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Abstract: The influence of tip clearance on pump performance and the impact of the rotor-stator interaction on cavitation are investigated by numerical means, respectively. 
Firstly, the SST model is employed in numerical anaylsis, and the numerical investigation of the pump performance based on a different turbulence model is compared with the 
experimental data. Secondly, the pump performance at different tip clearances is investigated, and the numerical results indicate that the smaller tip clearance the better 
performance of keeping the head stable at a low mass flow rate. Thirdly, as the NPSH-Head curves are computed at different tip clearances, the conclusion can be drawn that 
the smaller the tip clearance, the stronger the capability of preventing cavitation. Lastly, the effect of the rotor-stator interaction on cavitation is performed at a design case, when 
the φ = 9°, the volume fraction of cavitation is maximum, however, when the φ = 120°, the volume fraction of cavitation is minimum. Besides, the blade loading is studied at a 
corresponding φ  value. When the φ = 44°， the blade loading is minimum, however, when the φ = 120°, the blade loading is maximum. The cavity all appears from the leading 
edge to the 20% chord length for a different φ value, which indicates that the cavitation zone grows along the normal direction of the suction surface. 
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1 INTRODUCTION 
 

The radial diffuser pump is favoured for applications in 
a wide range of industrial domains, such as power plants, 
papermaking, chemical production, and so on. It is 
necessary to maintain a gap between the blade tip and the 
stationary shroud to ensure the relative motion. However, a 
channel is formed for water to leak because of the gap, 
which will contribute to a tip leakage flow, and the flow not 
only has a significant effect on the head and efficiency, but 
may also lead to cavitation. Cavitation can cause the 
deterioration of pump performance, noise, vibration and 
wall erosion, etc. [1], which are all undesirable phenomena. 

The effect of tip clearance on suction performance at 
different flow rates in a mixed flow pump has been 
investigated by Yo Han Jung, et al. [1]. For large tip 
clearance, the head breakdown happened earlier at the 
design and high flow rates, but the area size of the 
cavitation at different tip clearances and flow rates was not 
examined. The unsteady cavitation flows in the centrifugal 
pump was studied by Wang Jian [2] by using the improved 
turbulence model to predict the cavitation inception, 
shedding off and collapse procedures, however, the tip 
clearance is not considered. Some experiments [3] are 
conducted by changing the tip gap sizes to investigate the 
correlation between the cavitation inception number and tip 
leakage vortex in an axial flow pump. The tip leakage 
vortex structure and cavitation patterns in an axial flow 
pump are revealed by the author using an experimental and 
improved numerical method [4, 5]. 

The influence of different viscosity and incompressible 
gas content on cavitation in a centrifugal pump was 
presented by Wen-Guang Li [6], who found that the NPSHr 
was more easily impacted by incompressible gas content. 
Besides, the impact of different temperature was 

investigated by other researchers through an experiment and 
simulation [7÷10]. 

The impact of rotor-stator interaction on the head in a 
centrifugal pump is studied by Feng Jianjun [11] by using 
PIV and LDV, but cavitation is not considered. The 
experimental and numerical investigation of the processing 
of helical vortex in a conical diffuser with a rotor–stator 
interaction was carried out by A. Javadi [12]. The flow 
unsteadiness generated in a swirl apparatus was analysed, 
but the influence of rotor-stator interaction on cavitation 
was according to him not present. 

In this paper, the performance of pump at different flow 
coefficients was compared between the experiment and 
simulation to verify the correctness of the numerical method 
firstly. Secondly, the effect of tip clearance on pump 
performance was obtained with three different tip sizes. The 
cavitation model was employed to get the NPSH-H curve at 
different tip clearance sizes and the impact of rotor-stator 
interaction on the volume fraction of cavitation was 
investigated. Lastly, the blade loading was examined and 
compared under different relative circumferential positions 
between the rotating impeller and stationary diffuser. 
 
