blade suction surfaces as a result of rotation effect of 

pump, accompanied by shedding of the bubbles. 

It is evident from the examination of the cavitation 

development of the original pump described above that 

there is a local low pressure between balance hole and 

blade suction surface, which creates the objective 

conditions for cavitation to occur and develop. Therefore, 

it is necessary to increase the local pressure in the balance 

holes to improve its cavitation behaviour. 

Then, the variation and influence mechanism of the 

cavitation behaviour of pump under different schemes of  

 

Fig. 11 Comparison of external characteristics of 

different schemes 

 

the circumferential position are investigated using the 

rotation angle as a quantitative criterion. 

4.2 Comparison of the Performance of Different 

Schemes for the Circumferential Position of 

Balance Holes 

A comparison of the external characteristics across 

different schemes for the circumferential position of 

balance holes is shown in Fig. 11. In this figure, a 

downward trend from the left to the right indicates a head 

curve, while the opposite trend indicates an efficiency 

curve. We find that the efficiency curves of each schemes 

have a relatively consistent trend. Moreover, as the φ 

decreases, the efficiency increases somewhat. There is no 

progressive increase in head with the change of the 

balance holes in the head curves. However, the head 

values of each scheme are generally close in flow scope 

from 10 to 12 m3/h. When the flow rate deviates from this 

range, the deviation of the head values for each scheme 

increases gradually, but the maximum difference is less 

than 2 m. 

It is crucial to compare and analyze the differences in 

axial force after changing the value of φ. Figure 12 

compares the axial force of each scheme. Upon 

comparison, it is found that the axial force decreases 

significantly when the value of φ decreases, although the 

magnitude of the decrease is minimal. The maximum 

difference in axial force is 2.841 N or approximately 1.8%,  
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Fig. 12 Comparison of the axial forces of the rotation 

schemes 

 

 

Fig. 13 Comparison of the cavitation performances of 

rotation schemes 

 

so the effect of different circumferential position schemes 

on axial force can be negligible. 

The impact of different circumferential position 

schemes on the cavitation behaviour is further investigated 

based on the above verification. Figure 13 shows 

comparative cavitation performance curves for various 

rotating balance hole schemes. It is evident that the 

original model (φ = 50°) has the worst cavitation 

performance. When NPSHa = 5.67 m, the original pump 

reaches the critical cavitation condition, resulting in a 

more pronounced head drop. For the φ= 40°, the 

corresponding NPSHa = 4.47 m at critical cavitation 

conditions. Compared with the original pump, the NPSHa 

is reduced by 1.1 m, which significantly improves the 

cavitation performance. The cavitation behaviour of pump 

steadily improves as the value of φ decreases. In this work, 

it is found that the ideal scheme for cavitation performance 

is achieved with a φ of 20°, and critical cavitation occurs 

at NPSHa = 2.7 m. It can be shown that scheme with small 

value of φ can enhance the cavitation behaviour. 

There is a gradual decrease in behaviour of pump as 

the inlet pressure reduces is clearly depicted in the 

cavitation behaviour curve. In order to further investigate 

the formation of cavitation after changing φ value, the 

vapor volume corresponding to various balance hole 

rotation schemes at the corresponding inlet pressure is  

 

Fig. 14 Comparison of the vapor volume of the 

rotation schemes 

 

measured and the vapor volume change curves are shown 

in Fig. 14. During the change process of vapor volume, the 

vapor volume with a small value of φ is always less than 

that of the centrifugal pump with a large value of φ under 

the same NPSHa. As the NPSHa decreases, this 

phenomenon becomes more apparent. 

The pump exhibits a significant increase in vapor 

volume when inlet pressure decreases to certain levels, 

resulting in a significant deterioration in cavitation 

performance. The scheme with the φ = 50°has the worst 

cavitation performance, which has a vapor volume of 9.41 

mm3 at NPSHa = 6.93 m. After reaching this point, rapidly 

increasing in vapor volume will gradually obstructs the 

flow channel, leading to a reduction in pump head. The 

corresponding NPSHa gradually decreases as the position 

of the balance hole deviates. The vapor volume increases 

dramatically at NPSHa = 3.3 m with the balance hole φ = 

20°. 

4.3 Analysis of Static Pressure on the Hub 

The study indicated that by changing the value of φ, 

the cavitation behaviour of pump could be enhanced 

without compromising original head and efficiency. The 

distribution of static pressure on the impeller hub for 

various balance hole rotation schemes at rated flow 

condition is shown in Fig. 15. The pressure distribution on 

impeller hub changes as the circumferential location of 

balance holes varies, especially in the area near the 

balance holes. The area of low-pressure regions around 

balance holes is the largest when the value of φ is 50°. 

