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0  INTRODUCTION

Solid-liquid two-phase flow centrifugal pumps, 
indispensable equipment for solid-liquid mixed 
medium transportation in production and daily 
life, play an essential role in metallurgy, water 
conservation, and mining. Due to the specifics of 
operation conditions, the solid-liquid mixture will 
cause wear-and-tear damage on the wet parts of 
a solid-liquid two-phase flow centrifugal pump, 
shorten the service life, and reduce operation stability. 
The wear of wet parts has great influence on pump 
performance, such as head and efficiency reduction, 
vibration intensification, etc.

Research studies have been made on the 
characteristics of erosion caused by solid-liquid flow 
in pumps. 

Noon and Kim [1] conducted three-dimensional 
numerical analysis for the prediction of erosion 
on the head and efficiency losses for lime slurry 
flow through centrifugal pumps and found that the 

temperature effect is critical for erosion damage. Lai 
et al. [2] employed the Eulerian-Lagrangian approach 
and combined it with the Grant and Tabakoff particle-
wall rebound model to predict particle behaviours and 
erosion wear in the centrifugal pump. The results show 
that with the increase of the concentrations of solid 
particles, the frequency of impingement and rebound 
will increase. The most serious erosion regions are 
around the middle of the hub and the trailing edge of 
blades pressure side. Sharma [3] carried out systematic 
studies of the erosion wear in a centrifugal slurry 
pump. The results show that the blade erosion rate is 
10 times greater than the hub erosion rate. Compared 
with other parts of the impeller, the erosion rate near 
the leading edge is more severe. Bross and Addie [4] 
developed a simple model and predicted the influence 
of the different parameters on the wear behaviour of 
an impeller nose in the centrifugal slurry pump. The 
results show that the wear of the impeller and the liner 
will decrease with the increase of pressure coefficient 
and clearing vane height. 
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Highlights
• A significant agreement of results under experiment and numerical simulation are captured. Additionally, the relative 

deviation of the head and efficiency at each flow condition is within 5 %.
• The outlet pressure pulsation is concentrated in the low-frequency region, and the main peak value of the pressure fluctuation 

is at the blade frequency.
• There is a large area of low pressure at each inlet of the impeller. As the coating thickness increases, the pressure at the 

impeller inlet increases first and then decreases.
• With the increase of the coating thickness, the streamline in the channel becomes increasingly inhomogeneous, and the 

streamline in the runner changes from uniform distribution to distribution near the impeller pressure face.
• The radial force of the impeller increases with the increase of the coating thickness, and the radial force of the impeller is 

distributed symmetrically in a triangle, which is the same as the number of blades.
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In addition, some scholars researched the 
performance of solid-liquid flow in pumps. Wu et 
al. [5] researched three-dimensional unsteady flow 
characteristics in the centrifugal slurry pump for 
solid-liquid flow. The results show the fluctuation of 
the pressure and flow velocity, particularly near the 
volute tongue. The fluctuations of the head and radial 
forces are 8.1 % and 85.7 %, respectively. Liquids 
are more influenced by the clocking effect than 
solids are. Shi et al. [6] designed a new experimental 
facility without agitation for an internal solid-liquid 
two-phase flow test in a centrifugal pump with PIV. 
Ning and Wang [7] studied the solid-liquid mixed 
flow hydraulic characteristics and turbulent kinetic 
energy distribution in centrifugal pumps. Wang 
and Qian [8] found that the head and shaft power 
decrease as the silt concentration and silt particle size 
increase for a double-section pump with experimental 
methods. Mishra and Ein-Mozafari [9] analysed 
the performance of the Maxblend impeller in solid-
liquid operation using the Eulerian-Eulerian method, 
standard k – ε turbulence model and sliding mesh 
technique. Cando et al. [10] adopted the filter-based 
RANS (k – ε) and Eulerian-Lagrangian method to 
analyse unsteady liquid-solid flow around a step in 
a rectangular channel, and their results revealed that 
the vorticity described by the Q-criterion promotes 
the particle motion at the wake area. Zhao et al. [11] 
researched the effect of the diameter size of particles 
and concentration on external performance, pressure 
and turbulent kinetic energy distribution.