2 GOVERNING EQUATIONS AND THE CAVITATION MODEL 
 

Cavitation in a pump is treated differently from the 
thermal phase change, because the cavitation process is too 
quick at the interface to be modified for the assumption of 
thermal equilibrium. In highly simplified cavitation models, 
mass transfer is only driven by mechanical effects, in other 
words, by the liquid-vapour pressure differences rather than 
the thermal. In this paper, the Rayleigh-Plesset model is 
implemented as an interphase mass transfer model. For the 
cavitation flow, the homogeneous multiphase model is 
normally used, so each fluid component is assumed to have 
the same velocity and pressure. The governing equations in 
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the homogeneous multiphase and the Rayleigh-Plesset 
equation are as follows. 

Continuity Equations 
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Where Np is the total number of the phase, the volume 

fraction of each phase is denoted by rα, α = 1 to Np. The user 
specified mass sources are described by SMSα, and Γαβ is the 
mass flow rate per unit volume from phase β to phase α. 
This term only occurs when the interphase mass transfer 
happens. In this study, as neither the mass sources nor the 
interphase mass transfer exist, and the total number of the 
phase is 2, the equation can be simplified as follows: 
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Momentum Equations 
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equation is essentially a single phase transport with variable 
density and viscosity, and the interphase transfer terms have 
all been cancelled out. Due to the external body forces, SM 
describes the momentum sources; considering the radius of 
the pump impeller is small, the momentum sources term can 
be ignored. 

Cavitation Model 
The Rayleigh-Plesset model is implemented to model 

the cavitation in the centrifugal pump. It provides the basis 
for the rate equation controlling vapour generation and 
condensation. This equation describes the growth of a gas 
bubble in the pump and is as follows: 
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Where RB represents the bubble radius, p is the pressure 

in the water surrounding the bubble, ρw is the density of 
water, and the surface tension coefficient between the water 
and water vapour is described by σ, pv is the saturation 
vapour pressure of water at the temperature, and it is has the 
following empirical formula: 
 

( )( )[ ] .dTcTba
T
Tpp K

kv








−−+





 −= 21 exp                        (5) 

 
Where pK = 22.13 MPa, TK = 647.31 K, a = 7.21379, b 

= 1.152×10−5, c = −4.787×10−9, d = 483.16. In this paper, T 
= 25 °C, hence pv can be calculated and it is 3229Pa. 

Neglecting the surface tension between the water and 
water vapour and the second order terms, which only have a 
significant effect on the rapid bubble acceleration, the 
equation can be reduced to: 
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The corresponding rate of the change of bubble volume 

and mass are derived as follows: 
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If the bubble number per unit volume is denoted by NB, 

the volume fraction of vapour, rv, can be expressed as: 
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The total interphase mass transfer rate per unit volume 

is：  
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Assuming bubble growth, namely vaporization, the 

expression can be generalized to contain condensation as 
follows: 
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Where F is an empirical factor that may differ between 

condensation and vaporization, the reason is that the rate of 
vaporization is usually much faster than that of 
condensation. A number of studies have shown that 
vaporization is firstly initiated at nucleation sites, which is 
why the bubble radius RB is replaced by the nucleation site 
radius Rnuc for simulating purposes. As the volume fraction 
of vapour increases, accordingly, the nucleation site density 
must decrease because of less liquid. For vaporization, rv in 
the equation is replaced by )1(nuc vrr − , where rnuc is the 
volume fraction of the nucleation sites, which is why the 
equation for the vaporization progress is given: 
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The Rayleigh–Plesset cavitation model adopted by CFX 
is validated by Bakiretal [13] and requires the following 
values of the two-phase flow parameters, which are 
appropriate for most cavitation simulations [14, 15]. The 
parameters are listed as follows: Rnuc = 1 μm, rnuc = 5×10−4, 
Fvap = 50, Fcond = 0.01.  
 
