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Abstract: An impeller blade with a slot structure can affect the velocity distribution in the impeller
flow passage of the centrifugal pump, thus affecting the pump’s performance. Various slot structure
geometric parameter combinations were tested in this study to explore this relationship: slot position
p, slot width b1, slot deflection angle β, and slot depth h with (3–4) levels were selected for each factor
on an L16 orthogonal test table. The results show that b1 and h are the major factors influencing pump
performance under low and rated flow conditions, while p is the major influencing factor under the
large flow condition. The slot structure close to the front edge of the impeller blade can change the
low-pressure region of the suction inlet of the impeller flow passage, thus improving the fluid velocity
distribution in the impeller. Optimal slot parameter combinations according to the actual machining
precision may include a small slot width b1, slot depth h of 1

4 b, slot deflection angle β of 45◦–60◦, and
slot position p close to the front edge of the blade at 20–40%.

Keywords: blade slot; orthogonal test; numerical simulation; centrifugal pump

1. Introduction

The pumps are classified as general machinery with varied applications [1–5]. Blade slotting
was first used in the aviation industry to improve the separation of airflow over the wings [6]. Blade
slotting technologies work by allowing the pressure difference to be adjusted between two sides of an
airfoil so that gas on the high-pressure side flows through the slot, thus forming a jet upon reaching the
low-pressure side. This jet effectively delays the separation of the boundary layer of the airfoil surface
and increases the airfoil head coefficient to improve overall airfoil properties [7–9]. The effects of
various slot parameters on the performance of blade centrifugal pump represent significant information
for engineers.

Many scholars have investigated the effects of slotting technology on the mechanical performance
of impellers. Tang et al. [10], for example, carried out a numerical simulation using the three-dimensional
(3D) uncompressible Navier–Stokes equation to determine the influence of the slot position and slot
width on the centrifugal fan performance. They found that the efficiency and total pressure of the
slotted impeller improved under the design conditions; noise was also reduced as the performance
under non-design conditions improved. Huang et al. [11] optimized slotting long and short blade
impeller parameters based 3D, incompressible Navier–Stokes equations and a k-$ turbulence model
followed by a prototype test; they concluded that the slotting technique improves blower performance.
Wang et al. [12] used the RNG k-ε model to simulate the multiphase flow in a centrifugal pump with
a slotted blade structure. They found that an opening near the blade inlet improves the cavitation

Energies 2020, 13, 1628; doi:10.3390/en13071628 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-2525-3093
http://www.mdpi.com/1996-1073/13/7/1628?type=check_update&version=1
http://dx.doi.org/10.3390/en13071628
http://www.mdpi.com/journal/energies


Energies 2020, 13, 1628 2 of 17

performance of the medium-low specific speed centrifugal pump. Ye [13] studied the effects of slotted
blades on the centrifugal efficiency, head, and internal flow field of a pump; the blade slot was found
to increase the head and flow of the pump under high flow conditions. Gao et al. [14] determined
the loss of pressure and coefficient of heat transfer in the slotted turbine blade of a trailing edge by
numerical simulation and experimental verification; they also analyzed the effects of slotting on the
flow and heat transfer characteristics of the surface. Xing [15] studied the effects of long and short
blades on the internal flow field and impeller performance of pumps using the numerical simulation
method. Yuan [16] found that the use of splitter blades effectively improves the performance of
low specific speed centrifugal pumps. Kergourlay et al. [17] used the unsteady Reynolds average
Navier–Stokes (URANS) method to study the effect of blade slotting on the flow field in a centrifugal
pump. An impeller with a slotted structure was found to make the circumferential speed and pressure
distribution more uniform while slightly improving the pump performance. Gölcü et al. [18] found
that a slotted-blade impeller is less loaded than the impeller without a slotted blade.

There has been a great deal of research on slotting the blades of low specific speed centrifugal
pumps [12,13,19], but previously published techniques have certain limitations due to the sole analysis
of a single condition. In an effort to systematically explore the effects of slotted blades on the
performance of centrifugal pumps, the present study was conducted to test four parameters: slotted
blade position, slotting width, slotting angle, and slotting depth. The effects of various combinations of
different parameters on the performance of medium specific speed centrifugal pumps were explored
accordingly via orthogonal design.