Generally, coating material with better wear 
resistance, including epoxy resin mortar coatings [12] 
to [14], composite nylon coatings [15], polyurethane 
coatings [16] and other polymer coatings [17], sprayed 
on the surface of wet parts, is used to deal with the 
problem of the wear and tear of solid-liquid two-phase 
flow pumps. After spraying the coating, parameters 
such as the thickness and wrapping angle of pump 
impeller are changed, which has a significant influence 
on pump performance. It is necessary to focus on the 
effect of coating thickness on pump performance.

In this work, a solid-liquid two-phase flow 
pump with a specific speed ns = 81.5 was chosen as 
the research subject. The surface of the impeller of 
the pump was sprayed with polyurethane coatings of 
different thickness to research the effect of coating 
thickness on the performance of the model pump.

1  RESEARCH SUBJECT, SCHEME AND TEST SYSTEM

1.1  Research Subject

A two-phase flow centrifugal pump with cylindrical 
blades was chosen as the research subject, whose 
nominal flow rate Qn = 20 m3/h, head H = 22 m and 
efficiency η = 48 %. The main parameters of the 
model pump are summarized in Table 1, and its photo 
is shown in Fig. 1.

Table 1.  Main parameters of the model pump

Specific speeds ns = 81.5

Nominal flow rate Qn = 20 m3/h

Rotational speed n = 2900 r/min

Impeller inlet diameter D1 = 65 mm

Impeller outlet diameter D2 = 160 mm

Outlet impeller width b = 7 mm

Thickness of blade δ = 6 mm

Number of blades z = 3

Base diameters of volute D3 = 182 mm

Inlet width of volute b3 = 26 mm

Diffuser outlet diameter D4 = 50 mm

Fig. 1.  Photo of the model pump with a cylindrical blade

1.2  Test Rig and Measuring Point Distribution

The test system included the model pump, pressure 
fluctuation testing system, electromagnetic flowmeter 
and power supply control system, and other features. 
The pump performance was tested in the test rig 
schematized in Fig. 2a. The water was pumped from 
and returned to a 10 m3 reservoir. The shaft torque 
and rotational speed were monitored by a torque and 
speed sensor with an error rate of ±0.10 %. Static 
pressure values were measured at the inlet and outlet 
of the pump by a differential pressure transfer, and the 
uncertainty was within ±0.10 %. The flow rate was 
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measured by using a magnetic flow meter with an 
uncertainty of ±0.14 %. The measurement accuracy of 
pump efficiency was quantified as ±0.30 %.

The inlet and outlet pressure measurement points 
were set at twice the diameter of the inlet and outlet 
flanges. The pressure fluctuation measurement point 
was set at 4 times the outlet diameter of the outlet 

flange. The distribution of measurement points is 
shown in Fig. 2b.

1.3  Scheme

Non-dimensional thickness of coating thickness was 
dealt with to analyse the effect caused by coating 
thickness expediently, whose ratio was defined as Ki

a)                 b) 
Fig. 2.  Test system and measuring point distribution; a) test system of the model pump: 1. outlet valve, 2. inlet valve, 3. electromagnetic 

flowmeter, 4. model pump, 5. performance test system, 6. pressure fluctuation testing system, 7. power control system;  
b) distribution of measuring point on static pressure and pressure fluctuation

a)      b) 

c)      d) 
Fig. 3.  Coating sprayed on impeller; a) coating thickness ratio K0; b) coating thickness ratio K1, 

c) coating thickness ratio K2; d) coating thickness ratio K3
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 Ki i=
δ
δ

,

where Ki is the ratio of coating thickness. δi represents 
coating thickness, (i = 0, 1, 2, 3), and δ is the thickness 
of the blade.