3 SIMULATION PROCEDURE 
3.1 Physical model 
 

A radial diffuser pump with the specific speed of ns = 
82.5 is researched in this paper. The pump of flow rate, 
head and rotational speed are Qd = 0.0045 m3/s, Hd = 7 m 
and nd = 1450 rpm, respectively, at a design point. The 
diameter of the impeller inlet and outlet are 0.08 m and 
0.1505 m, the absolute flow angle is 80 degrees, and the 
blade number of impeller is 6. Correspondingly, 0.155 m 
and 0.19 m are the inlet and outlet diameters of the diffuser, 
the absolute flow angle is 60 degrees and the blade number 
of the diffuser is 9. The view of the pump is shown in Fig. 
1, and Tab. 1 presents the specifications of the pump. 
 

 
Figure 1 The view of the pump 

 
Table 1 Specifications of the pump 

Impeller parameters Value 
Number of blade Zi 6 
Impeller inlet diameter d1 (m) 0.08 
Impeller exit diameter d2 (m) 0.1505 
Absolute flow angle αi (°) 80 
Blade inlet angle β1i (°) 17.9 
Blade outlet angle β2i (°) 22.5 
Blade span bi (m) 0.0127 
Diffuser parameters  
Number of vanes Zd 9 
Diffuser inlet diameter d3 (m) 0.155 
Diffuser outlet diameter d4 (m) 0.19 
Absolute flow angle αd (°) 60 
Vane inlet angle β1d (°) 171 
Vane outlet angle β2d (°) 160.3 
Vane span bd (m) 0.014 
Design operating conditions  
Impeller rotational speed n (rpm) 1450 
Specific speed ns 82.5 
Flow rate Qd(m3 s⁄ ) Qd (m3/s) 0.0045 
Delivery head Hd (m) 7 

 
 
 

3.2 Computational model and boundary conditions 
 

With the assumption that the flow is in the 
incompressible steady state, the internal flow of the pump is 
simulated by using the CFX software. Because of the 
rotation of the impeller, the MRF (multiple frame of 
reference) is selected, and the interface type between the 
impeller outlet and diffuser inlet adopts the frozen rotor 
model. The geometry of the pump to be modelled includes 
two impeller blade passages and three diffuser blade 
passages, because the frozen rotor model requires the pitch 
ratio at the interface between the impeller and diffuser to be 
1 for as much as possible, as it considers the accuracy and 
reliability of the numerical result. The Counter Rotating 
Wall is adopted by the shroud of the impeller, and the blade 
wall and hub are set to a no slip boundary. Besides, the 
diffuser is stationary. Periodic boundaries are used to enable 
only 1/3 of the section of the full pump geometry to be 
modelled.  

Three turbulence models are compared with the 
experimental data. The data carried out by the k-ω based on 
SST (Shear Stress Transport) model has a better agreement 
with the results of the experiment than the others, as shown 
in Fig. 2, which is why the k-ω based on the SST model is 
employed to solve the three-dimensional steady Reynolds-
averaged equations. 
 

 
Figure 2 Head rise of the experimental and computational results 

 
3.3 Mesh generation and independence verification 
 

The high resolution structured hexahedral mesh has 
been generated for a computational domain by using the 
ANSYS Turbo Grid 17.0 with an ATM (Automatic 
Topology and Meshing) option (see Fig. 3(a)). Near a no-
slip wall, viscosity has a large effect on the transport 
processes, and there are strong gradients in the dependent 
variables. Besides, the SST model requires a high resolution 
of the boundary layer of more than 10 points, which is why 
an O-Grid is built and refined to satisfy the requirements for 
the surrounding of the blades [16]. The wall-normal mesh 
resolution unit y+ is defined as [17] 
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where u* is the friction velocity and τw is the wall shear 
stress. The mean value of y+ is controlled below 10 in the 
surrounding of the impeller blade and diffuser vane when 
using the SST, and the mesh resolution is acceptable, while 
an H-Grid is applied for the passage. The detailed mesh 
information near the leading and trailing edges of the 
impeller blades and diffuser vanes are enlarged in Fig. 3(b), 
3(c), respectively. 
 