2. Numerical Simulation Method

2.1. Computation Model

A medium specific speed centrifugal pump with a speed ratio of ns = 85 was selected to study the
effects of blade slotting on the pump performance. The specific speed is formulated as follows:

ns =
3.65n

√
Q

H3/4
(1)

where, n is the rotating speed (r/min), Q is the rated point flow rate (m3/s), and H is the rated point
head (m).

The main design parameters of the pump are shown in Table 1.

Table 1. Main design parameters of centrifugal pump.

Design Parameter Value

Rated point head 35 m
Rated point flow 50 m3/h
Impeller speed 2850 r/min

Impeller inlet diameter 74 mm
Impeller outlet diameter 174 mm

Impeller outlet width 12 mm
Blade wrap angle 108◦

Blade exit angle 31◦

Blade inlet placement angle 37.5◦

Volute base diameter 184 mm
Spiral inlet width 20 mm

The total flow field was computed to consider the effects of ring clearance leakage on the pump’s
performance. As shown in Figure 1, the computational domains in this case include the inlet section,
impeller, pump cavity, volute, and outlet section, wherein the pump cavity portion includes the front
and ring cavities. The extension lengths of the inlet and outlet sections in the computational domain
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were set to four times the diameters of the inlet and outlet pipes, respectively, to ensure a sufficient
flow development.
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Figure 1. Simulation pump model. 1. Inlet section; 2. pump cavity; 3. impeller; 4. volute; 5. outlet
section; 6. front cavity and 7. rear cavity.

2.2. Meshing

Commercial ANSYS-ICEM17.0 software was utilized to mesh various computational domains.
As the structured meshes only contained quadrilaterals or hexahedrons in this case, their topological
structure was equivalent to a uniformly orthogonal mesh within a rectangular domain. Accordingly,
the nodes on each layer of the mesh lines can be effectively adjusted to ensure a high quality [20–24].
The overall computational domain was structured and meshed and the boundary layer of the meshes
in the vicinity of the near wall of the blade was refined. The quality of meshes within all computational
domains was above 0.35 (Figure 2).
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The efficiency, head, and power of the rated point of the pump were considered indexes for
mesh independence verification of the unslotted centrifugal pump model. The global maximum mesh
size was used to control the mesh density of each computational domain. Local meshes within each
computational domain were specifically refined to ensure the desired mesh quality. The meshing
results are shown in Table 2.

Table 2. Analysis of the grid independent.

Case Global Maximum
Mesh Size/mm

Total Number
of Grids Efficiency/% Head/m Power/kW

1 3 1,269,483 78.5 36.22 6.25
2 2 1,688,511 78.93 36.18 6.24
3 1 4,760,103 79.31 36.33 6.24

Figure 3 shows the effects of the number of meshes in different cases on the head, power, and
efficiency of the simulated pump. A numerical calculation on a mesh with a global mesh size of 2 mm
was conducted with both the computational cycle and computational accuracy taken into account.
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2.3. Computational Cases and Boundary Conditions

Numerical calculations were performed in ANSYS-CFX19.2 software (ANSYS CFX. 19.2” ANSYS
CFX 19.2 Documentation. 2019). The turbulence model in this case was a standard k-ω turbulence
model. The computational impeller domain was set to a rotational domain and all other computational
domains were set to static. Data transfer at the interface between the static domains and the rotational
domains was achieved by the frozen rotor method.

To consider the effects of the impeller cover plate on the flow, all other inner wall surfaces within
the pump cavity excluding those in contact with the impeller outlet surface were set to a rotational wall
surface. The roughness of each computational domain surface was set to 10 µm to observe the effects
of the material on the internal flow characteristics of the pump. The boundary conditions were set to
pressure inlet and mass outflow. The reference pressure was set to a standard atmospheric pressure,
the wall surface was placed under a non-slip boundary condition, and a standard wall surface function
was used with the convergence accuracy set to 10−4.

2.4. Orthogonal Design of Blade Slots

To explore the effects of blade-slotting on the medium specific speed pump systematically, four
factors including the slotting position, slotting width, slotting depth, and slotting angles of the blades
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were studied via the orthogonal design method. The orthogonal design method is a scientific design
technique wherein test plans are reasonably arranged to determine the main factors that influence
certain indexes within a brief testing time [25]. Many researchers have used orthogonal designs to
study the performance of centrifugal pumps [26–29]. Considering the time and cost burdens of the
test, the geometrical factors of the slots as they affect pump performance were observed in this study
by combining CFD technology with an orthogonal design.

