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1. Introduction 

Centrifugal pumps play an important role in the na-
tional economy which are widely used in many fields such 
as agriculture, industry and urban water supply and drain-
age. However, the energy consumption of centrifugal pump 
accounts for about 1/12 of the total power generation in 
China. Therefore, improving the efficiency of centrifugal 
pumps is an important goal of the industry. 

According to engineering and experiments, it 
found that all clearances between parts of centrifugal pump 
have a significant impact on the hydraulic performance. Un-
reasonable clearance values will cause large leakage losses 
and vortex flow, which will reduce the efficiency of the 
pump. What is more, ring clearance, blade tip clearance and 
clearance between the impeller and pump cover are three 
main types of clearance of centrifugal pump. At present, 
many scholars have carried out the researches on the impel-
ler wear ring clearance and blade tip clearance of centrifugal 
pump. Daqiqshiraz M et al. [1] employed the CFX to inves-
tigate the influence of wear ring clearance on the overall ef-
ficiency of low specific speed centrifugal pump, it found 
that volumetric efficiency decreases effectively by improv-
ing the ring clearance more than three times. Shi Weidong 
et al. [2] studied effect of wear-ring clearance on perfor-
mance of a submersible well pump combine the experiment 
and calculation, it concluded that when the clearance is 
larger than 0.5 mm, the hydraulic performance of the pump 
is significantly decline. Liu Houlin et al. [3] compared the 
performance, pressure pulsations, hydraulically generated 
vibration and noise level with different wear ring clearance, 
and the optimal parameter of wear-ring clearance was ob-
tained. Hao Yue et al. [4] proposed the mixed flow pump 
with symmetrical and unsymmetrical tip clearance, and the 
cavitation characteristic and radial force were analyzed by 
experimental and numerical. Feng Jianjun et al. [5] em-
ployed numerical method to study the influence of tip clear-
ance on pressure fluctuations of axial flow water pump, by 
comparing three different tip clearance, it found that the 
pressure fluctuations in the impeller is obviously larger than 
the diffuser. Liu Yabin et al. [6-7] studied the relationship 
between the leakage vortex and tip clearance by calculation, 
the investigation result showed that the strength of leakage 
vortex is gradually improved when the size of tip clearance 
consciously increases. Kim Changhyun et al. [8] proposed 
four different sizes of inducer tip clearances, and hydraulic 
performance under cavitation condition and non-cavitation 
condition was analyzed by simulation. Shi Guangtai et al. 

[9] analyzed the internal flow and velocity distribution char-
acteristics of the multiphase pump under different tip clear-
ances, by employing the high-speed photography and nu-
merical simulation, it found that tip leakage vortex has sig-
nificant effect on the tip separated vortex and the hydraulic 
loss of pump. Li Wei et al. [10-11] proposed a mixed-flow 
pump model with non-uniform tip clearance, through the 
technology of particle image velocimetry to analyze the ef-
fect of flow rate and eccentricity on the flow characteristics. 
Parikh Trupe et al. [12] employed the Volume of Fluid 
(VOF) method and k-omega SST model to conduct the tran-
sient simulations of centrifugal pumps, and the relationship 
between the tip clearance gap and transport of air-water two-
phase flow was obtained.  

Nevertheless, plenty of investigation of impeller 
wear ring clearance and blade tip clearance of centrifugal 
pump was conducted, only few studies [13-14] focus on the 
clearance between the impeller and pump cover. Therefore, 
in this paper, the influence of clearance between impeller 
and pump cover on the hydraulic characteristic by numerical 
simulation was analyzed, and the hydraulic experiment with 
different clearance was carried out. The research results 
have significant guiding effect for the design of clearance 
between impeller and cover in the future. 

 
2. Research models and numerical calculation methods 
 
2.1. Control equations and solutions 

 
In this paper, the continuity equation of incom-

pressible fluid and the Navier-Stokes equation were em-
ployed. The continuity equation of incompressible fluid and 
the Navier-Stokes equation are applicable to describe the 
three-dimensional turbulence in a centrifugal pump. 