When φ = 20°, the area of low-pressure zones closest to 

balance holes is the smallest and nearly disappears, and 

the pressure distribution is more uniform. 

As the balance hole connects the impeller to the wear 

ring 2, when fluid suddenly enters the narrower balance 

hole from the comparatively wide channel of the wear ring 

2, a jet is formed in the balance hole, resulting in a region 

of low-pressure. Furthermore, low-pressure zones are 

easily formed near blade suction surfaces as a result of the 

structural characteristics of this pump, and the distribution 

of pressure is typically less than the pressure side. 

Therefore, the pressure at the balance holes increase as the 

balance holes move away from suction surface, and the 

low-pressure area near balance holes gradually decreases. 
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Fig. 15 Distribution of static pressure on the impeller hub 

 

 

Fig. 16 Distribution of Cavitation at NPSHa = 10.04 m (The cavitation structure in the simulation is shown by 

iso-surfaces of the vapor volume fraction αv = 0.1.) 

 

 

Fig. 17 Distribution of cavitation on the span=0.5 surface under critical cavitation condition 

 
4.4 Analysis of Cavitation 

Figure 16 illustrates the distribution of cavitation for 

different balance hole rotation schemes at NPSHa = 10.04 

m. Due to the existence of balance holes, a region with 

low-pressure develops within it, which eventually 

generates cavitation. It can be found that the distribution 

of cavitation for different rotation schemes at the same 

NPSHa differs significantly. Among these, the volume of 

cavitation in the balance hole decreases as the value of φ 

reduces. This is because the pressure in the surrounding 

area increasing after rotating the balance hole, which in 

turn inhibits cavitation to some extent. As it can be shown 

in Fig. 16(c) and (d), cavitation is generated not only in 

the balance hole but also at the leading edge of blade. The 

cavitation incipient positions as well as distribution of 

pressure inside impeller change when the value of φ 

decreases. 

Figure 17 shows the distribution of cavitation on a 

typical section of a blade (span = 0.5) under critical 

cavitation conditions corresponding to various balance 

hole rotation schemes. At the critical cavitation condition, 

the cavitation pattern in the section varies significantly. As 

the value of φ reduces, the cavitation in the section shows 

a tendency to collapse, as shown by dashed black lines in 

this figure. And the proportion of higher vapor volume 

fraction in the cavitation core region decreases, indicating 

that the cavitation in pump with larger value of φ is more 

severe. When the value of φ is 50°, the development of 

cavitation in pumps is completely dominated by  

the balance hole, and even under the critical cavitation  
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Fig. 18 Variation of the time derivative of the vapor 

volume fraction ( /d dt ) in a single rotation period 

of a typical blade 

 

condition, there is no visible cavitation appear near the 

front of blade. The cavitation in the zone close to leading 

edge becomes increasingly noticeable as the value of φ 

decreases. At φ = 20°, the cavitation in this zone is 

significant, with the vapor volume fraction in its internal 

core area reaching 0.9, indicating that cavitation has 

completely formed. 

4.5 Prediction of Cavitation Erosion on Blade 

According to the aforementioned cavitation study, 

the scheme with the value of φ is 20° exhibited the best 

cavitation performance. In this section, the Erosive Power 

Method for calculating cavitation erosion at centrifugal 

pump blades is employed to compare the erosion intensity 

of the test pump (φ = 20°) with that of the original pump 

(φ = 50°) and analyze erosion mechanism. 

Figure 18 shows the time derivative of the vapor 

volume fraction ( /d dt ) variation comparison between 

the original pump (φ = 50°) and the test pump (φ = 20°) 

during a single rotation period of a typical blade. The 

observation highlights that the properties of the blade 

surface parameters in a centrifugal pump change over time 

during rotation. The fluctuation range of the /d dt is 

wider after altering circumferential positions of balance 

holes, indicating that the instantaneous changes in bubbles 

growth and collapse on blade surfaces are more 

noteworthy. Two moments a and b of the original pump 

curve and two moments a' and b' of the test pump curve 

are chosen as representatives for further investigation of 

the erosion parameter distribution of the blade surface to 

better understand the cavitation erosion. 

