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Abstract: Marine centrifugal pumps are mostly used on board ship, for transferring liquid from
one point to another. Based on the combination of orthogonal testing and numerical simulation,
this paper optimizes the structure of a drainage trough for a typical low-specific speed centrifugal
pump, determines the priority of the various geometric factors of the drainage trough on the pump
performance, and obtains the optimal impeller drainage trough scheme. The influence of drainage
tank structure on the internal flow of a low-specific speed centrifugal pump is also analyzed. First,
based on the experimental validation of the initial model, it is determined that the numerical
simulation method used in this paper is highly accurate in predicting the performance of low-specific
speed centrifugal pumps. Secondly, based on the three factors and four levels of the impeller drainage
trough in the orthogonal test, the orthogonal test plan is determined and the orthogonal test results are
analyzed. This work found that slit diameter and slit width have a large impact on the performance
of low-specific speed centrifugal pumps, while long and short vane lap lengths have less impact.
Finally, we compared the internal flow distribution between the initial model and the optimized
model, and found that the slit structure could effectively reduce the pressure difference between the
suction side and the pressure side of the blade. By weakening the large-scale vortex in the flow path
and reducing the hydraulic losses, the drainage trough impellers obtained based on orthogonal tests
can significantly improve the hydraulic efficiency of low-specific speed centrifugal pumps.

Keywords: centrifugal pump; unsteady flow; gap drainage; numerical simulation; low specific speed

1. Introduction

The low specific speed centrifugal pump is a kind of equipment that can greatly
improve the head of a medium in small flow conditions, and has irreplaceable importance
in marine and other fields [1–3]. However, its low flow and high head characteristics
dictate a narrow impeller width and large impeller outer diameter, which leads to a longer
trajectory of the medium in its flow path, inevitable flow separation and increased hydraulic
losses in the pump [4–6]. As a result, the hydraulic efficiency of existing low-specific speed
centrifugal pumps is generally low, and traditional hydraulic optimization methods are
ineffective in improving their hydraulic performance. Existing studies have clarified the
importance of enhancing the performance of centrifugal pumps. Based on the energy
efficiency analysis of pump systems in a ship, Durmusoglu Y et al. [7] illustrated that small
changes in the performance of centrifugal pumps can result in considerable energy savings.
Su et al. [8] proposed an energy-savings evaluation method for shipboard cooling systems
under variable operating conditions, in which the core component is the centrifugal pump.
Therefore, how to adjust the geometry of the low specific speed centrifugal pump, and thus
improve its hydraulic performance, has been a hotspot in the research of low-specific
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speed centrifugal pumps [9,10]. Yuan et al. [11] proposed blocking part of the flow path
of the low-specific speed centrifugal impeller to weaken the secondary flow and curb the
generation of large-scale vortices, thereby improving its hydraulic efficiency. By increasing
the design flow rate of the low specific speed centrifugal pump, Ni et al. [12] determined the
efficiency curve of the low-specific speed centrifugal pump float as a whole and achieved
the purpose of improving its operating efficiency. These methods are useful for improving
the performance of low-specific speed centrifugal pumps, but the former will reduce the
range of pumps’ flow rates, while the latter will increase the pumps’ maximum shaft
power. Therefore, some scholars, based on the application of blade slit in the compressor
field [13–15], began to try the blade slit structure within the low specific speed centrifugal
pump. Zhu et al. [16] developed an impeller for a slit-flow centrifugal pump and found that
the impeller could indeed improve the performance of the pump and broaden its operating
range. Ye et al. [17] conducted a comparative test on a low specific speed centrifugal
pump impeller in a drainage trough and non-drainage trough structure, and found that the
low-specific speed impeller with a drainage trough structure is significantly more efficient.
Wang et al. [18] found that under different flow conditions, the geometry of the drainage
trough has a significant impact on the centrifugal pump performance improvement results.
Although the above studies have provided some ideas for the design of drainage trough
impellers, there is still no universal method for the design of a drainage trough within low
specific-speed centrifugal pumps.

