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1. Introduction

2. Numerical investigation

Blades as the core part of the pump, which can not
only influence the hydraulic performance, but also affect the
strength of the impeller. In recent year, plenty of the efforts
have been taken in the blade performance optimization. Shigemitsu [1, 2] investigated the influence of the blade outlet
angle on the internal flow field, the test result shows that the
head is increased by rising the blade outlet angle, while the
maximum efficiency gradually decreases Li [3] assessed the
cavitation performance of engine cooling water pump, and
analyzed the effect of the blade outlet widths via numerical
simulation. Wang [4] selected blade outlet width, impeller
diameter, number of blades and exit blade angle as target
factors, by employing the orthogonal experiment to optimize the external characteristic. Chakraborty [5] simulated
the centrifugal pump with different blade number to improve the internal flow field characteristics. Lei [6] presented the relationship between the blade warp angle and the
hydraulic performance based on the direct and inverse iteration design method. Derakhshan [7] combined the genetic
algorithm and artificial neural network, and obtained the optimal parameters of camber line in blade. Wang [8] designed
four different inlet angle impellers, and founded the best efficiency point can be improved by increasing the blade inlet
angle. Jeon [9] introduced the three-dimensional NavierStokes analysis and the response surface method, analyzed
the effect of the upper blade height and hub height on the
efficiency. Tan [10] studied the influence of blade rotational
angles on the energy performance and pressure fluctuation
characteristics of the mixed-flow pump.
However, most previous analyses concentrate on
the modification of the blade geometry parameters at the design flow rate, only a few researches improve the performance by changing the blade thickness distribution. In this
paper, blades were designed based on the empirical correlation equation, which according to plenty of outstanding hydraulic models. And four blades with different thickness distribution were proposed based on the previous research [11].
And then, by comparing the modal properties, strength characteristics and hydraulic performance under 0.2 times flow
rate condition, the optimal blade thickness distribution were
obtained. Finally, the test was conducted to benchmark the
accuracy of the simulation results. This research could provide reference for designing the thickness distribution of the
blade.

2.1. Computational domain
The design specifications of the self-priming pump
are shown as follow: Q = 500 m3/h, head H = 45 m and rotation speed n = 2200 r/min. The computational domains of
the self-priming pump include five parts: inlet, self-priming
system, impeller, volute and outlet. Four times of pipe diameter were extended in the inlet and outlet to get the stable
incoming flow and fully development outflow, as shown in
Fig. 1.

Fig. 1 Computational domains
2.2. Grid generation
In this paper, the computational domain was discretized into structured grids by ICEM CFD. Fig. 2 presents
the analysis of grid independency, when the number of the
elements exceeded 2671710, the fluctuation of the head is
less than 1%. The suitable elements number of inlet, outlet,
volute, impeller and suction casing of self-priming system
are 504000, 696000, 720480, 478998 and 272232, respectively (Fig. 3).

Fig. 2 Grid independency analysis
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The blades were designed according to the empirical correlation equation, which is obtained by plenty of the
outstanding hydraulic models. And the four different thickness blades were proposed based on the previous research
[11]. Table 1 lists the thickness distribution from the leading
edge to the trailing edge of the blade.

2.4. Structural dynamic equation
2.4.1. The Structural dynamic equation in air
The dynamic equation with n degree freedom system as follow:
Mx  Cx  Kx  F ,

Fig. 3 Structured grid of computational domain

(1)

where: M, C, K are the matrix of mass, damping and stiffness, respectively; x, x , x are the matrix of the displacement,
velocity and acceleration; F is the matrix of external excitation force.
When the modal properties are investigated, the
structure under the free vibration condition, namely, C=0,
the basic dynamic equation of the modal properties as follow:
Mx  Kx  0.

Table 1

(2)

Thickness distribution of each scheme
Scheme

Thickness of
leading edge
(mm)

Thickness of
middle part
(mm)

Thickness
of trailing
edge (mm)

1
2
3
4

3
6
3
6

3
6
6
6

3
6
6
3

2.3. Simulation method
The steady simulation is carried out by applying
SST k-ω turbulence model in ANSYS CFX, and the water
at 25 ºC as the flow media. The impeller is set as rotational
computational domain, while the other domain set as stationary. Meanwhile, the interfaces between the stationary
domain and rotational domain are set as the frozen rotor interfaces, and the interfaces between stationary domains are
set as general grid. Furthermore, the roughness of wall is
50 μm, the boundary condition is selected as the total pressure inlet and mass flow outlet. Additionally, convergence
of the residuals is 0.00001, the high resolution is employed
as advection scheme.
The structural dynamics is employed to analyze the
strength of the impeller. The internal flow field of the steady
simulation is loaded on the blade surface, inner surface of
the shroud and hub. Further, the gravity and rotating centrifugal force are added upon the impeller. The structure of impeller is discretized into unstructured grids by ANSYS
Workbench, as shown in Fig. 4. The number of the elements
is 154702, and the node reaches 256262.

The form of the solution equation is obtained:
x  Xsin  pt  h  .

(3)

Characteristic determinant of system is calculated
as:
K  p 2 M  0.