2.5. Determining the Test Factors

As discussed above, four sets of geometric parameters were taken as test factors: slot position p
slot width b1, slot deflection angle β and slot depth h (Figure 4). Slot position p is the position of the
slot on the blade. Based on the arc length of the blade profile, four uniform levels were taken from the
inlet edge of the blade to the outlet edge of the blade: 20%p, 40%p, 60%p, and 80%p. Three levels of
the slot width b1 were selected: 0.5 mm, 1 mm, and 1.5 mm. As shown in Figure 4, the angle β is the
included angle between the slot and the tangent line of the blade in the slot position. The deflection
angle of the slot relates to the effects of the slot jet on the liquid flow in the flow passage. Three angles
were tested: 30◦, 45◦, and 60◦. The slot depth h is the axial distance from the inner surface of the front
cover plate, relative to the blade outlet width b. Three depths were selected: 1/4 b, 2/4 b, and 3/4 b.
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Figure 4. The schematic diagram of the gap geometry parameters.

As shown in Table 3, the L16 orthogonal table was selected for these four factors.

Table 3. Factor level table.

Orthogonal Design Case A B C D

p b1/mm β/◦ h/mm

1 20% 0.5 30 1/4b
2 40% 1 30 2/4b
3 60% 1.5 30 3/4b
4 80% 0.5 30 1/4b
5 60% 1 45 1/4b
6 80% 0.5 45 2/4b
7 20% 0.5 45 3/4b
8 40% 1.5 45 1/4b
9 80% 1.5 60 1/4b

10 60% 0.5 60 2/4b
11 40% 0.5 60 3/4b
12 20% 1 60 1/4b
13 40% 0.5 30 1/4b
14 20% 1.5 30 2/4b
15 80% 1 30 3/4b
16 60% 0.5 30 1/4b
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3. Analysis of Numerical Simulation Results

3.1. Test Verification

To validate the numerical simulation method used in this study, the original model was tested.
As shown in Figure 5, the test rig is an open-type system, which is composed of two parts, namely,
the data acquisition system and the water circulation system. The DN100 electromagnetic flowmeter
whose maximum allowable error is ±0.5% was used to measure the flow rate Q. The valve of the pump
inlet pipeline was fully opened during the test and the flow condition points were collected through
the pump outlet pipeline valve. To secure a smooth external characteristic curve during the collection
process, recording was performed at an interval of 5 m3/h from the shutoff point to the large flow
condition point for a total of 17 operating points.
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Figure 5. Schematic diagram of the test rig. 1. Motor; 2. torque meter; 3. centrifugal pump; 4. outlet
pipeline pressure section; 5. DN100 electromagnetic flowmeter; 6. outlet pipeline valve; 7. water tank;
8. inlet pipeline valve and 9. inlet pipeline pressure section.

Table 4 shows the pump performance test results. As the rotational speed of the pump was not
constant at 2850 r/min during actual operation, for an effective comparison against the numerical
calculation results, the external characteristic data of the pump was converted to a rated speed of
2850 r/min according to the rules of similarity theory.

Table 4. Pump performance test results.