Orthogonal test design is a mature design method that studies multiple factors and
levels. It is a highly efficient design method that selects some representative points from
a comprehensive test based on orthogonality [19–21]. The method has been more widely
used in the field of pump design. Long et al. [22] extracted the geometric factors of the guide
vane of a centrifugal pump and obtained a geometric solution to improve its performance
on the basis of orthogonal tests. Based on the orthogonal test, Zhang et al. [23] analyzed
the factors affecting the performance of an axial pump, and determined the least and most
influential indexes affecting the performance of the axial pump as the distance between
the guide vane and the blade and the hub ratio respectively, which successfully improved
the performance of the axial pump. Also based on the orthogonal test, Quan et al. [24]
improved the performance of the vortex pump over the full range of flow conditions by
numerical calculations instead of performance tests.

Reviewing the existing research, it can be found that the hydraulic design of centrifugal
pumps is a complex design involving multiple parameters and multiple levels, for which
the orthogonal test method is highly applicable. Therefore, this paper will use the method
of combing orthogonal tests and numerical simulations to determine the degree of influence
of each geometric parameter of the drainage trough on the performance of a low-specific
speed centrifugal pump, and attempts to obtain a low specific speed centrifugal pump
to improve the efficiency of the impeller drainage trough indicators. This paper also
analyzes the structure of the impeller drainage trough on the impact of a low specific speed
centrifugal pump flow field within the impeller. The aim is to provide a certain theoretical
basis for the hydraulic performance improvement of low specific speed centrifugal pumps.

2. Geometry and Parameters

In this paper, a ZA20-250 centrifugal pump with low-specific speed is selected as the
research object. The impeller is a typical low specific speed centrifugal impeller with a
large outer diameter and long and narrow flow path. The design flow rate of the pump is
Qdes = 10 m3/h, the design head is Hdes = 80 m, and the design speed is ndes = 2900 rpm.
Therefore, the specific speed of the model is:

ns =
3.65n

√
Q

H3/4 = 21

The main hydraulic components of this hydraulic model are the impeller and the
volute. The main role of the impeller is to convert mechanical energy into internal energy
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of the transport medium. The function of the volute is to convert part of the kinetic energy
of the impeller outlet flow into potential energy. Figure 1 shows the two-dimensional
hydraulic assembly of the impeller and volute. It can be found that the impeller blade
number is 3, and the blade angle of the envelope is greater than 180 degrees. When the
impeller adopts the initial blade, the path of each flow channel within the impeller is quite
long, which will provide sufficient development space for the secondary flow. However,
when the slit blade is used, the slit structure allows the high-pressure medium near the
pressure side to leak to the suction side, thus reducing the pressure difference between
the pressure side and the suction side, which is the reason for the secondary flow. A three-
factor, four-level orthogonal test was conducted in this article. The three factors include slit
diameter, slit width, and long and short blade lap length.

Figure 1. Two-dimensional hydraulic assembly sketch.

(1) The slit diameter D, i.e., the position of the slit on the blade, is selected at a level
every 30 mm from 35% to 70% of the impeller diameter, i.e., 90 mm, 120 mm, 150 mm,
and 180 mm.

(2) The slit width E, the slit width affects the flow of liquid through the slit, with four
levels chosen: 1.5 mm, 3.0 mm, 4.5 mm, and 6.0 mm.

(3) The long and short blade lap length L, a factor that determines the start of the action
of the deflector blade on the fluid, is selected at four levels: 5 mm, 10 mm, 15 mm,
and 20 mm.

3. Numerical Modeling
3.1. Three-Dimensional Model

In order to improve the accuracy of the numerical calculations, a three-dimensional
full-flow model is used in this paper. The components of the calculation field include
the inlet section, the forehead ring, the impeller, the pump cavity, the suction side ring,
the volute and the outlet section. The components are shown in Figure 2.
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Figure 2. Calculated domain and grid details.

