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Abstract: To improve the hydraulic performance in an ultra-low specific speed magnetic drive pump,
optimized design of impeller based on orthogonal test was carried out. Blades number Z, bias
angle in peripheral direction of splitter blades θs, inlet diameter of splitter blades Dsi, and deflection
angle of splitter blades α were selected as the main factors in orthogonal test. The credibility of
the numerical simulation was verified by prototype experiments. Two optimized impellers were
designed through the analysis of orthogonal test data. The internal flow field, pressure fluctuation,
and radial force were analyzed and compared between optimized impellers and original impeller.
The results reveal that impeller 7 (Z = 5, θs = 0.4θ, Dsi = 0.75D2, α = 0◦) could increase the head and
efficiency, compared to the original impeller, by 2.68% and 4.82%, respectively. Impeller 10 (Z = 5, θs

= 0.4θ, Dsi = 0.55D2, α = 0◦) reduced the head by 0.33% and increased the efficiency by 8.24%. At
design flow rate condition, the internal flow of impeller 10 was the most stable. Peak-to-peak values
of pressure fluctuation at the volute tongues of impeller 7 and impeller 10 were smaller than those
of the original impeller at different flow rate conditions (0.6 Qd, 1.0 Qd and 1.5 Qd). Radial force
distribution of impeller 10 was the most uniform, and the radial force variance of impeller 10 was
the smallest.

Keywords: ultra-low specific speed magnetic drive pump; orthogonal test; splitter blades; optimized
design; pressure fluctuation; radial force

1. Introduction

With the characteristics of no leakage and compact structure, magnetic drive pumps are widely
used in aerospace, chemical, pharmaceutical, and military industries [1–4]. The efficiency of magnetic
drive pumps is usually lower than that of ordinary mechanical seal pumps. Therefore, improving its
efficiency is of great significance for saving energy and reducing environmental pollution.

In recent years, research has been conducted on the influence of splitter blades on performance
and internal flow of pumps. ХлoпеНКoB.п.р[5] improved head and efficiency by welding short blade
structures on the impeller. The research results of Kergourlay G et al. [6] found that the internal velocity
and pressure distribution of the centrifugal pump impeller with splitter blades are more uniform,
which increases the pump head by 10% to 15%. Gölcü M. [7–9] analyzed the influence of splitter blades
on the performance of deep well centrifugal pumps. The results show that the use of splitter blades
can effectively reduce energy consumption.
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Shigemitsu T. et al. [10,11] improved the design of a small centrifugal pump in the form of adding
splitter blades. It was found that the flow near the impeller outlet became uniform after the splitter
blades were used, while the efficiency of the volute increased and the vortex loss decreased.

Yuan [12–14] discussed the principle and results of adding splitter blades based on the real flow
in centrifugal pumps, the analysis results indicated that the splitter blades that deviated toward the
suction surface of ordinary blades improved pump head and efficiency, adding splitter blades in the
impeller moved the high efficiency point of the pump to the direction of large flow rate, and adding
splitter blades in a screw-type centrifugal pump could decrease the radial forces on the impeller, but
also decrease oscillations in volute as well. The influence of blade number was not considered in
the analysis.

Zhang [15,16] investigated the influences of different positions of splitter blades on the performance
of a centrifugal pump, two different splitter blade schemes were proposed: One located in the middle
of the channel and the other having a deviation angle to the suction side of the long blade. The results
showed that adding splitter blades can improve the tangential component distribution of absolute
velocity at impeller outlet, and the streamline has a better consistency with the blades shape when
splitter blades deviated to the long blade, which decreases energy loss.

Gu [17] and Cui [18] studied the effects of splitter blades on the performance and internal flow
of low specific speed centrifugal pumps. Gu [17] found that both the vorticity and energy loss were
enlarged around the volute tongue significantly after the blades passed by the cutwater, and the splitter
blades produced more energy dissipation and unsteadiness than main blades. Cui [18] found that, at
the design flow rate condition, both the efficiency and the head of the impeller with eight long blades
were higher than those of the impeller with four long blades plus four splitter blades. While Cui [18]
did not analyze the influence of deflection angle of splitter blades and bias angle in peripheral direction
of splitter blades in the impeller optimization

Guo [19], Yuan [20] analyzed the influence of splitter blades on the internal pressure fluctuation
and flow field of high-speed centrifugal pumps. Guo [19] clearly elucidated the anti-cavitation
performance and the mechanism of bubble evolution of the high-speed centrifugal pump with splitter
blades. Yuan [20] found that splitter blades obviously harmonized the turbulence kinetic energy
distribution, and the pressure fluctuations distributed more evenly in the impeller, which enhanced
the steady flow in the high-speed pump.