Q/(m3/h) Inlet Pressure/kPa Outlet Pressure/kPa h/m P/kW η/%

0.11 113.05 505.17 36.62 2.42 0.46
5.04 109.31 505.44 37.05 2.68 18.98
9.64 106.77 506.24 37.47 3.04 32.32
15.06 105.82 506.46 37.67 3.51 44.01
19.55 104.97 504.31 37.75 3.87 51.93
23.95 103.92 501.57 37.79 4.26 57.87
28.54 102.59 496.04 37.60 4.56 64.10
33.59 100.92 487.67 37.25 4.97 68.46
38.46 98.98 475.52 36.61 5.27 72.68
43.13 97.04 459.79 35.73 5.64 74.34
48.05 94.37 441.22 34.57 5.99 76.60
52.94 91.84 417.51 33.06 6.22 76.56
57.80 89.16 391.54 31.29 6.43 76.54
62.41 85.86 364.43 29.53 6.67 75.20
67.05 82.86 330.38 27.12 6.87 72.02
69.51 80.99 276.46 22.51 6.81 62.51
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Figure 6 shows a comparison between the test-based and simulated pump performance indicators.
To completely reflect the external characteristic variation curve from the shutoff point to the maximum
flow condition during the pump test, eight flow condition points were simulated from 0.1Q to 1.4Q.
The numerical simulation results accurately predicted the external characteristic curve of the pump
within the whole range of operating conditions as observed in the test. The relative errors in the head,
efficiency, and power of the rated operating points were 4.4%, 2.95%, and 4%, respectively. All were
smaller than 5%, which indicates that the numerical simulation method was accurate. Further, these
results suggest that the orthogonal design case accurately reflects slotting effects numerically.

Energies 2020, 13, x FOR PEER REVIEW 7 of 18 

 

67.05 82.86 330.38 27.12 6.87 72.02 
69.51 80.99 276.46 22.51 6.81 62.51 

Figure 6 shows a comparison between the test-based and simulated pump performance 
indicators. To completely reflect the external characteristic variation curve from the shutoff point to 
the maximum flow condition during the pump test, eight flow condition points were simulated from 
0.1Q to 1.4Q. The numerical simulation results accurately predicted the external characteristic curve 
of the pump within the whole range of operating conditions as observed in the test. The relative errors 
in the head, efficiency, and power of the rated operating points were 4.4%, 2.95%, and 4%, 
respectively. All were smaller than 5%, which indicates that the numerical simulation method was 
accurate. Further, these results suggest that the orthogonal design case accurately reflects slotting 
effects numerically. 

0 10 20 30 40 50 60 70 80
0

10

20

30

40

50

 Simulation_h
 Experiment_h

h/
m

Q/(m3/h)

0

20

40

60

80

100

η/
%

 Simulation_η
 Experiment_η

0

2

4

6

8

10

 Simulation_P
 Experiment_P

P/
kW

 
Figure 6. Comparison of test and numerical results. 

3.2. Direct Analysis of Orthogonal Design Case 

Sixteen sets of orthogonal design cases were used in this study. Prototyping all of them would 
be costly and time-consuming, so considering the accuracy of the numerical calculation method, the 
full flow field numerical simulation method was selected as the research tool for this orthogonal 
design. To observe the effects of slotting on the performance of the medium specific speed centrifugal 
pump, full flow field numerical simulations were conducted at four operating condition points: 0.6Q, 
0.8Q, 1.0Q, 1.2Q, and 1.4Q for 16 sets of slotted impellers in conjunction with the volutes. 

This study centers on the effects of different slotting cases on pump performance. Tables 5–7 
show the numerical simulation results of 0.6Q, 1.0Q, and 1.4Q, respectively. The orthogonal test data 
was processed to assess the main factors influencing the pump head and efficiency in the slotted 
blade case [18]. The range analysis method was used to observe the effects of the levels of the factors 
at 0.6Q, 1.0Q, and 1.4Q operating conditions on the pump’s performance. 

  

Figure 6. Comparison of test and numerical results.

3.2. Direct Analysis of Orthogonal Design Case

Sixteen sets of orthogonal design cases were used in this study. Prototyping all of them would be
costly and time-consuming, so considering the accuracy of the numerical calculation method, the full
flow field numerical simulation method was selected as the research tool for this orthogonal design. To
observe the effects of slotting on the performance of the medium specific speed centrifugal pump, full
flow field numerical simulations were conducted at four operating condition points: 0.6Q, 0.8Q, 1.0Q,
1.2Q, and 1.4Q for 16 sets of slotted impellers in conjunction with the volutes.

This study centers on the effects of different slotting cases on pump performance. Tables 5–7 show
the numerical simulation results of 0.6Q, 1.0Q, and 1.4Q, respectively. The orthogonal test data was
processed to assess the main factors influencing the pump head and efficiency in the slotted blade
case [18]. The range analysis method was used to observe the effects of the levels of the factors at 0.6Q,
1.0Q, and 1.4Q operating conditions on the pump’s performance.
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Table 5. 0.6Q numerical simulation results.

