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Abstract: The tip clearance induces the tip leakage vortex (TLV), which has a great impact on the pressure fluctuation characteristics 
of the multiphase pump. To investigate the effect of the tip clearance on the pressure fluctuations, based on the Reynolds time-averaged 
Navier-Stokes equation and the shear stress transfer (SST) -k   turbulence model, the three-dimensional turbulent flow in the pump 
is numerically simulated for different tip clearances in the water and gas-liquid two-phase cases by using the ANSYS CFX software 
and the results are verified with experimental data. It is shown the greater pressure fluctuation intensity corresponds with the TLV both 
in the water and gas-liquid two-phase cases. In the meantime, the location of the maximum pressure fluctuation intensity is related to 
the tip clearance size. In addition, for different tip clearances, the pressure fluctuation intensity with the rotor and stator interaction (RSI) 
is relatively larger. The difference is that when = 1.5 mmt cR , the pressure fluctuation intensity near the impeller middle point is also 

relatively larger. On the whole, the pressure fluctuation intensity in the gas-liquid two-phase case is larger than that in the water case. 
Furthermore, the gas causes the frequency of the high-amplitude pressure fluctuation in the impeller and the diffuser to be shifted from 
7 nf  ( nf  denotes impeller rotational frequency) and 3 nf  to the low-frequency region, respectively. The pressure fluctuations at the 

blade-passing frequency (BPF) and the multiple BPFs gradually disappear. Meanwhile, the amplitude at the dominant frequency in the 
gas-liquid two-phase case is at least one order of magnitude smaller than that in the water case, and the peak-to-peak value of the 
pressure fluctuation is also much smaller. 
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Introduction  
As the core of the multiphase transportation 

technology, the multiphase pump is widely used in the 
deep-sea oil and gas development[1-3]. According to its 
working principle, the multiphase pump can be divi- 
ded into two types: the rotodynamic pump and the 
positive displacement pump[4-6]. Compared with the 
positive displacement multiphase pump, the rotodyna- 
mic multiphase pump has the advantages of small 
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volume, large flow, insensitivity to solid particles, and 
easy to use and maintain. The rotodynamic multiphase 
pump (as simply called the multiphase pump) is 
composed of the rotational impeller and the stationary 
diffuser. In the meantime, to avoid friction, a certain 
gap is left between the impeller blade tip and the 
shroud[7-9]. During the operation of the pump, the rotor 
and stator interaction (RSI) between the impeller and 
the diffuser causes periodic pressure fluctuations and 
leads to vibration and noise. Meanwhile, due to the 
existence of the tip clearance, the tip leakage flow 
(TLF) is formed under the action of the pressure 
difference between the pressure side (PS) and the 
suction side (SS). The tip leakage vortex (TLV) is 
developed, which further aggravates the stability in 
operation[10-11]. 