Jia et al. [21] carried out experiments to analyze the effect of the splitter blades on performance
characteristics of a Francis turbine, and the results obtained were compared with those with normal
blades. The results revealed that splitter blades increased the efficiency by approximately 2%, and they
reduced the pressure fluctuation in the vaneless area under high-head operating conditions.

Although scholars around the world have carried out extensive and in-depth research on the
splitter blades of ordinary centrifugal pumps, there is little research on the splitter blades of ultra-low
specific speed magnetic driven centrifugal pumps. Based on the impeller of the prototype pump
and the method of orthogonal test, nine different impellers are proposed in this paper. Blades
number Z, bias angle in peripheral direction of splitter blades θs, inlet diameter of splitter blades
Dsi, and deflection angle of splitter blades α are selected as the main factors in the orthogonal test.
Through the combination of numerical simulation and experiment, the influence of splitter blades on
the performance of the ultra-low specific speed magnetic driven centrifugal pump is studied. The
optimized impellers and the original impeller are analyzed and compared from internal flow field,
pressure fluctuation, and radial force.

2. Materials and Methods

2.1. Orthogonal Test Design

The basic parameters of the magnetic drive pump for special engineering are as follows: Design
flow rate Qd is 8 m3

·h−1, rated head Hd is 70 m, rotational speed n is 2900 r·min−1, specific speed ns is
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21, transmission medium is ethylene glycol aqueous solution, and temperature is normal. The main
hydraulic dimensions of the impeller are as follows: Impeller outer diameter D2 is 230 mm, outlet
width b2 = 5.2 mm, inlet diameter Dj is 40 mm, blade inlet placement angle is 24◦, and outlet placement
angle is 34◦. Four long blades and four short blades are evenly distributed in the impeller. The inlet
diameter of the splitter blades is 150 mm. The impeller and the internal magnetic rotor are integrated.

As the heart of the magnetic drive pump, the impeller is used to increase the pressure energy of
the liquid. Different design parameters of splitter blades affect the performance of pump. According to
previous research results, it is considered that the geometric parameters of splitter blades that affect
the performance of magnetic drive pump are: The bias angle in peripheral direction of splitter blades
θs, the inlet diameter of splitter blades Dsi, the deflection angle of splitter blades α, and the blades
number Z.

The increase of the number of blades has a great influence on the energy conversion of magnetic
drive pump. The increase of the number of blades increases the finite blade correction coefficient,
increases the head, and plays a decisive role in the performance change. Therefore, the number of
blades Z was chosen as the first factor of orthogonal test.

The bias angle in the peripheral direction of splitter blades will affect the velocity distribution in
the impeller passage, which will affect the performance of the magnetic drive pump. Therefore, the bias
angle in the peripheral direction of splitter blades θs was chosen as the second factor of orthogonal test

The inlet diameter of splitter blades is related to the action length of splitter blades. Theoretically,
the longer the splitter blades, the larger the head, so the inlet diameter Dsi of splitter blades was
selected as the third factor of the orthogonal test. The deflection angle of splitter blades α affects the
velocity distribution of the impeller outlet, which has a significant influence on the performance of the
magnetic drive pump. The deflection angle of splitter blades was selected as the fourth factor of the
orthogonal test. Four selected factors of the orthogonal test are presented in Figure 1.
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Figure 1. Schematic diagram of the four factors of the orthogonal test.

Table 1 lists three levels of the four factors in the orthogonal test. The factors of Z, θs, Dsi, and α
are expressed by code A, B, C, and D, respectively. Values of each factor are set within a certain range
of the original impeller design value.

Table 1. Level table of the orthogonal test factors.

Levels
A B C D

Z θs Dsi α (◦)

1 3 0.4θ 0.55D2 −10
2 4 0.5θ 0.65D2 0
3 5 0.6θ 0.75D2 10
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According to the selected four factors and three levels, the L9 (34) orthogonal design schemes are
established, as shown in Table 2.