Case 1 2 3 4 5 6 7 8

h/m 39.3 38.85 38.59 38.89 38.69 39.19 38.57 38.43
η/% 65.98 65.57 62.76 66.39 66.48 66.05 66.15 66.07

P/kW 4.87 4.84 5.03 4.79 4.76 4.85 4.77 4.76

Case 9 10 11 12 13 14 15 16

h/m 39.12 38.95 38.81 39.29 39.23 38.48 38.85 39.15
η/% 66.17 65.32 65.42 65.46 66.14 64.79 64.1 66.15

P/kW 4.83 4.87 4.85 4.91 4.85 4.86 4.95 4.84

Case Original Model

h/m 38.5
η/% 67.28

P/kW 4.68

Table 6. 1.0Q numerical simulation results.

Case 1 2 3 4 5 6 7 8

h/m 35.9 35.1 32.8 35.9 35.3 35.9 35.6 35.2
η/% 78.6 77.9 74.5 78.5 78 78.3 78.4 77.8

P/kW 6.2 6.1 5.9 6.2 6.2 6.2 6.2 6.2

Case 9 10 11 12 13 14 15 16

h/m 35.4 35.6 35.3 35.8 35.7 35.6 35.2 35.8
η/% 78.3 78.2 78.2 78.4 78.5 78.2 77 78.4

P/kW 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2

Case Original Model

h/m 36.18
η/% 78.93

P/kW 6.24

Table 7. 1.4Q numerical simulation results.

Case 1 2 3 4 5 6 7 8

h/m 30.15 28.85 25.61 30.05 28.52 29.76 30.12 28.49
η/% 77.86 76.23 70.49 77.72 76.13 76.82 77.83 75.93

P/kW 7.39 7.21 6.93 7.37 7.15 7.38 7.38 7.17

Case 9 10 11 12 13 14 15 16

h/m 28.72 29.44 29.22 30.04 29.99 30.05 27.34 29.65
η/% 76.26 76.63 76.78 77.79 77.75 77.69 73.99 77.29

P/kW 7.18 7.33 7.26 7.37 7.36 7.37 7.04 7.32

Case Original model

h/m 30.05
η/% 77.09

P/kW 7.43

In the case of a greater range, different levels of a given factor lead to a larger amplitude of
variations in the test indicators. To this effect, the factor corresponding to the maximum range was
the most important factor. Ki(i = 1,2,3,4) denotes the sum of the tests of the same level in any of the
columns in Table 3, where i corresponds to different levels of the same factor, ki = Ki/n denotes the
arithmetic mean value of different levels of the same factor, n denotes the number of occurrence of the
same level in any of the columns in the table, and R = max(k1, k2, k3, k4) − min(k1, k2, k3, k4) denotes the
range. A range analysis of 0.6Q are shown in Tables 8 and 9.
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Table 8. 0.6Q head analysis.

h/m A B C D

K1 155.64 312.09 311.34 312.1
K2 155.32 155.68 154.88 155.47
K3 155.38 154.62 156.17 154.82
K4 156.05 - - -
k1 38.91 39.01 38.92 39.01
k2 38.83 38.92 38.72 38.87
k3 38.85 38.66 39.04 38.71
k4 39.01 - - -

R 0.18 0.36 0.32 0.31

Table 9. 0.6Q efficiency analysis.

h/m A B C D

K1 262.38 527.6 521.88 528.84
K2 263.2 261.61 264.75 261.73
K3 260.71 259.79 262.37 258.43
K4 262.71 - - -
k1 65.59 65.95 65.24 66.105
k2 65.8 65.40 66.19 65.43
k3 65.18 64.95 65.59 64.61
k4 65.68 - - -

R 0.62 1.00 0.95 1.50

The primary and secondary geometric parameters of slots influencing the pump performance at
0.6Q were obtained as shown in Table 10.

Table 10. The order of influence of the gap geometry parameters on pump performance at 0.6Q.

Index Major Factor −→ Secondary Factor

h/m b1 β h p

η/% h b1 β p

A range analysis of 1.0Q are shown in Tables 11 and 12.