(4)

Finally, the natural frequency of each mode can be
obtained.
2.4.1. The Structural dynamic equation in water
The Eq. (2) can only solve the modal properties in
the air, but the impeller actually rotating in the water, the
interaction is generated between fluid and structure. What is
more, when the vibration is created on the impeller, under
the effect of viscous force and inertia force, the fluid attached on the impeller vibrates together with the impeller.
Therefore, the total mass involves the vibration is increased,
which results in the vibration distribution of the impeller has
changed. Meanwhile, with the vibration of the water, the energy loss is generated in the internal flow. Hence, considering the effect of the water, the pressure is set as the unknown
variable to solve the modal properties of the impeller submerged in water.
Water compressibility wave equation is calculated
as:
1 2 p
c  2t 2

  2 p  0.

(5)

Discretizing the Eq. (5):
M f p  K f p  Ff .

(6)

Eq. (6) is substituted into Eq. (1):
Fig. 4 Unstructured grids of the impeller
 M
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  ,

K f   p   F f 

(7)
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where: c is the velocity of sound in water, Mf, ρf and Kf are
the matrix of mass, density and stiffness of additional water;
Fs, Ff are the excitation force matrix of structure and additional water; p and p are the matrix of the particle displacement and acceleration; R is the conditional matrix of fluidstructure interaction; Kr is the stiffness matrix of centrifugal
force stress.
3. Results and discussions
3.1. Analysis of the energy performance
Fig. 5 shows the energy performance curve of each
scheme, it can be found that the energy performance of the
thin blade (scheme 1) is larger than uniform thickening
blade (scheme 2) under the part-load condition (100m3/h),
while the energy performance of the increment thickness
distribution blade (scheme 3) reaches the maximum. That is,
the energy performance of the part-load condition cannot be
improved by applying the uniform thickening on blade, but
the local thickening blade can be achieved. Meanwhile, the
energy loss of the increment blade is lower than the decrement blade.

3.2. Pressure distribution
Fig. 6 presents the pressure distribution of pump
under 0.2Q, owing to the work of blade, the pressure is increasing along the flow direction, and reaches the maximum
at the outlet of volute. However, due to the difference of the
blade, the area of the high pressure at the volute is different.
It can observe that the area of high pressure by employing
the uniform thickening blade is small, while the area is increasing by applying the local thickening blade. Furthermore, the high pressure area of the scheme 3 is larger than
the scheme 4, that is, the internal flow field can be improved
by using increment thickness distribution blade, which is
benefit to transform the kinetic energy into the potential energy.

Scheme 1

Scheme 3

Scheme 2

Scheme 4

Fig. 6 Pressure distribution of pump under 0.2Q
a) The head curve under different flow rates

3.3. Structural dynamic characteristics
3.3.1. Modal properties

b) The efficiency curve under different flow rates
Fig. 5 Energy performance curves of each scheme

In order to avoid the vibration induced by resonance and ensure the self-priming pump can operate in a stability condition, the natural frequency of the blades submerged in water are analyzed, as shown in Fig. 7. It found
that the natural frequency increase smoothly within first
three modes, but rise sharply under the fourth mode. Meanwhile, the growth of natural frequency under last three
modes is slight. By comparing the natural frequency of
schemes with different thickness distribution, it can be seen
that the natural frequency of each scheme have the similar
variation trend. The natural frequency of the scheme 2 with
the uniform thickening blade is remarkable lager than other
schemes, while the natural frequency of the scheme 1 with
thinning blade reaches the minimum. At the same time, the
natural frequency of the scheme 4 is larger than the scheme
3 within first four modes, but reaches the same value at the
fifth and sixth mode. Due to the structural stiffness is improved by applying the thickening blade, the natural frequency of the thicker blade is obviously enhanced, and the
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natural frequency of the blade with decrement thickness distribution is larger than the blade with increment thickness
distribution, namely, thickening the blade leading edge is
benefit to improve the natural frequency of the impeller.
Considering the rotation speed of the impeller is 2200 r/min,
the number of blades is 6, therefore, the shaft natural frequency and the blade passing natural frequency can be obtained: shaft natural frequency is 36.7 Hz and the blade passing natural frequency is 220 Hz, which is much lower than
the natural frequency of the first mode, so it can effectively
avoid the occurrence of resonance.

Fig. 7 Natural frequency of the blades under 0.2Q

3.3.2. Equivalent stress and total deformation
Fig. 8 shows the equivalent stress distribution on
the impeller under the part-load condition, it indicates that
the equivalent stress on the impeller is uneven. Due to the
effect of the flow field pressure, the equivalent stress gradually increases from the leading edge to the trailing edge,
and reaches the maximum at the interface between the trialing edge and hub, which is consistent with the location of
fatigue failure in engineering. Meanwhile, the equivalent
stress upon the pressure surface is larger than the suction
surface. Comparing the equivalent stress of blade with different thickness distribution, it concludes that the equivalent
stress of the local thickening blade is much lower than uniform thickness blade. Hence, applying local thickening on
the blade is an effective method to decrease the equivalent
stress. Importantly, the equivalent stress of the blade with
increment thickness is lower than the decrement one. Therefore, it deduced that the fluid field can be improved by employing the increment thickness blade.
At the same time, the distribution of the total deformation as shown in Fig. 9, it illustrates that the deformation has the similar trend with the equivalent stress. The
distribution of deformation on the impeller is asymmetrical,
which is increasing with the rise of the radius, and reaches
the maximum at the hub near the trailing edge. Considering
the pressure of the flow field, the torsion and bend are generated upon the blade. Furthermore, the equivalent stress of
the scheme 1 is larger than other schemes, which result in
the deformation distribution of the scheme 1 reaches the
maximum.