Studies at home and abroad were widely carried 
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out for the characteristics of the TLV and the pressure 
fluctuation in the pump. For the multiphase pumps, 
Xu et al.[12] experimentally investigated the characteri- 
stics of the pressure fluctuation, and it was found that 
the dominant frequency of the pressure fluctuation in 
the water and gas-liquid two-phase cases is the blade 
passing frequency (BPF). At the impeller downstream, 
the pressure fluctuation is significantly weakened. Shi 
et al.[13-14] applied the ANSYS CFX software to study 
the characteristics of the TLV in a multiphase pump.  
It was suggested that the inlet gas void fraction (IGVF) 
has a significant impact on the TLV structure and 
trajectory. Meanwhile, in the water case, the TLV is 
distributed in a wave style in the flow passage. Based 
on the Euler-Euler two-fluid model, Zhang et al.[15] 
employed ANSYS CFX software to explore the 
pressure fluctuation characteristics in a multiphase 
pump with different IGVFs. It was indicated that the 
RSI is still the main driving force of the pressure 
fluctuation in the gas-liquid two-phase case, and the 
variation trends of the pressure fluctuation along the 
streamwise direction are similar for different IGVFs. 
Zhang et al.[16] used the computational fluid dynamics 
(CFD) method to study the transient flow characte- 
ristics in a multiphase pump with different tip 
clearances, and it was pointed out that the dominant 
frequency and the maximum amplitude of the pressure 
fluctuations increase with the increase of the tip 
clearance. For the axial flow pump, Feng et al.[17] 
studied the effect of the tip clearance on the pressure 
fluctuation in an axial flow pump, and it was 
concluded that as the tip clearance increases, the 
pressure fluctuation in the entire impeller domain is 
increased, however, not in the diffuser domain. Shen 
et al.[18] adopted the ANSYS Fluent software to study 
the TLF and TLV characteristics by using the finite 
volume method (FVM) and the semi-implicit method 
for the pressure linked equations with the consistent 
(SIMPLEC) algorithm. It was demonstrated that as the 
tip clearance is increased, the TLV moves inward in 
the radial direction. At the same time, the tip separa- 
tion vortex (TSV) moves also closer to the blade tip 
surface. For the mixed flow pump, Liu et al.[19] used 
the ANSYS CFX software to study the TLV and 
pressure fluctuation characteristics in a mixed flow 
pump on the basis of the re-normalization group 
(RNG) -k   turbulence model. Simulation results 
indicate that when the tip clearance is increased from 
0 mm to 1.0 mm, the maximum amplitude of the 
pressure fluctuation in the impeller is increased 
sharply. Hao et al.[20] employed the CFD method to 
study the effect of the symmetrical and asymmetric tip 
clearances on the energy characteristics of a mixed 
flow pump based on the Reynolds time-averaged 
Navier-Stokes equations (RANS). It was shown that  
 

the asymmetric tip clearance induces uneven TLFs, 
and also leads to different power capabilities for 
different blades. Zhang et al.[21] carried out numerical 
simulations to investigate the characteristics of the 
pressure fluctuation in a mixed-flow pump with 
different IGVFs. Results show that the pressure 
fluctuation is increased only when the IGVFs 
approach to a certain level. For the centrifugal pump, 
Wang et al.[22] used the ANSYS CFX software to 
study the TLV characteristics in a semi-open 
centrifugal pump based on the SST -k   turbulence 
model and the three-dimensional RANS. It was 
indicated that the TLV at the leading edge (LE) of the 
blade gradually moves to the SS, and the TLV at the 
tip of the blade middle is gradually extended to the 
adjacent blade PS. Similarly, Ayad et al.[23] employed 
the CFD method to study the effect of the semi-open 
impeller side clearance on the centrifugal pump 
performance. The results suggested that as the side 
clearance is increased, the vortex caused by the 
secondary flow would hinder the flow in the impeller 
core region, to reduce the pump pressurization 
performance. Zheng et al.[24] adopted the ANSYS 
Fluent software to simulate the three-dimensional 
flow pattern in the centrifugal pump and analyzed the 
pressure fluctuation characteristics, based on the 
three-dimensional incompressible RANS equation. It 
was shown that the pressure fluctuation in the tip 
clearance is affected by the BPF, and the amplitude of 
the pressure fluctuation at the dominant frequency is 
gradually increased in the place close to the impeller 
outlet. The vortex cavitating flow at the blade leading 
edge of the inducer in a high-speed centrifugal pump 
was investigated by using experimental and numerical 
methods, and the related studies were extensively 
reviewed[25-26]. In addition, other parts of the turbo- 
machinery were also extensively studied, such as the 
fans[27], and the compressors[28-29], with many valuable 
results. 

As the above analyses show, the characteristics 
of the TLV and the pressure fluctuation in the 
turbomachinery were extensively investigated. How- 
ever, in general, most studies were based on the 
analyses of single-phase media, few on those of the 
two-phase or even multi-phase media. For multiphase 
pumps, the gas-liquid two-phase flow is an essential 
research topic. In the meantime, the gas and liquid 
phases appear alternately in the deep-sea environment 
operations. The tip clearance changes due to the 
bearing deformation and the blade wear. Therefore, it 
is necessary to analyze the pressure fluctuation 
characteristics of multiphase pumps with varying tip 
clearances in the water and gas-liquid two-phase cases, 
for better understanding the effect of the tip clearance 
on the pressure fluctuation. 
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1. Research model 
    The basic parameters of the multiphase pump 
studied in the present paper are as follows: the design 