Table 11. 1.0Q head analysis.

h/m A B C D

K1 142.9 285.7 282 285
K2 141.3 141.4 142 142.2
K3 139.5 139 142.1 138.9
K4 142.4 - - -
k1 35.73 35.71 35.25 35.63
k2 35.34 35.35 35.5 35.55
k3 34.89 34.75 35.53 34.73
k4 35.6 - - -

R 0.85 0.96 0.28 0.9
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Table 12. 1.0Q efficiency analysis.

h/m A B C D

K1 313.6 627.1 621.6 626.5
K2 312.4 311.3 312.5 312.6
K3 309.1 308.8 313.1 308.1
K4 312.1 - - -
k1 78.4 78.39 77.7 78.313
k2 78.1 77.83 78.13 78.15
k3 77.28 77.2 78.28 77.03
k4 78.03 - - -

R 1.13 1.19 0.58 1.29

The primary and secondary geometric parameters of slots influencing the pump performance at
1.0Q were obtained as shown in Table 13.

Table 13. The order of influence of the gap geometry parameters on pump performance at 1.0Q.

Index Major Factor −→ Secondary Factor

h/m b1 h p β

η/% h b1 p β

A range analysis of 1.4Q are shown in Tables 14 and 15.

Table 14. 1.4Q head analysis.

h/m A B C D

K1 120.36 238.38 231.69 235.61
K2 116.55 114.75 116.89 118.1
K3 113.22 112.87 117.42 112.29
K4 115.87 - - -
k1 30.09 29.79 28.96 29.45
k2 29.14 28.69 29.22 29.53
k3 28.31 28.22 29.36 28.07
k4 28.97 - - -

R 1.79 1.58 0.39 1.45

Table 15. 1.4Q efficiency analysis.

h/m A B C D

K1 311.17 618.68 609.02 616.73
K2 306.69 304.14 306.71 307.37
K3 300.54 300.37 307.46 299.09
K4 304.79 - - -
k1 77.79 77.3 76.12 77.09
k2 76.67 76.03 76.67 76.84
k3 75.13 75.09 76.86 74.77
k4 76.19 - - -

R 2.66 2.24 0.74 2.32

The primary and secondary geometric parameters of slots influencing the pump performance at
1.4Q were obtained as shown in Table 16.
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Table 16. The order of influence of the gap geometry parameters on pump performance at 1.4Q.

Index Major Factor −→ Secondary Factor

h/m p b1 h β

η/% p h b1 β

Range analyses of the operating condition points, 0.6Q, 1.0Q, and 1.4Q indicated that the slot
width and depth under the small flow conditions and rated conditions have the greatest effects on the
pump head and efficiency among the parameters tested. The slot position appeared to have little effect
on the performance of the pump under small flow conditions. In the case of large flow conditions,
however, the slot position had a greater effect on pump performance than any other parameter.

To analyze the effects of the changes in factor levels on the pump performance more intuitively,
a trend variation chart was plotted with the head and efficiency of the pump as indicators. As shown
in Figure 7, the head h0.6Q was the largest when the blade slotting position p was close to the outlet
side and the slot deflection angle β was the smallest under the small flow condition 0.6Q. The head
h0.6Q decreased progressively as slot width b1 and the slot depth h increased, and an inflection point
emerged on the curve of the head h0.6Q as slot position p varied. Based on the steepness of the curve
variation trend, the primary and secondary factors influencing the head h0.6Q were slot width b1, slot
deflection angle β, slot depth h, and slot position p, respectively. This result was consistent with the
range analysis results. The efficiency η0.6Q also increased as b1 and h decreased. The efficiency η0.6Q

curve trend also presented an inflection point with the changes in the slot position. Based on the trend
graph, in order of intensity, the factors influencing the efficiency η0.6Q were slot depth h, slot width b1,
slot deflection angle β, and slot position p.
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As shown in Figures 8 and 9, under the conditions of 1.0Q and 1.4Q, the heads of h1.0Q and h1.4Q

were the largest when the blade slot position p was in the vicinity of the inlet edge of the blade. Like
0.6Q, the heads of h1.0Q and h1.4Q and the efficiencies of η1.0Q and η1.4Q decreased progressively as slot
width b1 and the slot depth h increased. h1.0Q, h1.4Q, η1.0Q, and η1.4Q also increased progressively as
slot deflection angle β increased.
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3.3. Analysis of Internal Flow Field