The polyurethane material with better 
comprehensive properties was sprayed on the pressure 
surface of the impeller. The ratio of coating thickness 
is K0 = 0 (δ0 = 0 mm), K1 = 1/6 (δ1 = 1 mm), K2 = 1/3 
(δ2 = 2 mm) and K3 = 1/2 (δ3 = 3 mm). The pictures of 
coating sprayed on impeller is shown in Fig. 3.

2  COMPUTATION MODEL AND NUMERICAL SIMULATION

2.1  Computation Model

The computation model, including the impeller, 
volute, inlet extension and outlet extension, was built 
with Creo 3.0 commercial software. The purpose of 
adding an extension of the inlet and outlet is to reduce 
velocity gradient and improve simulation accuracy. 
The computational domain of model pump with K0 is 
shown in Fig. 4.

Fig. 4.  Computational domain of model pump with K0;  
1 inlet extension; 2 volute 3 impeller; 4 outlet extension

2.2  Computational Domain Discretization and Mesh 
Sensitivity Analysis

The fluid domain of the model pump was discretized 
by the commercial software ANSYS ICEM. To 
guarantee fluid development enough, the length of 
the inlet extension is 5 times the inlet diameter of the 
centrifugal pump, and the outlet extension length is 
10 times longer than the outlet diameter of the volute. 
Unstructured tetrahedral cells were used to discretize 
the computational domain. Computational model 
grids of the model pump are shown in Fig. 5.

A detailed mesh sensitivity analysis of the 
computational domain was performed to eliminate 
the influence of the mesh factor. The same topological 
structure of the computational domain was employed 
for the research model. Seven schemes of grids were 
obtained at the same premise of mesh quantity. The 
numbers of grids for seven cases were 975,000, 
1,203,000, 1,415,000, 1,694,000, 1,981,000, 
2,228,000 and 2,602,800.

Fig. 6.  Mesh sensitivity analysis

The head value was taken as the criterion to 
evaluate the mesh sensitivity. As can be observed in 

a)     b)     c)     d) 
Fig. 5.  Computational model and grids of the model pump; a) inlet extension, b) impeller, c) volute, d) outlet extension
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Fig. 6, the head is gradual decline with the number 
of girds increasing. Relative deviation of head value 
between case 6 and case 7 was within ±1 %, which 
indicates that it would be little impact on numerical 
results to increase the number of grids from those of 
case 6. Taking the computer resources in account and 
keeping the cost under control, the girds numbers of 
case 6 were chosen.

2.3  Boundary Condition and Solution Method

The velocity inlet and pressure outlet boundary 
conditions of the model pump were loaded. The 
hydraulic diameter D of the inlet of the model pump 
is 65 mm and the value of turbulence intensity I was 
calculated directly [18]. Sliding mesh technology 
was employed to deal with the information transfer 
between the rotating impeller and the stationary 
volute. The walls of the model pump were defined 
as no-slip condition, and the standard wall function 
was used to solve the low Reynolds number flow 
near the wall region. Commercial software Fluent 
based on the finite volume method was amplied to 
simulate unsteady flow field of model pump. Re-
Normalisation Group (RNG) k – ε turbulence model 
and the SIMPLEC algorithm were chosen to solve the 
turbulence function and pressure velocity coupling, 
respectively.

In order to obtain detailed resolution of 
unsteady flow results of the solid-liquid two-phase 
flow centrifugal pump, the time step of the unsteady 
calculation was set as △t = 5.747×10–5, which indicate 
that each impeller revolution will be calculated in a 
time sequence of 360 times steps corresponding to 1° 
of the impeller rotation speed. The numerical residual 
convergence criterion was set as 10–5 so as to ensure the 
result to be converged. To obtain a rapid convergence 
process, steady simulation was first carried out in 
advance, which was set as the initial condition for 
transient calculation.