Table 2. Orthogonal test schemes.

NO. A B C D
Parameter

Z θs Dsi α (◦)

1 A1 B1 C1 D1 3 0.4θ 0.55 D2 −10
2 A1 B2 C2 D2 3 0.5θ 0.65 D2 0
3 A1 B3 C3 D3 3 0.6θ 0.75 D2 10
4 A2 B1 C2 D3 4 0.4θ 0.65 D2 10
5 A2 B2 C3 D1 4 0.5θ 0.75 D2 −10
6 A2 B3 C1 D2 4 0.6θ 0.55 D2 0
7 A3 B1 C3 D2 5 0.4θ 0.75 D2 0
8 A3 B2 C1 D3 5 0.5θ 0.55 D2 10
9 A3 B3 C2 D1 5 0.6θ 0.65 D2 −10

According to orthogonal test schemes, the three-dimensional geometric models of nine impellers
were constructed with UG NX9.0. Figure 2 shows water bodies of nine impellers.

Energies 2019, 12, x FOR PEER REVIEW  4  of  21 

 

Table 2. Orthogonal test schemes. 

NO.  A  B  C  D 
Parameter 

Z  θs  Dsi  α (°) 

1  A1  B1  C1  D1  3  0.4θ  0.55 D2  –10 
2  A1  B2  C2  D2  3  0.5θ  0.65 D2  0 
3  A1  B3  C3  D3  3  0.6θ  0.75 D2  10 
4  A2  B1  C2  D3  4  0.4θ  0.65 D2  10 
5  A2  B2  C3  D1  4  0.5θ  0.75 D2  –10 
6  A2  B3  C1  D2  4  0.6θ  0.55 D2  0 
7  A3  B1  C3  D2  5  0.4θ  0.75 D2  0 
8  A3  B2  C1  D3  5  0.5θ  0.55 D2  10 
9  A3  B3  C2  D1  5  0.6θ  0.65 D2  –10 

According to orthogonal test schemes, the three‐dimensional geometric models of nine impellers 

were constructed with UG NX9.0. Figure 2 shows water bodies of nine impellers. 

     

Scheme 1  Scheme 2  Scheme 3 

     

Scheme 4  Scheme 5  Scheme 6 

     

Scheme 7  Scheme 8  Scheme 9 

Figure 2. Water bodies of impellers corresponding to orthogonal test schemes. 

2.2. Calculation Model 

The compact magnetic drive pump features a direct‐connected construction. The impeller and 

the  inner magnet are  integral and are rotating parts. The pump shaft and  the  isolation sleeve are 

integrated and are stationary parts. The structure ensures that the magnetic drive pump has a small 

size, light weight, no leakage, and reliable operation. The configuration of the magnetic drive pump 

is shown in Figure 3. 

Figure 2. Water bodies of impellers corresponding to orthogonal test schemes.



Energies 2019, 12, 4767 5 of 21

2.2. Calculation Model

The compact magnetic drive pump features a direct-connected construction. The impeller and the
inner magnet are integral and are rotating parts. The pump shaft and the isolation sleeve are integrated
and are stationary parts. The structure ensures that the magnetic drive pump has a small size, light
weight, no leakage, and reliable operation. The configuration of the magnetic drive pump is shown in
Figure 3.
Energies 2019, 12, x FOR PEER REVIEW  5  of  21 

 

 

Figure 3. Configuration of the magnetic drive pump. 1—pump shell; 2—impeller; 3—isolation sleeve; 

4—external magnetic rotor; 5—motor. 

The  computational domain of  the whole  flow  field mainly  includes  the  inlet pipe  fluid,  the 

impeller internal fluid, the pump internal fluid, the cooling circulating fluid in the pump, and the 

outlet pipe fluid. As shown in Figure 4, the inlet and outlet sections were extended appropriately in 

order to obtain stable inlet and outlet flow. 

 

Figure 4. Calculation domain of magnetic drive pump flow field. 