Figures 19 and 20 show the variation of the  
/d dt on different blade spans of a typical blade at typical  

 
Fig. 19 Comparison of d / dt  on different blade spans of a typical blade (The original pump is at moment a, the 

test pump is at moment a') 

(b) 

(a) 
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Fig. 20 Comparison of /d dt  on different blade spans of a typical blade (The original pump is at moment b, 

the test pump is at moment b') 

 

 

Fig. 21 Comparison of the distribution of cavitation erosion on a typical blade at different moments 

 

moments. According to the /d dt  curve, the positive 

value of /d dt  indicates that the cavitation is in the 

growth phase, while a negative value suggests that the 

cavitation is collapsing. According to the selected 

moments, the a and a' represent cavitation growth, while 

the b and b' moments represent the collapse of cavitation. 

Comparing the different changing pattern in /d dt  on 

the suction and pressure surfaces, it can be found that the 

 

 

(b) 

(a) 
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original pump exhibits more significantly variation both 

on the suction and pressure surfaces, while the test pump 

demonstrates more significant changes on the pressure 

surface. According to the structure of this pump, it is 

evident that the positions of balance holes in the test pump 

are nearer to the pressure surface, which results in a more 

pronounced influence of cavitation on pressure surfaces. 

As a result, there is a significant difference between the 

original pump and the test pump in the distribution of the 

value of /d dt . The variation curves indicate that for 

both the original pump and the test pump, the positions on 

the pressure surface where cavitation transient changes 

near the leading edge of blades. However, those positions 

on the suction surface of both are primarily located at the 

midsection of the blade, while for the test pump these 

positions are relatively more rearward. Comparing the 

amplitude of variation for /d dt  shows that the change 

in the vapor volume fraction is more significantly in the 

original pump, thereby indicating a more significant 

cavitation fluctuation in the original pump. 

To further investigate erosion difference on the blade 

surfaces, predictions of erosion regions on a typical blade 

are conducted for the aforementioned moments using the 

EPM as shown in Fig. 21. The zones of high erosion 

danger are found at the positions where the cavitation is 

about to separate from the blade surface such as regions 

A3 and B3. This is due to the considerable and continuous 

energy impact on the blade resulting from the collapse of 

numerous cavitation structures as the cavitation separates 

from the blade in this region. These results agree well with 

the previously discussed variation trend of the /d dt  

curves on the pressure surfaces. The figure shows that the 

small-scale erosion regions observed in region A1 of the 

original pump and region B2 of the test pump corresponds 

to the stages of cavitation collapse as indicated by the 

/d dt  curves on the suction surfaces. A comparison of 

regions A3 and B3 shows that even though region B3 has 

a larger erosion area, its erosion intensity is significantly 

lower than region A3. As a result, the test pump 

ameliorates the erosion intensity in zones with high 

erosion danger, especially beside the leading edge of blade 

close to inlet. 

5. CONCLUSION 

In this work, numerical method is employed to 

simulate the flow field of a centrifugal pump, in particular 

to investigate the laws of change in internal flow field 

characteristics and impact of circumferential positions of 

balance holes on cavitation behaviour and cavitation 

erosion. The conclusions may be summarized as follows: 

（1） After rotating circumferential positions of 

balance holes, the efficiency slightly increases as the φ 

value decreases. The head of this pump under various 

schemes is closer in the flow range from 10 - 12 m3/h. As 

the flow deviates from this range, the deviation of the head 

gradually increases, but the impact on the external 

characteristics is not significant. 

（2） Utilizing balance hole allows the high pressure 

liquid in a balance chamber to increase the pressure on 

suction surface, effectively suppressing cavitation. In the 

present work, the axial force decreases significantly when 

the value of φ decreases, although the magnitude of the 

decrease is minimal. The maximum difference in axial 

force is 2.841 N or approximately 1.8%. 

（3） The original pump described in this work 

generates cavitation in the balance hole at lower pressure, 

which subsequently grows and eventually obstructs the 

flow passage. The cavitation behaviour of this centrifugal 

pump is improved as φ value decreases and the area of the 

low-pressure region around the balance hole gradually 

decreases. 

（4） The critical cavitation pattern shows a tendency 

to collapse as the value of φ reduces. Additionally, the 

proportion of higher vapor volume fraction in the 

cavitation core region decreases as a result of this trend, 

indicating that the cavitation is more severe in centrifugal 

pumps with a bigger balance hole angle. 

（5） The Erosive Power Method can well predict the 

zones and intensity of cavitation erosion on the blade 

surface. The erosion intensity on blade surface of original 

pump is significantly higher than test pump with a φ of 20° 

under the critical cavitation conditions, resulting in more 

pronounced damage to the blade material. The scheme 

with a φ of 20° improves the cavitation behaviour of this 

centrifugal pump. As a consequence, it reduces the 

intensity of cavitation erosion to a certain extent. 
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