3  RESULTS AND DISCUSSIONS

3.1  Performance Characteristics Analysis

Comparison of the performance curves of four 
schemes are shown in Fig. 7. With the increase 
of flow rate, the heads value of experiment and 
numerical results for four schemes decrease, and the 
efficiency value of four schemes increases first and 
then decreases.

The experiment results show that head and 
efficiency decrease with the increase of the coating 

thickness, but their rate of decline increases. 
Compared with the model pump at nominal flow rate, 
the head decreases by 3.74 %, 10.47 % and 24.24 % 
respectively when the coating thickness coefficients 
are K1, K2 and K3, and the efficiency decreases by 
3.57 %, 6.22 % and 14.88 % respectively. It indicates 
that the coating thickness has great influence on the 
performance of the model pump. It is mainly because 
the coating increases the actual thickness of the blade 
and reduces the flow area of the impeller passage. The 
performance of the pump is changed. However, the 
effect of the coating thickness on the performance of 
the model pump is smaller under low flow rate.

a) 

b) 
Fig. 7.  Mesh sensitivity analysis;  

a) head curves; b) efficiency curves

A significant agreement of results between 
experiment and simulation is captured. Under the 
same operating condition, the head and efficiency 
decrease gradually with the increase of the coating 
thickness. The larger the coating thickness, the greater 
the decline amplitude. Relative deviations of the head 
and efficiency at each flow condition are within 5 %.
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3.2  Pressure Pulsation Analysis

The result of the transient pressure value at the 
pump outlet was obtained. To make the comparion 
accurately, the pressure coefficient is introduced: 

 C
N

p p up i= 





 −( ) ( )∑1

0 5
2

2

2. ,ρ  (1)

where pi is the transient static pressure of pump outlet. 
p  is the average static pressure for a rotation period 
of impeller and u2 is the circumferential velocity of 
the impeller.

The experimental results of the pressure 
fluctuation frequency spectrum of four schemes under 
different coating thickness are shown in Fig. 8, which 

a)   b) 

c)    d) 
Fig. 8.  Pressure fluctuation frequency spectrum; a) K0, b) K1, c) K2, and d) K3

Fig. 9.  Peak value of pressure fluctuation  
between experiment and numerical

were obtained by fast Fourier transform (FFT). f is the 
frequency obtained by FFT. fn is the rotation frequency 
of the pump shaft.

It can be seen from Fig. 8 that the trend of the 
pressure fluctuation of the outlet with different 
coating thickness is basically the same under different 
operating conditions. The pressure pulsation is found 
in the low frequency region. Due to the rotor-stator 
interaction between the impeller and the volute, the 
main peak value of the pressure fluctuation is at the 
blade passing frequency. When the coating thickness 
is the same, the pressure fluctuation coefficient under 
off-design condition is larger than that under the 
design condition. It indicates that the flow stability of 
the off-design condition is worse than that of design 
condition.

The amplitude of the pressure pulsation frequency 
spectrum of the numerical simulation after FFT is 
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extracted and compared with the experimental value  
as shown in Fig. 9.

It can be seen from Fig. 9 that the variation trend 
of the numerical calculation and experimental results 
under different operation conditions is basically the 
same with the same coating thickness. The peak value 
of pressure fluctuation at nominal condition is smaller 
than that at off-design condition. 

The time-domains of the numerical simulation 
pressure fluctuation under different operating 
conditions in one impeller rotation cycle with diffident 
coating thickness are shown in Fig. 10.