3.2. Grids

Compared to tetrahedral meshes, hexahedral meshes are more convenient for data
transfer during numerical calculations, which not only improves the accuracy of numerical
results, but also greatly reduces the calculation time. Therefore, the grids used in the
numerical calculations in this paper are all hexahedral grids delimited by ANSYS-ICEM
software. Figure 2 shows in detail the grid diagrams for each computational subdomain and
shows the differences between initial blade and slit blade in different numerical schemes.
The near-wall grids are encrypted during the gridding process to improve the prediction
accuracy of the flow separation during numerical calculations.

In order to eliminate the influence of mesh number on the numerical results, the per-
formances of the initial model with different mesh numbers were numerical predicted.
Numerical predictions of the head and efficiency of the initial model are made using five
scenarios with different grid numbers, and it is specified that the final selected scenario
must meet the following conditions:∣∣∣∣Hi+1 − Hi

Hi+1

∣∣∣∣< 0.01

∣∣∣∣ηi+1 − ηi
ηi+1

∣∣∣∣< 0.01

where i = 1~5, five grid schemes represent different numbers of grids.
Figure 3 shows the performance prediction results of the initial model for five grid

scenarios. It can be found that as the number of grids increases, the prediction of head and
efficiency tends to smooth out when the number of grids is greater than 4 × 106. When
i ≥ 3, the numerical predictions have fulfilled the above requirements. Therefore, the mesh
size control scheme in the third group of grids is chosen for all numerical calculations in
this paper.
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Figure 3. Grid independence analysis.

3.3. Boundary Conditions

The mesh assembly and solution calculations in this paper are performed in ANSYS
CFX. The inlet and outlet boundary conditions are set by “inlet total pressure and outlet
mass flow rate”, which is convenient for the convergence of rotating machinery simulation,
and the solution accuracy is set to 10−4. The impeller subdomain is set as the rotational
domain, and the other subdomains are all static domains. Set interface between each
subdomain, general connection between stationary subdomains, and frozen rotor between
static and dynamic subdomains. The numerical calculations in this paper are based on
the most commonly used two-equation k-omega turbulence model, which attempts to
predict turbulence by two partial differential equations as two variables, k and ω, where k
determines the energy in the turbulence and ω is the variable that determines the scale of
the turbulence.

4. Pump Performance Validation

In order to verify the accuracy of the numerical calculations, the performance test
of the initial model was carried out. Figure 4 shows the diagram of the test system and
the important components of the system. The test system components marked with serial
numbers in the figure correspond to the following: 1. Electromagnetic flowmeter, 2. Outlet
valve, 3. Water tank, 4. Inlet valve, 5. Inlet pressure gauge, 6. Centrifugal pump, 7. Electric
motor, 8. Outlet pressure gauge. Electromagnetic flowmeter can obtain the instantaneous
flow of the test system, and the import and export pipeline manometer can measure the
pressure of the import and export medium, and then obtain the pump head. The shaft
power of the pump is monitored by an electrical control unit equipped with the test system.

Figure 5 shows the comparison between the test results and numerical prediction
results of the initial model of the low specific speed centrifugal pump. Under the rated
flow condition, the numerical prediction of head is 3.11% higher than the test result,
the numerical prediction of efficiency is 1.79% higher than the test result, and the numerical
prediction of shaft power is 2.24% higher than the test result. Therefore, the numerical
method in this article has certain accuracy in predicting the rated performance. At the
same time, under full flow conditions, the curve changes of head, efficiency and shaft
power maintain a high level of consistency with the test results. The deviation of the head
and efficiency prediction results is less than 5% under full flow conditions. Therefore,
the numerical methods in this paper are effective in obtaining the performance of hydraulic
models of low specific speed centrifugal pumps.
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Figure 4. Schematic diagram of test facility.