The orthogonal test results suggest that blade slotting improved the head at small flow condition
points and the efficiency at large flow condition points, which is consistent with previously published
results. Under the working condition of 0.6Q, the head of Case 1 was 39.3 m; in the original case
the head was 38.5 m. The head and efficiency in Case 1 for the 1.4Q condition were 30.15 m and
77.86%, respectively, and in the original case were 30.05 m and 77.09%. To further explore the effects of
the geometric slot parameters on pump performance, the distributions of performance curves of the
original model and Case 1 were compared as shown in Figure 10.
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Figures 11 and 12 show cloud diagrams of the static pressure distribution of the blade unfolding
at the section of the pump impeller flow passage (the section value Span was 0.9) in the original model
and Case 1 of slotted blades under the conditions of 0.6Q and 1.4Q, respectively. As shown in Figure 11,
under the 0.6Q condition, the static pressure distributions of the blade unfolding in Case 1 and the
original model differed significantly. The distribution of pressure in the impeller flow passage from
the blade inlet to the outlet was characterized by a low-pressure region in the first half-section of
the impeller flow passage and a high-pressure region in the second half-section of the passage. The
pressure gradient in the second half-section of the impeller flow passage was large because the flow
passage diffusion was severe, which might have created a secondary back flow at the outlet of the
impeller under small flow conditions. This is also likely a cause of the low efficiency of the medium-low
specific speed centrifugal pump at the small flow condition point.
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A significant low-pressure region was also observed in the position close to the inlet edge of the
original model. Due to slotting in the position close to the inlet edge of the impeller, the distribution of
blade unfolding static pressure disappears in the low-pressure region close to the inlet position of the
blade in Case 1 and the pressure distribution is significantly more uniform than that in the original
model. Vortexes and back flows are unlikely to form in the inlet position of the blade in this case,
which is also one of the reasons why the head of the model in Case 1 is larger than that of the original
model under the 0.6Q condition.

Under the 1.4Q large-flow condition, the diagram for the blade unfolding static pressure
distribution in the case of the original model was similar to that in Case 1, however, the original model
had a significant low-pressure region with considerable variations in the pressure gradient in the
first half-section of the impeller flow passage inlet. This is mainly because the fluid flow angle of
the incoming liquid increases with the flow rate while the inlet setting angle of the blade remains
unchanged. As a result, the inlet setting angle is smaller than the liquid flow angle; a flow cutoff forms
at the working surface in the position of the blade inlet creating a low-pressure region. Similarly, the
changes in pressure gradient in the static pressure distribution diagram of blade unfolding in Case 1
are smaller than those of the original model due to the fact that the blade is slotted near the inlet.

As shown in Figure 13, the pressure distribution is shown on the blade surface at the mean
circumferential flow surface. Under 0.6Q, the pressure distribution of the original model and the Case
1 model were quite different (Figure 13). At the position near the inlet side, the pressure of the pressure
surface and the suction surface of the Case 1 model were larger than the original model. This further
illustrates that the Case 1 model improved the pressure distribution at the inlet edge of the blade due
to slotting. The pressure near the inlet edge of the blade was higher than that of the original model
under the 1.4Q large-flow condition.

Energies 2020, 13, x FOR PEER REVIEW 14 of 18 

 

the blade in Case 1 and the pressure distribution is significantly more uniform than that in the original 
model. Vortexes and back flows are unlikely to form in the inlet position of the blade in this case, 
which is also one of the reasons why the head of the model in Case 1 is larger than that of the original 
model under the 0.6Q condition. 

Under the 1.4Q large-flow condition, the diagram for the blade unfolding static pressure 
distribution in the case of the original model was similar to that in Case 1, however, the original 
model had a significant low-pressure region with considerable variations in the pressure gradient in 
the first half-section of the impeller flow passage inlet. This is mainly because the fluid flow angle of 
the incoming liquid increases with the flow rate while the inlet setting angle of the blade remains 
unchanged. As a result, the inlet setting angle is smaller than the liquid flow angle; a flow cutoff 
forms at the working surface in the position of the blade inlet creating a low-pressure region. 
Similarly, the changes in pressure gradient in the static pressure distribution diagram of blade 
unfolding in Case 1 are smaller than those of the original model due to the fact that the blade is slotted 
near the inlet. 