2.3. Mesh Generation and Independence Verification 

Hexahedral structured meshes were generated in the flow field by ANSYS‐ICEM 14.5 (ANSYS, 

Inc., Canonsburg, PA, USA). Meshes in the impeller blade wall were refined. The meshes of magnetic 

drive pump are shown in Figure 5. In order to reduce the computational load and ensure the accuracy 

of numerical calculation results, mesh independence analysis was carried out. Four groups of meshes 

with different numbers were divided, and ANSYS‐CFX 14.5 (ANSYS, Inc., Canonsburg, PA, USA) 

was used to simulate the performance at design flow rate condition. The head and efficiency were 

selected as evaluation indicators. Mesh independence analysis is shown in Table 3. When the total 

number of grids is greater than 1,254,650, the head and efficiency of the magnetic drive pump change 

little, so 1,254,650 is chosen as the number of grids for numerical simulation. 

Figure 3. Configuration of the magnetic drive pump. 1—pump shell; 2—impeller; 3—isolation sleeve;
4—external magnetic rotor; 5—motor.

The computational domain of the whole flow field mainly includes the inlet pipe fluid, the impeller
internal fluid, the pump internal fluid, the cooling circulating fluid in the pump, and the outlet pipe
fluid. As shown in Figure 4, the inlet and outlet sections were extended appropriately in order to
obtain stable inlet and outlet flow.
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2.3. Mesh Generation and Independence Verification

Hexahedral structured meshes were generated in the flow field by ANSYS-ICEM 14.5 (ANSYS,
Inc., Canonsburg, PA, USA). Meshes in the impeller blade wall were refined. The meshes of magnetic
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drive pump are shown in Figure 5. In order to reduce the computational load and ensure the accuracy
of numerical calculation results, mesh independence analysis was carried out. Four groups of meshes
with different numbers were divided, and ANSYS-CFX 14.5 (ANSYS, Inc., Canonsburg, PA, USA) was
used to simulate the performance at design flow rate condition. The head and efficiency were selected
as evaluation indicators. Mesh independence analysis is shown in Table 3. When the total number of
grids is greater than 1,254,650, the head and efficiency of the magnetic drive pump change little, so
1,254,650 is chosen as the number of grids for numerical simulation.Energies 2019, 12, x FOR PEER REVIEW  6  of  21 
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Table 3. Mesh independence analysis.

Number of Grids Head (m) Efficiency

575,681 77.84 0.3865
960,887 78.48 0.3929

1,254,650 78.94 0.4067
1,638,560 78.98 0.4065

2.4. Turbulence Model

In actual engineering, all flow problems should satisfy the laws of conservation of mass, momentum,
and energy. The fluid flow studied in this paper is a three-dimensional incompressible turbulent flow.
The turbulence model selected for numerical simulation is the SST (Shear Stress Transport) k − ωmodel,
which is a mixture of model k − ε and model k − ω. It not only has the reliability of the model k − ω
in calculating the viscous flow in the near-wall region, but also has the accuracy of the model k − ε
in calculating the free flow of the far-field head [22]. The basic governing equations of the SST k − ω
model are as follows [23,24]:

∂(ρk)
∂t

+
∂
∂xi

(ρuik) =
∂
∂xi

[(
µ+

µi

σk

)
∂k
∂xi

]
+ Pk − β

′ρkω (1)

∂(ρω)

∂t
+

∂
∂xi

(ρuiω) =
∂
∂xi

[(
µ+

µi

σk

)
∂ω
∂xi

]
+ Dm + α

ω
k

Pk − βρω
2 (2)

where β′ = 0.09, α = 5/9, β = 0.075 and σk = 2, ρ stands for density (kg·m−3), Pk represents turbulent
productivity [25,26].

2.5. Steady Computation Settings

The assembly mesh of computational domain was imported in ANSYS-CFX and calculation type
was defined as a constant calculation. The magnetic drive pump impeller was set to the rotation
domain, and the other calculation fields were set to the stationary calculation domain.

The import boundary definition was set on the inlet face of the inlet section, and the boundary
condition type was set to the static pressure inlet. The pressure was set to a standard atmospheric
pressure and the turbulence intensity was chosen to be 5%, corresponding to the moderate turbulence.
The exit boundary was defined on the exit face of the outlet extension and the boundary condition
type was set to the mass flow outlet.

The interface between the impeller rotation domain and other calculation domains was set to
the dynamic–static calculation domain interface, the type was set to frozen rotor type, and the other
interfaces were set to the static–static calculation domain interface.