The continuity equation: 
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In the formula: ρ is fluid density; t is time; Fi is the 
volume force component of a fluid per unit mass; P is pres-
sure; ui, uj (i, j = 1,2,3;) is the velocity component of the fluid; 
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xi, xj (i, j = 1,2,3;) is coordinate component; μ is molecular 
viscosity coefficient; sij: is the fluid deformation rate tensor   

In this paper, Reynolds average method [15 – 16] 
is used to solve the above governing equation, and the two-
equation model in vortex-viscous model is used to close the 
equations. According to the flow characteristics inside the 
centrifugal pump, the SST K-ω turbulence model was se-
lected to predict the separation flow, reflux and large curva-
ture flow. Coupling of pressure and velocity is realized 
based on SIMPLEC algorithm (just improve the coefficient 
during the velocity-correction equation), that can speed up 
convergence and improve calculation efficiency. The gov-
erning equation is discretized by finite volume method. 
High Resolution discrete scheme was used for convection 
term and the diffusion term adopts the central difference 
scheme. 

 

2.2. Physical model and boundary conditions 

In this study, the flow field of a centrifugal slurry 
pump at the QBEP (Best Efficiency Point, BEP) was ana-
lyzed. The pump speed was 1000 r/min, the flow rate was 
288 m3/h, the head was 11.5 m, the inlet diameter was 
175 mm, the outlet diameter was 150 mm, the impeller had 
3 blades, and the impeller outer diameter was 310.4 mm. 

The physical model was established by 3D model-
ing software Unigraphics NX, and the results were shown in 
Fig. 1. According to the characteristics of the calculation do-
main, the pump is divided into six parts, namely inlet, im-
peller, volute, auxiliary vane area, front pump cavity and 
rear pump cavity. In addition, the front pump cavity is di-
vided into two calculation domains, one is the auxiliary 
blade domain, which was set as the rotation domain with the 
same speed as the impeller. The other part is the front pump 
cavity, which was set as the static domain. What is more, the 
models with different axial clearances were obtained by 
changing the axial position of the impeller. When the front 
cover is completely fitted to the wall of the pump chamber, 
it is defined as a model with a clearance of 0 mm. 

 

Fig. 1 3D model of centrifugal pump 

 

Fig. 2 Mesh generation 
 

Considering the complexity of the simulation 
model, hybrid unstructured grid with tetrahedral elements 
was applied to discretize the domains. In order to capture 
the details of the internal flow field, local encryption was 
employed on the clearance and tongue. And the results of 
mesh generation are shown in Fig. 2. The total number of 
mesh nodes of centrifugal pump is 561,000, and the total 
number of elements is about 2,356,000. The number of 
mesh nodes and elements of each part is shown in Table 1. 

Meanwhile, the boundary conditions are set as fol-
lows: the inlet of the pump is set as the mass flow, assuming 
that the flow direction is perpendicular to the inlet, and the 
different mass flow values are given under different operat-
ing conditions. The pump outlet boundary is set as average 
static pressure. In addition, the impeller field and the auxil-
iary blade field are set as the rotating field, and the rotating 
speed is 1000 r/min. 

Table 1  
Number of grids in each computational domain 

 Inlet Impeller Volute Auxiliary vane Front pump cavity Back pump cavity 

Nodes (ten thousand) 8.6 21.8 18.3 1.3 2.1 4.0 

Elements (ten thousand) 8.2 110.2 95.2 4.4 1.3 16.3 

 
The other calculation fields are set as the stationary 

field. Frozen rotor was set as the interface between the ro-
tating field and stationary field. The wall of front and back 
cover plates was set as rotating walls, and the rotating speed 
was also 1000 r/min. All domain walls are set as no slip 
walls. Standard wall functions are used in the near wall re-
gion. Considering the convergence speed and calculation 
accuracy, the time step is set as 0.01 s.  

When the average residuals of each item are less 
than 0.0001, the calculation is considered to be convergent. 

2.3. Grid independence analysis 

Several meshes were used to evaluate the influence 
of the number of elements based on the pump head and 

pump efficiency for the same flow conditions. Table 2 com-
pares the predictions for four meshes. Even with a large 
number of elements, the predicted heads were all within 
0.3%, and the pump efficiencies were within 2%. Thus, with 
2.35 million elements, the predicted head and efficiency 
were within 1% of the results with the largest mesh, so the 
smallest number of elements was considered appropriate. 

3. Experiment verification 

In order to verify the accuracy of the numerical 
simulation method, the hydraulic performance experiment 
under 0 mm clearance (For better understanding, the clear-
ance less than 0.01 mm is defined as 0 mm clearance) was 
carried out. The hydraulic performance characteristic curve 
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is shown in Figs. 3 and 4. The calculation results are con-
sistent with the experiment, especially in the optimal and 
over-load flow conditions, the efficiency deviation is less 
than 1%; while the efficiency value calculated in the part-
load flow condition is higher, the maximum error is 2.4%. 
Meanwhile, the calculated error of head is within 0.4 m, and 
the relative error is within 4%, which ensure the accuracy of 
numerical simulation method for further internal flow field 
analysis. 

