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A computational model on the basis of the combination of the full cavitation model and the modified re-normalization group 
(RNG) k- turbulence model are used to simulate the cavitating flow in a centrifugal pump at a low flow rate. A filter function is 
introduced for the RNG k- turbulence model in order to consider the compressibility in the cavitating flow. The calculated values 
of the net positive suction head available (HNPSHa) agree well with the experimental measurements. The cavities in the impeller are 
obtained and their evolvement with HNPSHa are revealed. 
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Cavitation is a very common physical phenomenon in 
pumps. It induces pressure fluctuation and uneven load dis-
tribution, and then seriously reduces pumps’ efficiency and 
affects their stable operation ranges. In addition, the micro 
jets and impact forces due to collapse of the cavities can 
erode the surface of the flow passage components and 
damage the impeller blades. The service life of the pumps is 
then reduced greatly [1,2]. Due to the importance of the 
cavitation phenomenon and the great process in the cavita-
tion and turbulence models, numerical simulations have 
been widely used to investigate the cavitation flow field in 
the pumps [3–6].  

By using the cavitation model proposed by Kunz et al. 
[7], Medvitz et al. [3] calculated the cavitating flow in a 
centrifugal pump at small cavitation numbers. They ana-
lysed the reason why the pump head drops at small cavita-
tion numbers for the off-designed condition, but the as-
sumption of the potential flow in their calculations limits 
their methods used in more application. Coutier-Delgosha et 
al. [4] experimentally and numerically investigated the pres-
sure distribution and hydraulic performance for a centrifugal 
pump with two-dimensional curved blade. Pouffary et al. [5] 

used the cavitation model based on the barotropic state law 
to accomplish the cavitation simulation for a centrifugal 
pump. Their results showed that when the sheet cavitation 
develops at the narrowest position between two blades, the 
pump’s hydraulic characteristics decrease suddenly. Ding et 
al. [6] adopted the full cavitation model [8] to simulate the 
cavitating flow in a centrifugal pump. The critical values by 
their calculation matched well with experiments. 

The mechanisms for cavitation have been extensively 
investigated [9,10], and noticeable efforts have been made 
on the cavitaion and turbulence models for the simulation of 
cavitating flow [4]. However, it is difficult to predict the 
cavitating flow in pumps accurately, especially for off-de-     
signed conditions. In the present paper, we present a com-
putational model for the cavitating flow in a centrifugal 
pump at a low off-design flow rate. The calculated results 
agree with the experimental data very well, which means 
that the computational model used is suitable for the cavi-
tating flow simulation in the pumps. 

1  Mathematical model and numerical algorithm 

The fluid in the cavitating flow field for the pumps is con-
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sidered as a homogeneous and compressible mixed medium 
of vapor and liquid. The continuity and momentum equa-
tions in the Cartesian coordinates are as follows:  
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where m and m are the mixture density and dynamic vis-
cosity, calculated by weighted average of each phase vol-
ume fraction, u is the velocity, p is the pressure, and t is 
the turbulent viscosity, respectively. Subscripts i, j, k denote 
the axes directions. 

The phases change vigorously in the cavitating flow, 
leading to a great gradient of density in cavitation. Here, the 
full cavitation model proposed by Singhal et al. [8] is em-
ployed, and the mixture density is defined as 
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where fv, fg, fl are the component mass fractions of the vapor, 
gas, liquid, v, g, l are the component densities, and v, g, 
l are the component volume fractions. The vapor genera-
tion and condensation rates are modeled as follows:  

 

   

 

v v v v

1/2

v
e l v v g

l

1/2

v
c l l v

l

2
1

3

2
,

3

u
t

p pk
C f f

p pk
C f

   

 
 

 
 


  



 
  

 

 
  

 
 (5)

 

where the empirical factors are Ce=0.02 and Cc=0.01, the 
gas mass fractions fg=1.5×105, the surface tension coeffi-
cient =0.0717 N/m, pv denotes vaporization pressure, and k 
denotes turbulent kinetic energy. 

The RNG k- turbulence model, which makes some cor-
rections on the model coefficients in the  equation of 
standard k- turbulence model and can predict the rotating 
and curvature flow more accurately, is widely applied in 
fluid machinery. For RNG k- turbulence model, the k and  
equations can be written as:  
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where  and Gk denote the turbulent kinetic energy dissipa-
tion rate and turbulent kinetic energy generation term, re-
spectively. The empirical constants are k=1.39, =1.39, 
and c=0.09. 