flow rate 3= 100 m / hQ , the design rotational speed 

= 3 000 rpmn , and the number of the impeller and 
diffuser blades, which are 3, 7, respectively. The tip 
clearances =t cR 0.5 mm, 1.0 mm and 1.5 mm, which 

are 0.3%, 0.6% and 0.9% of the impeller diameter, 
respectively. The model of the impeller and the 
diffuser and the meridian plane parameters are shown 
in Figs. 1, 2, respectively. In Fig. 2, r  represents the 
radial direction of the impeller and the diffuser. In the 
meantime, Z  represents the rotation axis of the 
impeller. In addition, to ensure the flow to be fully 
developed in the simulation, the impeller inlet and the 
diffuser outlet are appropriately extended. 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

Fig. 1 (Color online) Model of the impeller and the diffuser 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
Fig. 2 Meridian plane parameters of the impeller and the di- 

ffuser 
 
 
2. Numerical methods and settings 
 
2.1 Mesh arrangement 

To guarantee the accuracy of the simulation, the 

entire computational domain, including the inlet pipe, 
the impeller, the diffuser and the outlet pipe, is dis- 
cretized by a high-quality structured mesh. The mesh 
quality of the impeller and the diffuser, the core 
component of the multiphase pump, has a direct effect 
on the accuracy of the simulation results. To control 
the boundary layer distribution near the blade, the 
O-type topology is employed. In the meantime, to 
accurately capture the detailed characteristics of the 
flow in the blade tip clearance, the mesh in the tip 
clearance is locally refined. The specific mesh is 
shown in Fig. 3. 
 
2.2 Mesh and time step independence verification 
 
2.2.1 Mesh independence verification 

The mesh number is an important factor that 
determines the accuracy of the numerical simulations. 
To obtain the optimum mesh number for the nume- 
rical simulations, the mesh independence verification 
is conducted. In the first place, five sets of computa- 
tional meshes with the mesh number of 2 490 070-   
4 726 647 are generated and named the meshes 1-5. 
Then, the numerical simulations are carried out with 
these meshes. Finally, the head/head 1 and the 
efficiency/efficiency 1 under different meshes (the 
head 1 and the efficiency 1 denote the head and the 
efficiency of the mesh 1) are listed in Table 1. It is 
shown that the mesh number has only a slight effect 
on the numerical results in those simulations. In a 
balance of the calculation cost and the accuracy, the 
mesh 4 is selected as the final mesh in the present 
work. 
 
2.2.2 Time step independence verification 

The time steps selected in the transient numerical 
simulation are 5.56105 s, 1.11104 s, and 1.67104 s, 
which corresponds to the impeller rotation angle of 1, 
2 and 3, to make the time step independent verifica- 
tion. Figure 4 presents the histories of the pressure 
fluctuation on the blade tip PS at the impeller outlet 
(IPS) and the diffuser inlet (DPS). As illustrated in Fig. 
4, the variation trends of the pressure fluctuation are 
basically the same with different time steps. With 
consideration of the time and the accuracy, the final 
time step is selected as 1.11104 s. 
 
2.3 Boundary conditions and settings 

In this paper, the ANSYS CFX is employed to 
simulate the three-dimensional transient multiphase 
flow in the pump with different tip clearances. To 
better simulate the flow field with the reverse pressure 
gradient and accurately predict the TLV flow pattern, 
the SST -k   turbulence model is adopted. In the 
meantime, the Euler-Euler two-fluid model is selected 
for the simulation of the gas-liquid two phase flow. In  
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the simulation, the boundary conditions are set as 
follows: the inlet boundary is set as the velocity 
boundary and the outlet is set as the static pressure 
boundary. The rotational speed, the wall boundary and 
the convergence residual are set as 3 000 rpm, the 
no-slip wall, and 105, respectively. The interfaces of 
the rotational and stationary components are set as the 
“frozen rotor”, the “transient rotor stator” in the steady 
and transient simulations, respectively. The steady 
simulation results are used as the initial value for the 
transient simulation, in the meantime, the transient 
simulation is conducted for 16 impeller revolutions  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
and the analysis is performed based on the results of 
the last 6 revolutions. 
 