Table 2 

Performance comparison with various numbers of ele-
ments for the QBEP flow conditions 

Number of elements Predicted head, m Pump efficiency, % 

2356139 11.52 84.2 

4278364 11.45 83.8 

7308476 11.22 83.3 

9205483 10.98 82.7 

 

Fig. 3 The efficiency-flowrate curve under clearance of  
0 mm 

 

Fig. 4 The head-flowrate curve under clearance of 0 mm 
 

In this paper, three different flow conditions were 
selected for flow analysis, namely, optimal flow condition 
(Q = 80 L/s), part-load flow condition (Q = 40 L/s), and 
over-load flow condition (Q = 120 L/s). Fig. 5 presents the 
static pressure distribution in the middle section of the cen-
trifugal pump. As the flowrate increases, the pressure in the 
pump gradually improves. Furthermore, an obvious low-
pressure area on the inlet of suction surface can be found 
under part-load flow condition. And under the part-load 
flow condition and optimal flow conditions, the pressure in-
creases from impeller inlet to the volute outlet. While under 
over-load flow conditions, the pressure of volute diffuser 
section decreases significantly compared with that in the 

volute. As the flowrate increases, pressure increment grad-
ually decreases from impeller inlet to the outlet of volute, 
which result in the reduction of head. What is more, the 
pressure distribution in the impeller and volute is more uni-
formly in the circumferential direction under part-load con-
dition, the obvious pressure fluctuation can be found near 
the tongue. Furthermore, under the optimal flow condition, 
the pressure increase uniformly from the impeller inlet to 
the outlet, but the local pressure distribution in the volute is 
relatively disorder. When the flow rate increase to 120 L/s, 
an obvious high-pressure area appears can be observed at 
the impeller outlet, and the pressure near the tongue varia-
tion drastically. 

 

      a) Q = 40 L/s        b) Q = 80 L/s     c) Q = 120 L/s 

Fig. 5 Static pressure distribution in the middle section of a 
centrifugal pump 

 
Fig. 6 is the absolute velocity distribution of the 

middle section of centrifugal pump. Under different 
flowrates, the velocity distribution of internal flow field ex-
ists large difference. As the flowrate increases, the flow ve-
locity in the runner decreases significantly. Under the part-
load flow conditions, the velocity is gradually decrease from 
the impeller outlet to volute outlet, and the kinetic energy is 
converted into potential energy in the diffusion section of 
the volute. Meanwhile, the velocity variation in the volute is 
small under optimal flow condition, but a local low-velocity 
zone was found at the tongue of volute, which result from 
the generation of the flow separation. What is more, due to 
the effect of the backflow and vortex, there is a large low-
velocity area in the volute under over-load flow conditions. 
At the same time, the flow velocity of the diffusion section 
increases significantly, and the potential energy is trans-
formed into kinetic energy, which resulting in the hydraulic 
loss and head reduction. 

 
      a) Q = 40 L/s         b) Q = 80 L/s     c) Q = 120 L/s 

Fig. 6 Absolute velocity distribution in the middle section 
of a centrifugal pump 

Figs. 7 and 8 are the streamline distribution of the 
middle section of centrifugal pump and velocity vector dis-
tribution at the tongue respectively. The obvious leakages 
and vortices were found in the impeller flow passage under 
part-load flow conditions, which block the flow passage and 
restrain the work of the impeller. At the same time, a circu-
lation flow was generated result from the impaction of water 
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on the tongue. With the flow rate increase to the optimal 
flow condition, the flow separation in the impeller and cir-
culation flow at the tongue have been effectively improved, 
and the impaction of tongue is gradually decrease. Mean-
while, under the over-load flow conditions, the flow in the 
impeller channel is very smooth, but a severe impaction was 
generation at the outlet of impeller, which result in a large 
area of backflow in the volute. Furthermore, an obvious ro-
tor-stator interaction can be found near the tongue, which 
cause the serious hydraulic loss of internal flow field. 