The compressibility should be considered for the cavi-
tating flow consisting of liquid and vapor. To take into ac-
count the effects of the compressibility, a filter function can 
be introduced to the turbulence model [11]. 
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where F is the filter function of the filter size (), the turbu-
lent kinetic energy and dissipation rate, as shown below 
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In order to ensure the filtering process, the filter size in 
the present study is chosen to be larger than the largest grid 
scale employed in the computation. According to eq. (10), 
the turbulent structure smaller than the filter size will not be 
resolved. 

In the calculation, a commercial CFD code Fluent cou-
pled with the RNG k- turbulence model modified by a user 
defined file was used. The SIMPLEC algorithm was used to 
solve the above steady flow governing equations. The boun-    
dary conditions are as follows: the constant flow velocity at 
the inlet and the pressure at the outlet, the standard wall 
functions were imposed over the impeller blades and side-
walls, the volute casing and the inlet and outlet pipe walls in 
order to work with the filter function. The pressure at pipe 
outlet was decreased step by step with a convergence at 
every given pressure value. The multiple rotating reference 
frame (MRF) was applied to couple the rotation and station 
domains. 

2  Results and analysis 

The design point of the centrifugal pump is as follows: the 
volume flow rate Q=25 m3/h, the rotational speed n=1450 
r/min, the head H=7 m. Figure 1 shows the computation 
domain of the centrifugal pump.  

The pump head is the difference in the total energies at  
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Figure 1  Computation domain of the centrifugal pump. (a) Volute; (b) 
impeller. 

pump inlet and outlet, and it is defined as follows:  
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Figure 2  The experimental and numerical results of the H varying with 
HNPSHa. 

 

Figure 3  The cavity volume fraction in centrifugal pump impeller. (a) HNPSHa=2.08 m; (b) HNPSHa=1.44 m; (c) HNPSHa=1.30 m; (d) HNPSHa=1.27 m. 



952 Tan L, et al.   Chin Sci Bull   March (2013) Vol.58 No.8 

where ni and no are the node numbers at the computation 
domain inlet and outlet, and Ai denotes the unit area vector. 

The HNPSHa is the difference between the total energy 
and vaporization energy for unit weight of the fluid at the 
pump inlet. The higher the magnitude of the HNPSHa is, the 
less likely the cavating flow is to take place in the pump. 
The value of HNPSHa at which the head drops by 3% is 
defined as the net positive suction head critical (HNPSHc). 
The HNPSHa is defined as follows: 
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Figure 2 shows the experimental and numerical results 
of the head varying with HNPSHa at Q=19.80 m3/h, 79% of 
designed flow rate. The cavitation performance of cen-
trifugal pump was measured using the test apparatus set 
up by Tan et al. [12] consisting of an outlet section, a 
pump section and a water supply section with the same 
test method. The numerical results are in good agreement 
with the experimental data, especially the sudden decline 
in H corresponding to the HNPSHa decrease. The deviation 
of HNPSHc between the experiment and calculation is 
2.25%. 

Figure 3 shows the variation of cavity volume fraction 
with different HNPSHa, i.e 2.08, 1.44, 1.30, and 1.27 m, corre-
sponding to the letters a ,b, c and d in Figure 2, in centrifu-
gal pump impeller at Q=19.80 m3/h. The cavity inception 
and development in the pump are clearly obtained. The cav-
ity first appears on the suction side near the blade leading 
edge, at which the pressure in the region near the shroud is 
smaller than that of the hub due to the centrifugal force, so 
the cavitation area becomes larger from hub to shroud, as 
shown in Figure 3(a). With the decrease in HNPSHa, the cav-
ity expends to the impeller channels and blocks the flow. 
Hence, the pump work ability will be confined, and the 
pump head begins to drop, as shown in Figure 3(b). In Fig-
ure 3(c), the cavitation bubbles become more and more 
larger resulting in a sudden fall in the pump head. At this 
condition, the centrifugal pump cannot work normally, and 
the large pressure fluctuation and acoustic emission due to 
the bubble collapse may damage the impeller blades. As the 
HNPSHa decreases further, bubbles occupy the whole impeller 
channels and the pump head reduces by 30%, as shown in 
Figure 3(d). The distributions of the cavitation on blade or 
in channel are asymmetrical because of the pump volute. 

3  Conclusions 

An improved computation model with modified RNG k-ε 
turbulence model and full cavitation model is used to calcu-
late the cavitating flow in a centrifugal pump at a low flow 
rate. The effects of the compressibility of mixture fluid were 
included by introducing a filter function for the RNG k-ε 
turbulence model. The calculated results of pump head var-
ying with HNPSHa are consistent with the measurements, and 
the cavitation variations with HNPSHa are discussed. Both the 
cavitation characteristics inside the impeller and the hydrau-
lic performances show that the proposed method is applica-
ble to simulate the cavitating flow in centrifugal pumps at 
off-designed conditions. 
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