The impeller speed of the magnetic drive pump was set to 2900 r/min. According to the actual
temperature of the medium delivered in the pump, the simulated medium was water and the water
temperature was set to 25 ◦C. The wall condition was set to a non-slip solid wall condition, and the
wall roughness was set to 15 µm (equivalent value of surface roughness in pump cavity). The time
item for solving the parameter was set to the automatic time step and the residual convergence value
was set to 10−5.

2.6. Test Bench for Magnetic Drive Pump

The prototype pump experiment was carried out at the special pump test bench in the National
Pump Engineering Technology Research Center of Jiangsu University. Schematic diagram of the
magnetic drive pump test bench structure is shown in Figure 6, and Figure 7 is the scene of magnetic
drive pump experiment.
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OPTIFLUX 2100 electromagnetic flowmeter was used in the magnetic drive pump test bench
to realize the instantaneous measurement of flow. Its measurement range is 0 to 30 m3

·h−1, the
measurement accuracy is less than 0.5%, and the uncertainty of the flow measurement is ±0.2%. The
WIKA S10 pressure transmitter is used to measure the instantaneous pressure at the inlet and outlet of
the pump. The range of the pressure transducer at the inlet and outlet of the pump is −1 to 1 MPa and
0 to 1.6 MPa, respectively. Its measurement accuracy is less than 0.25%, and the uncertainty of the
pressure measurement is ±0.1%.

The output signals of flow and pressure sensors are 4–20 mA current signals, which are collected
by high-speed data acquisition card and stored in PC for data processing.

3. Results and Discussion

3.1. Experimental Verification

To verify the reliability of the numerical calculation, the numerical calculation results at different
flow rate conditions were compared with the experimental data of the magnetic drive pump prototype.
The external characteristic curves drawn by the experimental data at different flow rate conditions
were compared with the ANSYS-CFX numerical simulation results, as shown in Figure 8.

From the flow-head curve, it can be seen that the simulation calculation agrees well with the
experiment near the design flow rate condition, and there are slight deviations between the numerical
calculation and the experimental results under other flow rate conditions. The reason for the deviation
may be that the stability of the flow field is poor and the boundary layer is separated under non-rated
conditions. In this condition, if numerical simulation still uses the steady flow model, the error would
occur. The simulation efficiency agrees well with the experiment efficiency near the design flow rate
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condition. In the flow rate range of 0.6 and 1.4 Qd, the maximum relative error of efficiency is 4.4%
(at 0.6 Qd). In conclusion, the general trends of the simulation and experiment results are consistent,
and the numerical simulation results of the whole flow field in the magnetic drive pump are true
and credible.
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3.2. Internal Flow Analysis of Impeller

The internal flow condition of the impeller reflects the advantages and disadvantages of the
hydraulic design. The nine impeller schemes were numerically simulated, respectively, and the internal
flow cloud diagram of the impellers at design flow rate condition are shown in Figure 9.
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From Figure 9, it can be seen that, due to the low specific speed of the compact magnetic drive
pump and the narrow inner passage of the impeller, there are vortices in the impeller of all schemes.
Schemes 1–3 have larger low-speed vortices and larger high-speed flow areas at the outlet of impellers,
resulting in worse internal flow conditions. Schemes 4–6 are similar to the internal flow condition of
the original design. Vortexes appeared on the back of the splitter blade and inside the working face of
the main blade, and the flow is not uniform. The internal flow of the impellers in Schemes 7–9 is more
uniform than that of other schemes, and there are less internal vortices. The flow condition in the flow
passage is better improved with the increase of the blades, and the energy loss is reduced. The flow
condition of Scheme 7 is optimal in all schemes, with the least impeller exit wake region and vortex.
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3.3. Range and Variance Analysis of Performance Indexes

The efficiency and head of each scheme impeller obtained by numerical simulation are shown in
Table 4, in which scheme 0 corresponds to the original design impeller.

Table 4. Efficiency and head of different scheme.

Scheme Number Head (m) Efficiency

0 77.98 0.4212
1 71.23 0.4368
2 72.78 0.4215
3 74.41 0.3743
4 76.57 0.4129
5 77.03 0.4156
6 77.75 0.4076
7 80.07 0.4415
8 77.67 0.4429
9 75.62 0.4446

The range analysis of head and efficiency was conducted based on the orthogonal test results in
Table 5. In Table 5, H represents the performance index of head (m), η represents the performance
index of efficiency in percentage, K represents the sum of the test results at the corresponding level, k
represents the average value of the test results at the corresponding level, and R represents the range
value of k.