2.4 Numerical verification 

Figure 5 is a multiphase pump test rig, mainly 
composed of the multiphase pump, the motor, the 
gas-liquid mixing tank, the lubrication system, the 
cooling system, the control system, the water supply 
system, the gas supply system, the pipelines and the 
valves. In the experiment, the water flows from the 
water tank, driven by the feed pump. Meanwhile, the 
gas flows from the air compressor, driven by an air  
 

 

 
 

Fig. 3 (Color online) Meshes of the impeller and the diffuser 
 
Table 1 Mesh independence verification 

Item Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 

Mesh number 2 490 070 2 921 104 3 251 592 3 676 610 4 726 647 

Head/head1 1 1.0215 1.0179 1.0183 1.0306 

Efficiency/efficiency1 1 1.0337 1.0349 1.0373 1.0542 
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Fig. 4 (Color online) Time step independence verification 

 
compressor. After the gas and the water are uniformly 
mixed in the mixing tank, they enter the multiphase 
pump and then return to the water tank. The camera 
(RDT16-4G) speed is 500 fps, and the resolution is  
1 2801 024 pixels. With a reduced resolution, the 
maximum speed can be 16 000 fps. The photography 
system has a memory of 4 GB, which stores more than 
3 000 high-resolution images. In the meantime, a fully 
transparent plexiglass impeller shroud is used in the 
high-speed photography experiment, supplementing 
by a fill light, to capture the tip flow field more 
accurately. 

To verify the reliability of the numerical method, 
the flow pattern captured by the high-speed photo- 
graphy is compared with the CFD results, as shown in 
Fig. 6. The comparison of the flow pattern near the 
blade tip in the experiment shows a good agreement 
with the CFD results, especially in the water case, 
which demonstrates that the numerical method is 
reliable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 6 (Color online) Experimental and CFD flow patterns 
 
 

3. Results and discussions 
 

3.1 Pressure fluctuation parameter definition 
To quantitatively analyze the variations of the 

pressure fluctuation in the multiphase pump, the pre- 
ssure fluctuation intensity and the pressure coefficient 
are specially defined, as follows: 
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Fig. 5 (Color online) Multiphase pump test rig 
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where N  denotes the number of the sample points in  
a period, ip  denotes the pressure for each time step 

and p  denotes the arithmetic average value in the 

period. To make the comparison and the analysis easy, 
it is nondimensionalized as follows: 
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where tipU  denotes the tip circumferential velocity 

with the tip clearance of = 1.0 mmt cR , the value is 

24.96 m/s and ρ  denotes the water density. 
 
3.2 Pressure fluctuation intensity in the pressurization 

unit 
To investigate the effect of the tip clearance on 

the pressure fluctuation intensity, the pressure fluctua- 
tion characteristics in the gas accumulation region 
(near the tip clearance of the impeller, and the hubs of 
the impeller and the diffuser) are emphatically 
analyzed. The pressure fluctuation intensities near the 
shroud and the hub are presented in Figs. 7, 8, 
respectively. From Fig. 7, it is seen that when the tip 
clearance t cR  is equal to 0.5 mm, the maximum pre- 
ssure fluctuation in the pump approaches the largest in 
intensity, especially, near the impeller blade LE and 
the diffuser inlet. At the same time, the pressure fluc- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

tuation intensity at the impeller inlet in the water case 
is larger than that in the gas-liquid two-phase case. 
When the tip clearances t cR  are equal to 1.0 mm,  
1.5 mm, the pressure fluctuation near the impeller 
blade tip assumes a stripe-shape both in the water and 
gas-liquid two-phase cases. Meanwhile, the presence 
of the gas increases the pressure fluctuation intensity 
in the impeller inlet passage when the tip clearance 