It can be seen from Fig. 10 that the variation trend 
of pressure fluctuation time-domain is identical under 
different operation conditions with the same coating 
thickness. Three peaks and three troughs could be 
captured in a rotation cycle, which is the same as the 
number of impeller blades. It indicates that rotor-
stator interaction is the main reason of the pressure 
pulsation. When the operation condition remains 
the same, the peak value of the pressure fluctuation 
of scheme K1 is the smallest. With the increase of 
the coating thickness, the peak value of the pressure 
fluctuation increases gradually. It indicates that the 

a)     b)      c) 
Fig. 10.  Time-domain of numerical simulation pressure fluctuation; a) 0.8 Qn, b) 1.0 Qn, and c) 1.2 Qn

a1)    a2)    a3)    a4) 

b1)     b2)     b3)    b4) 

c1)     c2)     c3)    c4) 
Fig. 11.  Pressure distributions at the middle section of impeller; a1) K0 , 0.8 Qn; a2) K1 , 0.8 Qn; a3) K2 , 0.8 Qn; a4) K3 , 0.8 Qn;  

b1) K0 , 1.0 Qn; b2) K1 , 1.0 Qn; b3) K2 , 1.0 Qn; b4) K3 , 1.0 Qn; c1) K0 , 1.2 Qn; c2) K1 , 1.2 Qn; c3) K2 , 1.2 Qn; c4) K3 , 1.2 Qn
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coating thickness of blade will increase the instability 
of pump outlet flow. The thickness of the blade will 
be increased after the coating treatment, which results 
in the enhanced rotor-stator interaction between the 
impeller and the tongue of volute.

3.3  Internal Flow Analysis

Fig. 11 shows the pressure distributions at the middle 
section of the impeller under the conditions of 0.8 Qn, 
1.0 Qn and 1.2 Qn, respectively.

As can be easily seen in Fig. 11. The variation 
trend of the static pressure is basically the same 
under different operation conditions with the same 
coating thickness. Low pressure area at the inlet of the 
impeller is captured. With the increase of the flow rate, 
the range of the low pressure area increases gradually. 

With the increase of the coating thickness, the 
pressure at the inlet of the impeller increases first 
and then decreases under high flow rate and design 
conditions, which is related to the change of the 

relative flow angle of fluid. It is clarified that the 
coating thickness on impeller should be within a 
certain range, and the static pressure at the inlet of the 
impeller can be increased relatively within this range.

Based on the above analysis, it is considered that 
the static pressure at the inlet of the impeller can be 
increased when the coating thickness coefficient is 
K1~K2 under the condition of clear water.

Fig. 12 mainly focus on the relative velocity 
and streamline diagram at the middle section of the 
impeller under the conditions of 0.8 Qn, 1.0 Qn and 
1.2 Qn respectively.

It can be seen from Fig. 12 that under the same 
operation condition, different sizes of low speed zones 
in the impeller runner with different coating thickness 
are caught, and the low speed zones with uneven 
distribution will lead to the instability of flow in the 
runner. With the increase of the coating thickness, 
the area of the low-speed area in the impeller runner 
decreases first and then increases. It is shown that 
proper coating thickness on blades can reduce the 

a1)    a2)    a3)    a4) 

b1)     b2)     b3)    b4) 

c1)     c2)     c3)    c4) 
Fig. 12.  Velocity and streamline diagram at middle section of impeller; ; a1) K0 , 0.8 Qn; a2) K1 , 0.8 Qn; a3) K2 , 0.8 Qn; a4) K3 , 0.8 Qn;  

b1) K0 , 1.0 Qn; b2) K1 , 1.0 Qn; b3) K2 , 1.0 Qn; b4) K3 , 1.0 Qn; c1) K0 , 1.2 Qn; c2) K1 , 1.2 Qn; c3) K2 , 1.2 Qn; c4) K3 , 1.2 Qn
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instability in the runner, which is consistent with the 
analysis of pressure fluctuation. The low speed zone 
decreases gradually with the increase of the flow rate 
under the same thickness.