Table 5. Range analysis of head and efficiency.

Factor Factor

A B C D A B C D

Index Z θs Dsi α Index Z θs Dsi α

H

K1 218.42 227.87 226.65 223.88

η

K1 123.26 129.12 128.73 129.7
K2 231.35 227.48 224.97 230.6 K2 123.61 128 127.9 127.06
K3 233.36 227.78 231.51 228.65 K3 132.9 122.65 123.14 123.01
k1 72.81 75.96 75.55 74.63 k1 41.09 43.04 42.91 42.23
k2 77.12 75.83 74.99 76.87 k2 41.20 42.67 42.63 42.35
k3 77.78 75.93 77.17 76.22 k3 44.3 40.88 41.05 41.00
RH 4.97 0.13 2.18 2.24 Rη 3.21 2.16 1.86 1.35

According to the principle of the orthogonal test, the influence of the factors on the result is
directly proportional to the magnitude of the range. Therefore, the sequence of factors affecting the
head of the magnetic drive pump is ADCB, namely, blades number, deflection angle, inlet diameter
of splitter blades, and bias angle in the peripheral direction. The sequence of factors affecting the
efficiency of the magnetic drive pump is ABCD, namely, blades number, bias angle in the peripheral
direction, inlet diameter of splitter blades, and deflection angle. The effects of various factors on head
and efficiency are shown in Figures 10 and 11, respectively.
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The influence of each factor level on the performance of the magnetic drive pump is as follows:

(1) For factor A, the head increases with the increase of the number of blades. The head increases
sharply from A1 to A2, while the head increases slowly from A2 to A3. The head reaches the
maximum at A3. The efficiency increases with the increase of the number of blades. Efficiency
increases slowly from A1 to A2, while the efficiency curve increases sharply from A2 to A3. The
efficiency at A3 is the highest. Considering the influence of factor level on head and efficiency, A3

(the number of blades Z = 5) is the best choice.
(2) For factor B, the change of bias angle in the peripheral direction has no obvious effect on head.

The efficiency decreases gradually with the increase of bias angle in the peripheral direction. The
efficiency reaches the highest when the bias angle is 0.4θ(B1). Therefore, it is reasonable to select
the bias angle of 0.4θ.

(3) For factor C, the head is the highest at C3 (the inlet diameter of splitter blades Dsi = 0.75D2), while
the efficiency is the lowest at C3. The head at C1 (the inlet diameter of splitter blades Dsi = 0.55D2)
is slightly lower than that at C3, while the efficiency at C1 is the highest. If more consideration
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is given to head, C1 is chosen. If the head at C1 and C3 has met the design requirements, C3 is
more energy-saving.

(4) For factor D, the variation trend of the head curve and efficiency curve is basically the same.
When the deflection angle of splitter blades is 0◦ (D2), the head and efficiency both reaches the
maximum; therefore, the best deflection angle was 0◦.

The Taguchi method and ANOVA (Analysis of Variance) were applied to find the proportion of
the influence of each orthogonal factor on the performance indexes. The Taguchi method is an optimal
design method based on the orthogonal test, which was proposed by Dr. Taguchi of Japan. The Taguchi
method can optimize the design of multiple objectives. Through the establishment of the orthogonal
test table and the ANOVA of the orthogonal test results, the best combination of design parameters can
be obtained with the least number of tests [27,28]. Analysis of variance of factors is conducted based
on orthogonal test results (Tables 4 and 5), and the analysis results are given in Table 6.

Table 6. Variance of each factor and percentage of influence on performance indexes.

Factors
Head Efficiency

Variance Value Influence Ratio (%) Variance Value Influence Ratio (%)

A (Z) 4.857 73.602 2.214 51.972
B (θs) 0.003 0.046 0.890 20.892
C (Dsi) 0.854 12.941 0.670 15.728
D (α) 0.885 13.411 0.486 11.408
Sum 6.599 100 4.26 100

As can be seen in Table 6, factor A (73.602%) has the decisive influence on head. Factor D (13.411%)
and factor C (12.941%) influence the head greatly, while factor B (0.046%) has the least influence on
the head.

The results of variance analysis show that the influence proportion of each factor on efficiency are:
Factor A (51.972%), factor B (20.892%), factor C (15.728%), and factor D (11.408%), respectively.