Figure 5. Comparison between simulation results and test results.

5. Orthogonal Test and Results
5.1. Determination of Orthogonal Test Schemes

According to the selected three factors and four levels of selection of L16 (43) orthogo-
nal table, the centrifugal pump hydraulic efficiency and head are used as the measure of
centrifugal pump performance indicators. The factor level table is shown in Table 1.
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Table 1. Factor level table.

Levels
Factors

A(D/mm) B(E/mm) C(L/mm)

1 90 1.5 5
2 120 3.0 10
3 150 4.5 15
4 180 6.0 20

Based on the chosen orthogonal table, a three-factor, four-level test table is shown in
Table 2.

Table 2. Orthogonal test table.

Test
Schemes

Factor Letter Factor Value

A B C A B C

1 A1 B1 C1 90 1.5 5
2 A1 B2 C2 90 3.0 10
3 A1 B3 C3 90 4.5 15
4 A1 B4 C4 90 6.0 20
5 A2 B1 C2 120 1.5 10
6 A2 B2 C1 120 3.0 5
7 A2 B3 C4 120 4.5 20
8 A2 B4 C3 120 6.0 15

9 A3 B1 C3 150 1.5 20
10 A3 B2 C4 150 3.0 5
11 A3 B3 C1 150 4.5 10
12 A3 B4 C2 150 6.0 15
13 A4 B1 C4 180 1.5 20
14 A4 B2 C3 180 3.0 15
15 A4 B3 C2 180 4.5 10
16 A4 B4 C1 180 6.0 5

5.2. Summary of Orthogonal Test Results

Tables 3–5 show the numerical results of the 16 orthogonal schemes for 0.6Qdes, 1.0Qdes,
and 1.4Qdes flow conditions, respectively.

Table 3. Numerical simulation results at 0.6Qdes.

Schemes 1 2 3 4 5 6 7 8

H/m 84.49 83.63 83 82.86 84.05 83.98 83.08 83.58
η/% 20.81 20.53 20.37 20.84 20.89 21.82 20.49 21.47

P/kW 6.63 6.65 6.66 6.49 6.57 6.29 6.62 6.36

Schemes 9 10 11 12 13 14 15 16

H/m 84.2 83.35 82.36 81.98 83.01 80.94 79.44 79.14
η/% 21.18 20.95 20.65 21.28 20.71 20.51 20.63 20.26

P/kW 6.49 6.50 6.51 6.29 6.55 6.45 6.29 6.38



J. Mar. Sci. Eng. 2021, 9, 121 8 of 17

Table 4. Numerical simulation results at 1.0Qdes.

Schemes 1 2 3 4 5 6 7 8

H/m 82.39 81.16 80.17 79.29 81.72 80.97 79.89 79.15
η/% 28.62 27.44 27.21 26.91 27.79 27.68 26.23 26.88

P/kW 7.84 8.05 8.02 8.02 8.01 7.96 8.29 8.02

Schemes 9 10 11 12 13 14 15 16

H/m 81.24 80.04 78.57 77.4 80.42 78.47 77.26 76.86
η/% 27.54 27.2 26.33 26.12 27.51 27.36 27.24 27.1

P/kW 8.03 8.01 8.12 8.07 7.96 7.81 7.72 7.72

Table 5. Numerical simulation results at 1.4Qdes.