As can be shown in Fig. 12 approximate circular 
vortex could be found near the impeller inlet of four 
scheme in each operation condition, and the vortex 
velocity is small. It is since that the model pump 
impeller does not have a front cover, and a vortex  
is formed by the impeller rotating. Higher liquid 
velocity outside the vortex at the impeller inlet results 
in lower pressure here, which is consistent with 
the static pressure analysis above. Under the same 
operation condition, the circular vortex at the inlet 
decreases with the increase of the coating thickness, 
which leads to the increase of the inlet velocity of the 
impeller. The streamline distribution in the channel 
gradually changes from uniform to near the impeller 
working face, and the streamline near the low pressure 
region has similar vortex. When the coating thickness 
is the same, the range of the low pressure zone under 
the design condition is smaller than that under non-
designed condition, and the streamline distribution 
is more uniform, which indicates that the coating 
treatment does not change the inherent property of the 
model pump.

3.4  Radial Force Analysis of Impeller

Fig. 13 is the radial force distribution of the pump 
impeller for four coatingschemes.

It can be seen from Fig. 13 that the radial 
force of the impeller varies periodically with time 
under various working conditions and distributes 
symmetrically in a triangle, which is the same as 
the number of blades. Under the same operation 
condition, the radial force increases with the increase 
of the coating thickness. It is because that the flow 
area decreases after the coating treatment, which result 
in the change of the flow stability in the passage. The 
radial force of impeller is minimum at the designed 
condition under the same coating thickness.

Fig. 14 is the histogram of the radial force 
amplitude of the pump impeller with four coating 
thickness models. Compared with the coating 
thickness coefficient K0, the radial force of the 
impeller increases by 14.28 %, 22.06 % and 32.31 % 
when the coating thickness coefficients are K1, K2 and 
K3, respectively.

a) 

b) 

c) 
Fig. 13.  Radial force of impeller; a) 0.8 Qn; b) 1.0 Qn; c) 1.2 Qn

Fig. 14.  Comparison of radial force for four schemes
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4  CONCLUSIONS

In this paper, polyurethane coating with good wear 
resistance was sprayed on the pressure surface of the 
impeller blade. The performance, pressure fluctuation, 
internal flow and radial force of four kinds of coating 
schemes under water condition were studied by 
experiment and numerical simulation. 
1) The experimental results show that the head 

and efficiency decrease with the increase of the 
coating thickness, and the decline amplitude is 
proportional to the coating thickness

2) The outlet pressure pulsation is concentrated in 
the low frequency region, and the main peak value 
of pressure fluctuation is at the blade frequency. 
Under the design condition, the amplitude and 
peak value of pressure fluctuation are the smallest 
when the coating thickness coefficient is K1. 
The peak value of pressure fluctuation increases 
gradually with the coating thickness increasing.

3) There is a large area of low pressure at each 
impeller inlet. As the coating thickness increases, 
the pressure at the impeller inlet increases first 
and then decreases.

4) There are different sizes of low velocity zones 
in impeller flow channel under each coating 
thickness. With the increase of the coating 
thickness, the streamline in the channel becomes 
more and more inhomogeneous, and the 
streamline distribution in the impeller changes 
from uniform to near the impeller pressure 
surface.

5) The radial force of the impeller increases with the 
increase of coating thickness, and the radial force 
of impeller distributes symmetrically in triangle, 
which is the same as the number of blades.
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6  NOMENCLATURES

Qn nominal flow rate, [m3/h]
H head, [m]
n rotational speed, [rpm]

ns specific speeds, ns = 3.65nQ1/2/H3/4

η efficiency
u2 impeller circumferential velocity, [m/s]
D1 impeller inlet diameter, [mm]
D2 impeller outlet diameter, [mm]
D3 inlet diameters of volute, [mm]
D4 diffuser outlet diameter, [mm]
b3 inlet width of volute, [mm]
z blade number of impeller
p  average static pressure in a rotation period of 

impeller, [Pa]
δ thickness of blade, [mm]
δi coating thickness
ρ density, [kg/m3]
b outlet impeller width, [mm]
fn rotation frequency of pump shaft, [Hz]
Ki ratio of coating thickness
Cp time-dependent nondimensional pressure 

coefficient
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