Factor A has a greater influence on both head and efficiency than other factors. For factor C, the
influence ratio on efficiency (15.728%) is higher than the influence on head (12.941%).

Based on the Taguchi method, combined with the data in Tables 5 and 6, two sets of optimized
impeller combinations are obtained. The combination of A3B1C3D2 has the best head, while
the combination of A3B1C1D2 has the best efficiency. Table 7 lists the parameters of the two
optimized impellers.

Table 7. Parameters of the two optimized impellers.

Combination
Parameter

Z θs Dsi α (◦)

A3B1C3D2 5 0.4 θ 0.75 D2 0
A3B1C1D2 5 0.4 θ 0.55 D2 0

The above analysis shows that the better design schemes of split blades is A3B1C3D2 and A3B1C1D2.
A3B1C3D2 is Scheme 7 of the orthogonal test. The combination scheme of A3B1C1D2 did not appeared
in the test schemes, and is newly named as Scheme 10. Modeling and numerical simulation of Scheme
10 was conducted. Figure 12 is the water body model of the impeller of Scheme 10, and Figure 13 is its
inner flow cloud diagram. It could be seen that the inner vortex of the impeller of Scheme 10 is less
and the streamline is more stable than that of Scheme 7 (shown in Figure 9).
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Comparisons of impeller performance between Scheme 7 (Z = 5, θs = 0.4θ, Dsi = 0.75D2, α = 0◦)
and Scheme 10 (Z = 5, θs = 0.4θ, Dsi = 0.55D2, α = 0◦) is shown in Figure 14. The head of Scheme 10 is
77.12 m, which is lower than that of Scheme 7 (80.07 m). The efficiency of Scheme 10 is 45.59%, which
is higher than that of Scheme 7 (44.15%). Scheme 7 increases the head and efficiency by 2.68% and
4.82%, respectively. Scheme 10 reduces the head by 0.33% and increases the efficiency by 8.24%. The
data shows that the decrease of inlet diameter of splitter blades improves the flow condition inside the
impeller, reduces the energy loss, and improves the efficiency.
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3.4. Analysis of Pressure Fluctuation

Pressure fluctuation is the main factor affecting the stable operation of the pump. The transient
numerical calculation of the whole flow field of the magnetic drive pump was carried out. A pressure
fluctuation monitoring point was set at the volute tongue. The location of the monitoring point is shown
in Figure 15. The steady calculation results were taken as the initial condition of transient calculation.
Because the rated speed of the impeller is 2900 r/min, considering the economy of calculation, the final
time step was 1.7241 × 10−4 s, namely, the impeller rotated 3◦ per time step.

Energies 2019, 12, x FOR PEER REVIEW  15  of  21 

 

 

Figure 14. Performance comparison of impeller 7 and impeller 10. 

3.4. Analysis of Pressure Fluctuation 

Pressure fluctuation is the main factor affecting the stable operation of the pump. The transient 

numerical calculation of the whole flow field of the magnetic drive pump was carried out. A pressure 

fluctuation monitoring point was set at the volute tongue. The  location of the monitoring point  is 

shown  in Figure 15. The steady calculation results were  taken as  the  initial condition of  transient 

calculation.  Because  the  rated  speed  of  the  impeller  is  2900  r/min,  considering  the  economy  of 

calculation, the final time step was 1.7241 × 10−4 s, namely, the impeller rotated 3° per time step. 

 

Figure 15. Location of monitoring point. 

The pressure fluctuation of the original impeller, impeller 7, and impeller 10 at different flow 

rate conditions (0.6 Qd, 1.0 Qd and 1.5 Qd) in one period is presented in Figure 16. It can be seen from 

Figure 15. Location of monitoring point.



Energies 2019, 12, 4767 16 of 21

The pressure fluctuation of the original impeller, impeller 7, and impeller 10 at different flow
rate conditions (0.6 Qd, 1.0 Qd and 1.5 Qd) in one period is presented in Figure 16. It can be seen
from Figure 16 that the instantaneous low pressure appears in the original impeller, and the pressure
fluctuation of the original impeller is the most disordered. The peak-to-peak values of pressure
fluctuation of impellers 7 and 10 are smaller than those of the original impeller.