 

     a) Q = 40 L/s         b) Q = 80 L/s    c) Q = 120 L/s 

Fig. 7 Streamline distribution in the middle section of a cen-
trifugal pump 

 

   a) Q = 40 L/s       b) Q = 80 L/s      c) Q = 120 L/s 

Fig. 8 Velocity vector distribution near the separating ton-
gue of centrifugal pump 

 

4. Analysis of flow characteristics under different clear-
ance 

Calculation domains of five centrifugal pump 
models with different axial clearances (0, 0.1, 0.22, 0.42, 
0.62 mm) were built, and the numerical simulation under the 
optimal flow condition were carried out. Meanwhile, the 
clearance leakage flow was monitored in the calculation, as 
shown in the Table 3. Considering the flow into the rear 
pump cavity under different clearances is less than 
0.0001 L/s, so the leakage loss of the rear pump cavity can 
be ignored. What is more, it found that fluid leaks from the 

high-pressure volute into the low-pressure pump cavity, and 
one part of leakage fluid under the effect of auxiliary vane 
flow into the volute, other part flows back to the impeller 
inlet, which induce to the generation of leakage losses. 
However, when the clearance is 0 mm, fluid cannot flow 
from the front pump cavity into the inlet. Therefore, under 
the effect of auxiliary vanes, the fluid returns to the volute 
without leakage loss. At the same time, as the axial clear-
ance increases, the flowrate of leakage into the front pump 
cavity and flow back to the inlet gradually increases, while 
the flowrate return to the volute by auxiliary vanes gradually 
decreases, and the flowrate flowing back to the impeller in-
let increases. Therefore, the leakage loss increases and the 
efficiency of the centrifugal pump decreases. 

Fig. 9 shows the streamline distribution in middle 
section of centrifugal pump and velocity vector distribution 
near the tongue under different clearances. With the increase 
of the clearance, the overall flow state is similar, the flow 
separation on the pressure surface of blade inlet is slightly 
increased, which indicates that the variation of clearance has 
little effect on the mainstream of pump. Furthermore, when 
the clearance is 0 mm and 0.1 mm, the flow impaction on 
the tongue is obviously less than the clearance is 0.22 mm 
and 0.42 mm, and the fluid flows smoothly along the flow 
channel. However, when the clearance increases to 
0.62 mm, the strong impaction was generated at the tongue 
of volute, which result in great hydraulic loss of pump. 

Fig. 10 shows the absolute velocity distribution of 
centrifugal pump in the vertical axis section. Under different 
clearance conditions, the absolute velocity distribution pre-
sent the similar variation trend. The absolute velocity grad-
ually increases from impeller inlet to outlet. After fluid en-
tering into the volute, the absolute velocity gradually de-
creases, and the kinetic energy is transformed into pressure 
energy. Due to the velocity distribution of the pump is asym-
metry, which lead to the flow in the volute is more turbulent, 
and the vortex movement is obvious. As shown in the 
Fig. 10, as the clearance increases, the absolute speed in the 
front pump cavity decreases. The auxiliary vane can only 
make adjacent fluid flow back to the volute, and other fluid 
without the effect of auxiliary vane flow through the clear-
ance into the impeller inlet. Therefore, the larger the clear-
ance, the greater the leakage is generated in the internal 
flow. In addition, the fluid flowing out of the clearance in-
terferes with the flow of the impeller inlet. With the increase 
of clearance, the interference effect is gradually enhanced, 
and the low-speed area at suction surface of the blade inlet 
is increased, namely, the more severe flow separation is gen-
erated. 

Table 3 
Leakage flowrate of different clearances 

Axial clearance, mm 0 0.1 0.22 0.42 0.62 

From the volute into the front pump cavity, L/s 1.23 1.4 1.71 2.27 2.61 

From the front pump cavity into the auxiliary vane domain, L/s -1.23 -1.18 -1.09 -0.87 -0.74 

From the front pump cavity back to the impeller inlet, L/s 0 -0.22 -0.62 -1.40 -1.87 

 

  a) 0 mm               b) 0.1 mm             c) 0.22 mm            d) 0.42 mm            e) 0.62 mm 

Fig. 9 Streamline distribution in the middle section of centrifugal pump 
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a) 0 mm b) 0.1 mm 

  

c) 0.22 mm d) 0.42 mm 

 

e) 0.62 mm 

Fig. 10 The absolute velocity distribution of the vertical axis 
section of the centrifugal pump 

5. Hydraulic experiment with different clearance 

In this paper, in order to ensure the accuracy of the 
previous investigation, the experiment rig is built, and the 
hydraulic experiment with four clearances under different 
flow conditions were carried out. The experiment is to 
change the clearance between the front cover and the pump 
cover by adjusting the bearing assembly of the model pump. 
When the front cover is completely fitted to the wall of the 
pump chamber, it is defined as a model with a clearance of 
0 mm. The experiment rig is shown in the Fig. 11. 