 
(a) The mesh of the model at 50 % span 

 
(b) Grids near the leading edge and trailing edge of the impeller blade 

 
(c) Grids near the leading edge and trailing edge of the diffuser vane 

Figure 3 The mesh of the computational domain 
 

 
Figure 4 Independence verification of the mesh number 

 
To eliminate the effect of the mesh number upon the 

numerical results, the independence verification of the mesh 
is carried out with six different numbers of the mesh. When 

the mesh number exceeds 3.21×107, as shown in Fig. 4, the 
numerical results remain almost unchangeable. Thus, the 
mesh number of 3.21×107 meets the requirement of 
calculating accuracy and is selected in this study. 
 
3.4 Solutions  
 

The high resolution option was chosen for the advection 
scheme and turbulence numerics. The results implementing 
the first order scheme will be used as the initial value of the 
high resolution scheme in case the scheme is not robust. 
When the RMS (root mean square) residual value is less 
than 10−4, and the volume flow rate difference between the 
inlet and outlet reaches 10−5 simultaneously, the calculation 
will be terminated and considered to have converged. 

In this paper, the effect of three different tip clearance 
sizes on the performance of the pump and cavitation will be 
studied, as shown in Tab. 2, 0.6 mm, 1.3 mm and 2.0 mm, 
respectively. Besides, the influence of a relative 
circumferential position between the rotating impeller and 
stationary diffuser on cavitation is obtained. 
 

Table 2 Numerical simulate cases 
Simulation case Tip clearance size 

Case 1 0.6 mm 
Case 2 1.3 mm 
Case 3 2.0 mm 

 
4 RESULTS AND DISCUSSIONS 
4.1 The effect of variation in tip clearance on pump 

performance without cavitation 
 

Fig. 5 provides the performance of the pump at 
different tip clearances and a different mass flow rate. The 
figure exhibits that the head of the pump decreases as the tip 
clearance increases. Keeping the head in view, when the 
mass flow rate is less than 1, the rate of the head increase 
will decrease with the decrease of tip clearance. Moreover, 
at the same mass flow rate, the increase of the head from the 
tip clearance of 2.0 mm to 1.3 mm is less than from 1.3 mm 
to 0.6 mm. However, when the mass flow rate is more than 
1, the relation is not remarkable, but the head of all tip 
clearances decreases as the mass flow rate increases. 
 

 
Figure 5 The performance of the pump in different cases 

 
From the results of the simulation, what can be 

observed is the characteristic that a smaller tip clearance has 
a better performance of keeping the head stable than a 
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bigger tip clearance at low mass flow rate. However, it is 
extraordinarily difficult to keep a clearance of less than 0.5 
mm, so the size of tip clearance is limited. 
 
4.2 The effect of variation in tip clearance on pump cavitation 

performance at a design mass flow rate 
 

Fig. 6 shows pump cavitation performance in the form 
of curves, which is a chart of the head vs. NPSH (Net 
Positive Suction Head) at a design mass flow rate under 
different tip clearances, where NPSH is defined as the 
pressure differential between the liquid total pressure of the 
pump inlet and the saturated vapour pressure at a pumping 
temperature [18]. The NPSH is illustrated by [19]. 
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As shown in Fig. 6, for a part of the simulation, the 

degradation in the NPSH vs. head curves with the reduction 
of the pump inlet total pressure is not significant. This is 
due to the fact that the pump inlet total pressure is 
significantly high to impede cavitation, namely, the 
normalized pressure rise through the pump is almost 
constant. However, with the pump inlet pressure dropping 
progressively, the incipient cavitation will emerge but will 
have little impact on the performance of the pump. Until the 
blade passage has enough blockage due to the vapour, the 
performance will rapidly degrade. 
 

 
Figure 6 The drop curves of the NPSH vs. head at a design mass flow rate under 

different tip clearances 
 

As the tip clearance decreases, the head breakdown 
corresponding to the 3 % head drop emerges at a smaller 
NPSH value, which demonstrates that the smaller the tip 
clearance, the stronger the capability of preventing 
cavitation. However, the relationship between the increase 
of the tip clearance and enhancement of the capability of 
preventing cavitation is nonlinear. 
 