At small flow rate condition (0.6 Qd), the pressure fluctuation amplitudes of the three impellers
are close. The pressure fluctuation of impellers 7 and 10 are more stable than those of the original
impeller at design and large flow rate conditions, and the average pressure values of impellers 7 and
10 are higher than those of the original impeller. The pressures of impellers 7 and 10 are higher than
those of the original impeller, which bring higher heads to the magnetic drive pump.

Comparing the pressure fluctuation of impellers 7 and 10 further, the peak-to-peak value of
impeller 10 is slightly smaller than that of impeller 7 at small flow rate condition (0.6 Qd), and the
pressure fluctuation performance of impeller 10 is more stable. At design flow rate condition (1.0
Qd), the average pressure amplitude of impeller 10 is slightly smaller than that of impeller 7, which is
consistent with the conclusion of the higher head of impeller 7 mentioned above. At large flow rate
condition (1.5 Qd), the pressure fluctuation of impeller 7 is the most consistent with that of impeller 10,
and the fluctuation amplitude, maximum peak value, and minimum peak value are close to each other.
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3.5. Analysis of Radial Force

The radial forces of the original impeller, impeller 7, and impeller 10 at different flow rate
conditions are shown in Figure 17. It can be seen from the figure that the radial force amplitudes of the
three impellers are similar at different flow rate conditions, and the radial force gradually decreases as
the flow rate increases. By comparison, the radial force circumferential distribution of impeller 10 is
the most uniform at each flow rate condition.
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The variance analysis of the radial forces of different impellers was carried out. Figure 18 shows
the variance histograms of the three impellers at different flow rate conditions. It could be seen
from the figure that impeller 10 has the smallest variance and impeller 7 has the largest variance at
different flow rate conditions, so the radial force distribution of impeller 10 is the most stable among
the three impellers.
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4. Conclusions and Future Work

With the characteristics of electromagnetic transmission, no leakage, and compact structure,
magnetic drive pumps are widely used in aerospace, chemical, pharmaceutical, and military industries.
The efficiency of magnetic drive pumps is usually lower than that of ordinary mechanical seal pumps.
To improve the performance of an ultra-low specific speed magnetic drive pump, combining numerical
simulation with experiment, the optimized design of the impeller was carried out. The blades number
Z, the bias angle in the peripheral direction of splitter blades θs, the inlet diameter of splitter blades Dsi,
and the deflection angle of splitter blades α were taken as the main factors in the orthogonal test, and
two sets of better impeller design parameters were found. The optimized impellers and the original
impeller were compared in internal flow, pressure fluctuation, and radial force. The accuracy of the
numerical simulation was verified by prototype experiments. In the flow rate range of 0.6 Qd and 1.4
Qd, the maximum relative errors of head and efficiency were 2.1% and 4.4%, respectively. The main
conclusions were drawn as follows:

(1) The factors affecting the head of magnetic drive pump in descending order were: Blades number,
deflection angle, inlet diameter of splitter blades, and bias angle in the peripheral direction. The
factors affecting efficiency in descending order were: Blades number, bias angle in the peripheral
direction, inlet diameter of splitter blades, and deflection angle.

(2) Impeller 7 (Z = 5, θs = 0.4θ, Dsi = 0.75D2, α = 0◦) increased the head and efficiency by 2.68% and
4.82%, respectively. Impeller 10 (Z = 5, θs = 0.4θ, Dsi = 0.55D2, α = 0◦) reduced the head by 0.33%
and increases the efficiency by 8.24%.

(3) At small flow rate condition (0.6 Qd), the pressure fluctuation amplitudes of the three impellers
were close. At design flow rate condition (1.0 Qd) and large flow rate condition (1.5 Qd), the
pressure fluctuations of impeller 7 and impeller 10 were more stable than that of the original
impeller, and the average pressure of each new impeller was higher than that of the original
impeller, respectively.

(4) At flow rate conditions of 0.6, 1.0, and 1.5 Qd, impeller 10 had the smallest radial force variance,
and its radial force distribution was more stable than those of the original impeller and impeller 7.
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This paper did not analyze the disk energy loss and axial force distribution of the optimized
impellers. In the future, numerical simulation and experiments will be combined to further analyze
the performance of optimized impellers. In addition, how to reduce the noise and vibration of the
magnetic driven centrifugal pump is the next research direction.
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