t cR  is equal to 1.5 mm. As presented in Fig. 9, the 

pressure fluctuation intensities in the TLV region with 
different tip clearances are larger. Furthermore, in the 
water and gas-liquid two- phase cases, the pressure 
fluctuation intensities at the diffuser outlet decrease 
with the increase of the tip clearances. As demon- 
strated in Fig. 8, the location and the maximum 
pressure fluctuation intensity at the hubs of the im- 
peller and the diffuser are different due to the different 
tip clearances. When the tip clearance t cR  is equal to 
0.5 mm, the pressure fluctuation intensity at the rotor 
stator interface is the largest. The presence of the gas 
increases the pressure fluctuation intensity at the 
impeller outlet, however, it has a significant inhibition 
effect on the pressure intensity at the impeller inlet. 
When the tip clearances t cR  are equal to 1.0 mm,  
1.5 mm, the maximum pressure fluctuation intensity is 
mainly concentrated near the blade PS at the impeller 
inlet and the rotor-stator interface. As the tip clearance 
increases from 1.0 mm to 1.5 mm, the maximum 
pressure fluctuation intensity region near the blade PS 
at the impeller inlet expands in the water and 
gas-liquid two-phase cases. Simultaneously, at the 
same tip clearance, the pressure fluctuation intensity 
near the blade PS at the impeller inlet in the gas-liquid 
two-phase case increases significantly. Through Figs. 
7, 8, when the tip clearances t cR  are equal to 0.5 mm, 
1.0 mm and 1.5 mm, the pressure fluctuation intensi- 
ties are concentrated on the rotor stator interface, the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Fig. 7 (Color online) Pressure fluctuation intensity near blade tip
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rotor stator interface and the impeller, and the impeller, 
respectively. In the meantime, when the tip clearance 

t cR  is equal to 1.0 mm, the maximum pressure 
fluctuation intensity in the impeller and the diffuser is 
the smallest. 

Figure 10 shows the pressure fluctuation inten- 
sity in the meridian plane of the pressurization unit for 
different tip clearances in the water and gas-liquid  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
two-phase cases. In Fig. 10, with the increase of the 
tip clearance, both in the water case and the gas-liquid 
two-phase case, the pressure fluctuation intensity near 
the rotor stator interface presents a downtrend. Mean- 
while, the pressure fluctuation intensity near the hub 
at the diffuser outlet also gradually decreases, and the 
range of the minimum pressure fluctuation intensity is 
gradually expanded. 

 

 

 
Fig. 8 (Color online) Pressure fluctuation intensity near the hub 

 

 
 

Fig. 9 (Color online) Gas streamlines near the blade tip 
 

 

 
Fig. 10 (Color online) Pressure fluctuation intensity on the meridian plane of the pressurization unit 
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To quantitatively analyze the pressure fluctuation 
intensity along the flow direction in the pressurization 
unit, Fig. 11 presents the pressure fluctuation intensity 
along the flow direction with different tip clearances 
in the water and gas-liquid two-phase cases. To 
conveniently describe the locations along the flow 
direction, they are defined as follows. Along the flow 
direction, the impeller inlet, the rotor stator interface, 
and the diffuser outlet are given the values 0, 1 and 2, 
respectively. As illustrated in Fig. 11, for different tip 
clearances, the pressure fluctuation intensities near the 
rotor stator interface are larger, and in the gas-liquid 
two-phase case, the pressure fluctuation intensities of 
large values at the locations along the flow direction 
are greater than those in the water case. At the same 
time, the pressure fluctuation intensities from the 
position 1.25 in the flow direction to the diffuser 
outlet are almost the same both in the water and gas- 
liquid two-phase cases. Moreover, for different tip 
clearances, the pressure fluctuation intensity trends 
along the flow direction in the water and gas-liquid 
two-phase cases are different. When the tip clearance 