Fig. 8 Equivalent stress distribution under 0.2Q

Fig. 9, a) Total deformation distribution on the shrub under 0.2Q

Fig. 9, b) Total deformation distribution on the hub under 0.2Q
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In this paper, the material of the impeller employs
the HT200, and the material properties is shown as follow:
density ρ = 7800 kg/m3, Poisson ratio μ = 0.25, elastic modulus E = 122 GPa and the allowable stress [σ] =80 MPa. In
order to ensure the pump, operate under the safety and stability condition, the stress on the impeller should less than
the allowable stress. It can be observed that the strength under the part-load condition satisfy the requirement of the
structure.
4. Experiment and verification
In order to benchmark the accuracy of the simulation result, the hydraulic performance test of the scheme 3
was conducted test bench of I level accuracy at Jiangsu University, all experiment instruments are employed after calibration, the flow rate is measured by applying the turbine
flowmeter with the precision of ± 1.0%, at the same time,
pressure sensor and torque-speed transducer with the precision of ± 0.5% are employed. According to the uncertainty
analysis of the system, the comprehensive error of pump
performance measurement is estimated to be within ±
0.71%., as shown in Fig. 10. All experiment equipment was
calibrated before operation.

1 - Motor. 2 - Torque meter. 3 - Self-priming pump. 4 - Inlet
pressure transducer. 5 - Inlet valve. 6 - Turbine flow rate
meter. 7 - Outlet valve. 8 - Outlet pressure transducer
Fig. 10 Test rig

lation, while the deviations are less than 3%. Hence, the relatively accurate simulation result can be obtained by employing reasonable grid quality and turbulence model.
5. Conclusions
In this paper, in order to ensure the operation stability of the pump under the part-load condition, the energy
performance, internal flow field and structural dynamic
characteristics of the blades with different thickness distribution under 0.2Q were theoretically and numerically investigated, and the conclusions can be obtained as follow:
1. The energy performance of the part-load condition cannot be improved by applying the uniform thickening
on blade, but the local thickening blade can be achieved.
And the internal flow field is improved by using increment
thickness distribution blade, which is benefit to transform
the kinetic energy into the potential energy.
2. The thickness distribution of blade exerts a significant role on the natural frequency of the impeller, due to
the structural stiffness is improved by applying the thickening blade, the natural frequency of the thicker blade is obviously enhanced. Meanwhile, blade passing natural frequency is much lower than the natural frequency of the first
mode, so it can effectively avoid the occurrence of resonance.
3. Compared with the equivalent stress of different thickness blade, it concluded that the equivalent stress
of the local thickening blade is much lower than uniform
thickness blade. Applying local thickening on the blade is
an effective method to decrease the equivalent stress. And
the total deformation of the impeller has the similar trend
with the equivalent stress. Considering the material of the
impeller employed the HT200, the stress on the blades are
less than the allowable stress. Thus, the strength can satisfy
the requirement of the structure.
4. The relevant test of the optimal blade was conducted to benchmark the results of the simulation, and the
deviations between test and simulation are less than 3%.
Hence, the relatively accurate simulation result can be obtained by employing reasonable grid quality and turbulence
model.
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Fig. 11 Numerical and test results of external characteristic
As shown in Fig. 11, the hydraulic performance of
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energy performance curve obtained by numerical computation is more in line with test results under part load flow
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H. Chang, W. Li, W. Shi, L. Wang, J. Liu
INFLUENCE OF BLADE THICKNESS DISTRIBUTION
ON THE STRUCTURAL DYNAMIC
CHARACTERISTICS UNDER PART-LOAD
CONDITION
Summary
Due to the internal flow field is unstable under
part-load condition, which has great influence on the structure strength of impeller. Therefore, in order to improve the
operation stability, four different thickness distribution
blades were proposed, the energy performance, internal
flow field and structural dynamic characteristics under 0.2
Q were investigated based on the CFX and Workbench. The
results show that the natural frequency is increased by thickening the blade, and the natural frequency of the blade with
decrement thickness distribution is larger than the increment
one. However, the equivalent stress of the local thickening
blade is much lower than uniform thickness blade, that is,
the internal flow field and strength of the impeller can be
obviously improved by employing the increment thickness
distribution. Finally, the test of the blade with increment
thickness distribution was conducted to benchmark the accuracy of the simulation. This research could provide reference to the improvement of blade strength characteristics
under the part-load condition.
Keywords: thickness distribution, structural dynamic characteristics, part-load condition.
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