 

Fig. 11 The experiment rig 

 
All transducer has been calibrated before the ex-

periment, the deviation of electromagnetic flowmeter is less 
than ±0.2%, the deviation of head transducer is less than 
±0.1% and the torque speed sensor is less than ±0.1%. As 
shown in the Figs. 12 and 13, according to the result of the 
hydraulic experiment, it found that as the increase of the 
clearance, the head and efficiency gradually decrease. 
Meanwhile, the decrement is increases constantly. This phe-
nomenon is attribute to the fluid flow back to the impeller 
through the clearance, with the increase of clearance, the 
backflow is obviously improved, which result in improve-
ment of volume loss. Therefore, the head and efficiency pre-
sent significant decline trend. 

 

Fig. 12 The experiment result of head 

 

Fig. 13 The experiment result of efficiency 

6. Conclusion 

In this paper, the calculation model with different 
clearance were established, and in order to verifies the ac-
curacy of the numerical simulation, the hydraulic experi-
ment under different flow conditions was carried out. When 
establishing the physical model, the front and rear pump 
cavities were considered. According to the investigation of 
numerical simulation and experiment, the conclusions can 
be obtained as follow: 

1) The flow field characteristics of centrifugal 
pumps with 0 mm clearance are analyzed. The results show 
that as the flowrate increases, the pressure inside the impel-
ler increases. Under part load flow conditions, the pressure 
distribution of impeller and volute is uniform in the circum-
ferential direction, and the great radial pressure gradient is 
generated. With the flowrate increase to the over-load flow 
conditions, an obvious high-pressure area was found at the 
outlet of impeller, and the dramatic pressure fluctuation is 
generated at the tongue. 

2) The hydraulic loss of the part load flow condi-
tion is mainly caused by the leakage in impeller and circu-
lating flow in volute, while the hydraulic loss of the over-
load flow condition is mainly result from the large-area 
backflow in the volute. 

3) By comparing the calculation results of different 
clearance models under the optimal flow conditions, it is 
found that as increases of clearance, the fluid flow from the 
front pump cavity into the impeller inlet is gradually in-
creases. Meanwhile, due to the limited range effect of the 
auxiliary blades, the fluid flow back to the volute is decline. 
In addition, the fluid flowing out of the clearance interferes 
with the flow of the impeller inlet. With the increase of 
clearance, the interference effect is gradually enhanced, and 
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the low-speed area at suction surface of the blade inlet is 
increased, namely, the more severe flow separation is gen-
erated. 
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G. Peng, Sh. Hong, H. Chang, F. Fan, Y. Zhang, P. Shi 

NUMERICAL AND EXPERIMENTAL RESEARCH ON 
THE INFLUENCE OF CLEARANCE BETWEEN IM-
PELLER AND COVER ON THE PUMP PERFOR-
MANCE 

S u m m a r y 

Centrifugal pump is widely used and plays an im-
portant role in national economy. However, according to 
plenty of engineering practice and model tests, it indicated 
that the clearance between the impeller and pump cover is 
an important parameter for leakage loss and hydraulic effi-
ciency. In this paper, a single stage centrifugal pump was 
selected to study the influence of clearance between impel-
ler and pump cover on the hydraulic performance through 
combination of experiment and numerical simulation. Com-
mercial software ANSYS CFX was employed to simulate 
the internal flow field with a clearance of 0 mm, and the 
experimental verification was carried out. The results pre-
sented that only a small difference was generated between 
experiment and numerical simulation, the maximum error is 
less than 4%, which can ensure the accuracy of the numeri-
cal calculation. At the same time, by comparing the simula-
tion results with clearance of 0.1, 0.22, 0.42 and 0.62 mm, 
it found that with the increase of clearance, the impact loss 
at the tongue was significantly improved. In addition, with 
the increase of clearance, the effect of water flowing out 
from clearance interferes with the water at impeller inlet 
gradually improve. Finally, the hydraulic experiment with 
different clearance were carried out to verify the numerical 
result. Therefore, this research results have significant guid-
ing effect for the design of clearance between impeller and 
cover in the future. 
 
Keywords: centrifugal pump, clearance, experiment, nu-
merical simulation. 
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