t cR  is equal to 0.5 mm, the pressure fluctuation inten- 

sity in the region 0.50-1.25 in the flow direction in the 
gas-liquid two-phase case is larger than that in the 
water case. However, the pressure fluctuation 
intensities at other locations in the water case are 
equal to or larger than those in the gas-liquid two- 
phase case. When the tip clearance t cR  is equal to 
1.0 mm, except at the diffuser outlet, the pressure 
fluctuation intensity from the impeller inlet to the 
diffuser outlet in the gas-liquid two-phase case is 
equal to or larger than that in the water case. When the 
tip clearance t cR  is equal to 1.5 mm, the pressure 
fluctuation intensity at the flow direction of 0-0.25 is 
basically the same in the water and gas-liquid 
two-phase cases. Along the positions 0.25-0.50 in the 
flow direction, the pressure fluctuation intensity in the 
water case is larger than that in the gas-liquid 
two-phase case. From the position 0.5 in the flow 
direction to the diffuser outlet, the pressure fluctuation 
intensity in the gas-liquid two-phase case is larger 
than that in the water case. In the meantime, in the 
water and gas-liquid two-phase cases, the pressure 
fluctuation intensity near the positions 0.5, 1.0 in the 
flow direction is relatively larger than that at other 
locations. In short, although the pressure fluctuation 
intensities for different tip clearances show different 
trends, the pressure fluctuation intensities in the 
gas-liquid two-phase case are generally larger than 
those in the water case. 
 
3.3 Spectral characteristics near impeller and diffuser 

blade tip 
To reveal the effects of the IGVF and the tip  

 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 (Color online) Pressure fluctuation intensity in the flow 

direction in impeller and diffuser 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

Fig. 12 (Color online) Survey points 
 
clearances on the pressure fluctuation spectral charac- 
teristics of the pump, the survey points are arranged 
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near the PS, the tip clearance and the SS at the 
impeller outlet, which are named as IPS, TC and ISS, 
respectively. Meanwhile, the survey points are also 
arranged near the PS and the SS at the blade tip at the 
diffuser inlet, which are named as DPS, DSS, 
respectively. The details of the survey points are 
shown in Fig. 12. 

Figure 13 displays the spectral characteristics of 
the pressure fluctuation at the survey points for 
different IGVFs and tip clearances. The rotational 
speed of the multiphase pump is 3 000 rpm, thus, the 
impeller rotational frequency = / 60 =nf n

3000 / 60 = 50 Hz . As demonstrated in Fig. 13, in the 
water case, the dominant frequency at the survey 
points for different tip clearances is concentrated in a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

low frequency region and at 7 nf . However, in the 
gas-liquid two-phase case, the dominant frequency at 
the survey points is concentrated in a low frequency 
region, and without the larger pressure fluctuation 
amplitude at 7 nf . For the same tip clearance, the 
amplitude of the pressure fluctuation at the dominant 
frequency in the gas-liquid two-phase case is at least 
an order of magnitude smaller than that in the water 
case. Therefore, in the water case, the pressure 
fluctuation near the blade tip is mainly due to the 
strong RSI. However, in the gas-liquid two-phase case, 
the gas accumulates in the tip clearance, which 
suppresses the RSI. 

To further analyze the variation characteristics of 
the pressure fluctuation, Fig. 14 demonstrates the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Fig. 13 (Color online) Spectral characteristics near blade tip at the impeller outlet 
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peak-to-peak values of the pressure fluctuation at the 
survey points. As presented in Fig. 14, in the gas- 
liquid two-phase case, the peak-to-peak values of the 
pressure fluctuation at the survey points are signifi- 
cantly reduced, especially when the tip clearance 

= 1.5 mmt cR . In the meantime, the peak-to-peak 
values at the survey points when the tip clearance 

= 1.0 mmt cR  are the largest, followed by the peak- 

to-peak values when the tip clearance = 0.5 mmcRt . 
Furthermore, in the water case, the peak-to-peak 
values at the survey points when the tip clearance 

= 0.5 mmt cR  are larger, as is related to the strong 
wall jet effect in the small tip clearance. 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

Fig. 14 (Color online) Peak-to-peak values of pressure fluctua- 
tion near blade tip at the impeller outlet 