As shown in Figure 13, the pressure distribution is shown on the blade surface at the mean 
circumferential flow surface. Under 0.6Q, the pressure distribution of the original model and the Case 
1 model were quite different (Figure 13). At the position near the inlet side, the pressure of the 
pressure surface and the suction surface of the Case 1 model were larger than the original model. 
This further illustrates that the Case 1 model improved the pressure distribution at the inlet edge of 
the blade due to slotting. The pressure near the inlet edge of the blade was higher than that of the 
original model under the 1.4Q large-flow condition. 

 

Figure 13. Variation of the blade load with streamwise at 0.6Q (left) and at 1.4Q (right). 

Figures 14 and 15 show the distribution of pressure clouds in the middle plane of the blade flow 
channel. The pressure gradient distribution of the Case 1 model is more uniform than the original 
model under the 0.6Q condition (Figure 14); the original model shows a lower pressure than the Case 
1 model near the blade inlet as well, which is consistent with the findings shown in Figures 11 and 
12. The enlarged view in the figure shows where, due to the existence of a gap, the local low-pressure 
gradient distribution was more uniform in the original model. This gap jet made the streamline in 
the inlet low-pressure area closer to the profile of the blade airfoil, thereby improving the local flow 
field. Figure 15 shows that under the large flow rate of 1.4Q, the impact of the gap on the local area 
was relatively small. The local enlarged view did not show similar phenomena to the small flow 
conditions. Generally speaking, the gap improved the local flow field under small flow conditions. 

Figure 13. Variation of the blade load with streamwise at 0.6Q (left) and at 1.4Q (right).

Figures 14 and 15 show the distribution of pressure clouds in the middle plane of the blade flow
channel. The pressure gradient distribution of the Case 1 model is more uniform than the original
model under the 0.6Q condition (Figure 14); the original model shows a lower pressure than the Case 1
model near the blade inlet as well, which is consistent with the findings shown in Figures 11 and 12.
The enlarged view in the figure shows where, due to the existence of a gap, the local low-pressure
gradient distribution was more uniform in the original model. This gap jet made the streamline in the
inlet low-pressure area closer to the profile of the blade airfoil, thereby improving the local flow field.
Figure 15 shows that under the large flow rate of 1.4Q, the impact of the gap on the local area was
relatively small. The local enlarged view did not show similar phenomena to the small flow conditions.
Generally speaking, the gap improved the local flow field under small flow conditions.
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Figure 16 shows a diagram of the relative velocity distribution under the 1.4Q operating condition
in the impeller calculation domain. This distribution was normal; the average velocity of the impeller
calculation domain was basically 11 m/s. The velocity distribution amplitude of velocity in Case 1
was larger than that of the original model, which indicates that the velocity within the impeller was
concentrated near the desired value and was uniform throughout the impeller calculation domain.
This was also one of the reasons why the efficiency and head of Case 1 were larger than those of the
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4. Conclusions

(1) Orthogonal test results show that various geometrical slot parameters affected pump
performance. Under small flow conditions, the factors most intensely influencing the pump head
were slot width b1 > slot deflection angle β > slot depth h > slot position p. The factors most intensely
influencing the pump efficiency were slot depth h > slot width b1 > slot deflection angle β > slot
position p. The main factors influencing the pump head and efficiency under rated flow conditions
were slot width b1 and slot depth h, whereas the main factor influencing the pump head and efficiency
under large flow conditions was slot position p.

(2) The orthogonal test results also indicate that under low flow conditions and rated flow
conditions, the head and efficiency of the pump decreased as blade slot width increased. These effects
were linear.

(3) Different combinations of slot geometric parameters in Case 1 were found to increase the pump
head at the small flow condition point as well as the efficiency and head of the pump at the large
flow condition point compared to the original model without slots. The internal flow field shows that
slotting near the front edge of the blade improved the low-pressure region of the impeller inlet flow
passage and brought the flow velocity distribution in the impeller field under the large flow conditions
closer to the desired value as the flow velocity distribution grew more uniform.

(4) To improve the performance of the pump, optimal slot parameter combinations according to
the actual machining precision might include a small slot width b1, slot depth h of 1

4 b, slot deflection
angle β of 45–60◦, and slot position p close to the front edge of the blade at 20–40%.
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