4.3 The effect of rotor-stator interaction on cavitation 
 

The transient blade row modelling and cavitation model 
were employed to investigate the influence of the relative 
circumferential position between the rotating impeller and 

stationary diffuser on cavitation. The rotating angle φ 
indicated the relative circumferential position between the 
rotating impeller and stationary diffuser, and φ = 0 degree is 
defined when the prescribed impeller blade trailing the edge 
approaches the designated diffuser vane leading the edge 
(Fig. 3(a)). 

In order to analyse the effect of rotor-stator interaction 
on cavitation, the volume fraction of cavitation (VFC) is 
defined below. 
 

%
V
VVFC

p

c 100×= ,                                                          (15) 

 
where Vc is the volume of zone, whose pressure is below 
3229Pa. Vp is the total volume of the computational 
domains.  

Fig. 7 shows the relation of VFC and the head with φ at 
a 3 % head drop point of the case 2. The head profiles at φ = 
0 degree show a very good periodicity for each 120 degrees, 
obviously, within the circumferential range of 360 degrees. 
The average of the head under the condition of the unsteady 
is equal to the steady, which validates the expected flow 
correctness for the numerical simulation. 
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Figure 7 Head and VFC compared with different φ at a 3 % head drop point of the 
case 2 

 
As Fig. 7 shows, the head has relative fluctuation 

amplitude of about 8÷10 % with the impeller position φ. 
Both the head and VFC have extreme points at the same φ 
value. However, the VFC shows the trend of falling down. 
When φ = 9°, VFC reaches the maximum value, about 0.27 
%, and correspondingly, the head also achieves the 
maximum value, about 6.45 m. As the impeller rotates, the 
head reaches the minimum value, about 6.43 m, at φ = 44°. 
When the VFC reaches the minimum value, about 0.24 %, 
at φ = 120°, the head reaches the minimum value, about 5.7 
m. 
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4.4 The blade loading at different φ values 
 

The static pressure on the suction and pressure that 
surfaces at a 50 % span was estimated for different φ values 
at a 3 % head drop point of the case 2. The variation of the 
static pressure is shown in Fig. 8. 
 

 
Figure 8 The blade loading at different φ values at a 3 % head drop point of the 

case 2 
 
The blade loading is represented by the area inside the 

curve, which indirectly represents the work done by the 
impeller. It is observed that the static pressure variation is 
affected by the relative position of the rotor and stator. The 
lowest pressure emerges on the suction side around the 
leading edge and almost keeps its constant value, which is 
equal to the vapour pressure, and then it rapidly increases. 
Because the cavitation bubble develops along the blade 
suction side within the constant pressure region, the cavity 
zone corresponds to this region. In fact, the cavity appears 
from the leading edge to the 20 % chord for different φ 
values, which indicates that the cavitation zone grows along 
the normal direction of the suction surface. As for the blade 
loading, when φ = 120°, the blade loading reaches a 
maximum, and the VFC is at its minimum value. 
 
5 CONCLUSIONS 
 

A simulation was carried out for the mass flow 
parameter ranging from 0.5 to 1.5 at a design speed using 
different turbulence models, and the k-ω based on the SST 
turbulence model was chosen eventually. Then the 
numerical data was compared with the experimental data. 
The influence of three different tip clearances on the 
performance of the pump were researched; the smaller tip 
clearance the better performance of keeping the head stable, 
but the size of tip clearance is limited. The pump cavitation 
performance on different tip clearances were studied by 
using the cavitation model, and the conclusion is that the 
smaller the tip clearance, the stronger the capability of 
preventing cavitation. Lastly, transient blade row modelling 
was employed to examine the relation between the 
cavitation and rotor-stator interaction. When φ = 9°, the 
VFC reached a maximum value, while the minimum value 

achieved was at φ = 120°. Meanwhile, the blade loading 
was also estimated, and when the blade loading reaches a 
maximum at φ = 120°, the VFC is at its minimum value. 
The cavity appears from the leading edge to the 20 % chord 
length, indicating that the cavitation zone grows along the 
normal direction of the suction surface. 
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