 
    Figure 15 illustrates the spectral characteristics of 
the pressure fluctuation at the survey points near the 
blade tip at the diffuser inlet for different IGVFs and 
tip clearances. Figure 15 shows that in the water case, 
the dominant frequency on the PS and the SS is 
concentrated at 3 nf , and the low frequency region 

and at 3 nf , respectively. It is demonstrated that the 

pressure fluctuations in the water case are mainly 
induced by the RSI. In the gas-liquid case, except in 
the = 1.5 mmt cR  case, the dominant frequency is 

concentrated at 3 nf , and in the other tip clearances, 

the dominant frequencies are mainly concentrated at 
the low frequency region. In addition, in the same tip 
clearance, the amplitude at the dominant frequency is 
at least one order of magnitude smaller than that in the 
water case. Meanwhile, the amplitudes in other 
multiple diffuser BPFs basically disappear in contrast 
with those in the water case. Thus, the effect of the 
gas on the pressure fluctuation amplitude at the 
diffuser blade tip is similar to that at the impeller 
blade tip. 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15 (Color online) Spectral characteristics of pressure fluc- 
tuation near the blade tip at diffuser inlet 

 
Figure 16 displays the peak-to-peak values of the 

pressure fluctuation at the survey points for different 
IGVFs and tip clearances. It is shown that in the water 
case and in the same tip clearance, the peak-to-peak  
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Fig. 16 (Color online) Peak-to-peak values of the pressure fluc- 
tuation near the blade tip at diffuser inlet 

 
values of the pressure fluctuation on the PS are larger 
than those on the SS. In the meantime, the peak-to 
-peak values of the pressure fluctuation at the survey 
points in the gas-liquid two-phase case are much 
smaller than those in the water case. In addition, the 
maximum peak-to-peak values of the pressure fluctua- 
tion on the PS and the SS of the diffuser are both 
reached when the tip clearance = 0.5 mmt cR , as is 

mainly affected by the TLF from the impeller. 
    Through the analyses of the pressure fluctuation 
characteristics near the blade tip of the impeller and 
the diffuser, the presence of the gas reduces the 
pressure fluctuation at the BPFs of the impeller and 
the diffuser, and the amplitude at the dominant 
frequency is at least an order of magnitude smaller 
than that in the water case. Meanwhile, the peak-to- 
peak values of the pressure fluctuation in the gas- 
liquid two-phase case are smaller than those in the 
water case. 
 
 
4. Conclusions 
    Firstly, the accuracy and the reliability of the 
numerical simulation are verified with experimental 
data in the present work. Secondly, the pressure 
fluctuation characteristics in the multiphase pump are 
investigated in the water and gas-liquid two-phase 
cases. Finally, the main conclusions are as follows: 
    (1) In the water and gas-liquid two-phase cases, 
the TLV corresponds with the maximum pressure 
fluctuation intensity. In the meantime, the location of 
the maximum pressure fluctuation intensity is related 
to the tip clearance size, and the maximum pressure 
fluctuation intensity near the blade tip and the hub is 
the smallest when the tip clearance = 1.0 mmt cR . In 
addition, the pressure fluctuation intensity near the 
blade tip and the hub at the diffuser outlet decreases 
with the increase of the tip clearance. 

(2) Along the flow direction, the pressure fluc- 

tuation trends for different tip clearances in the water 
and gas-liquid two-phase cases are different, however, 
in general, the pressure fluctuation intensity is larger 
near the rotor and stator interface. Furthermore, the 
pressure fluctuation intensity in the gas-liquid two- 
phase case is generally larger than that in the water 
case. 

(3) The presence of the gas has a crucial effect 
on the spectral characteristics of the pressure fluctua- 
tion. In the water case, the dominant frequency of the 
pressure fluctuation at the survey points in the 
impeller and the diffuser is concentrated at 7 nf , 3 nf , 
respectively. However, in the gas-liquid two-phase 
case, the dominant frequency of the pressure fluctua- 
tion at the survey points is concentrated in the low 
frequency region. The pressure fluctuations at the 
multiple impeller and diffuser BPFs gradually dis- 
appear, and the dominant frequency amplitude is at 
least an order of magnitude smaller than that in the 
water case. Moreover, the peak-to-peak value of the 
pressure fluctuation in the gas-liquid two-phase case is 
smaller than that in the water case. 
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