Schemes 1 2 3 4 5 6 7 8

H/m 80.54 78.83 78.35 77.93 79.08 78.61 77.75 76.98
η/% 34.32 33.77 33.39 33.13 33.96 33.84 33.4 33.13

P/kW 8.94 8.90 8.94 8.96 8.87 8.85 8.87 8.86

Schemes 9 10 11 12 13 14 15 16

H/m 79.23 77.77 75.87 74.6 77.6 76.15 75.7 74.87
η/% 33.29 33.02 32.26 31.45 34.12 33.83 33.71 33.56

P/kW 9.07 8.98 8.96 9.04 8.67 8.58 8.56 8.50

5.3. Analysis of Orthogonal Test Results
5.3.1. Direct Analysis of Test Results

Figure 6 shows a line graph of the 16 orthogonal test results, with the red dashed
line indicating the performance of the original model under current conditions. On the
whole, the drainage tough impeller has a more obvious impact on the performance of the
low speed centrifugal pump, while the impact of different parameter combinations on
the pump performance varies. The 16 orthogonal solutions have lower head at 0.6Qdes,
1.0Qdes, and 1.4Qdes than the original model, but most of them are more efficient than the
original model. For the purpose of analysis, four schemes with the same slit diameter are
referred to as a group, and it can be found that the slit diameter is kept constant within the
same group, with a linear progressive increase in slit width and a disorderly distribution of
the lap lengths of short and long blades. However, the centrifugal pump head within the
same group also shows a linear downward trend, with only a local increase at 0.6Qdes in
orthogonal scheme 8. Therefore, to some extent, it can be considered that the same opening
slit diameter and gap width are the main factors affecting the pump head, and the pump
head is negatively correlated with the length of the blade lap length on the head is not a
big influence. Pump efficiency shows a similar trend to head at 1.0Qdes and 1.4Qdes, with a
linear downward trend within the same group. However, it does not show a regular trend
at 0.6Qdes, which indicates that the influence of long and short vane lap length on pump
efficiency is enhanced at 0.6Qdes, and the interaction between slit diameter, gap width and
long and short vane lap length is enhanced.

It was also found that the head and efficiency were lower than the original model in the
third group of schemes 9~12, indicating that a slit in the middle of the blade would cause
a significant reduction in pump performance and should be avoided. The fourth group
of scheme 13~16 has a significantly lower head than the other groups, while the scheme
13~16 slit diameter is 180 mm, indicating that the closer the slit position is to the trailing
edge of the blade, the more significant the effect on the head. At the same time, it was
found that there are individual solutions whose heads are similar to the original model,
but the efficiency is significantly improved. For example, at 0.6Qdes, 1.0Qdes, and 1.4Qdes,
the head of scheme 1 is similar to the original model, and the efficiency is respectively
increased by 1.01%, 1.92%, and 2.02%, indicating that the application of this kind of slit
priming impeller in low specific speed centrifugal pumps is feasible.
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Figure 6. Performance of orthogonal test.

5.3.2. Analysis of Extreme Variance of Test Results

In this orthogonal test, the efficiency is considered as the first requirement and the
head is second. In order to study the main factors influencing the performance of the
gap induced impeller, the selected levels of each factor were analyzed using the extreme
difference analysis method at three different conditions: 0.6Qdes, 1.0Qdes, and 1.4Qdes,
respectively. The greater the extreme difference, the more significant the effect of the
corresponding factor on the test indicator. In the table, Kj (j = 1, 2, 3, 4) denotes the sum of
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the values of the jth level of each factor, Kj is the mean of the jth level of each factor, and R
is the extreme difference.

k j =
1
n

Kj (n is the number of occurrences at the same level) (1)

R = max
(
k1, k2, . . . , kj

)
−min

(
k1, k2, . . . , kj

)
(2)

According to Table 6, the significant degree of influence of each factor on the head
and efficiency of the low specific speed centrifugal pump at 0.6Qdes working condition is
shown in Table 7.

Table 6. Range analysis of the head and efficiency at 0.6Qdes.

H/m η/%

A B C A B C

K1 334 335.76 329.96 82.56 83.6 83.52
K2 334.68 331.88 329.12 84.68 83.8 83.32
K3 331.88 327.88 331.72 84.08 82.16 83.52
K4 322.52 327.56 332.32 82.12 83.84 83
k1 83.5 83.94 82.49 20.64 20.9 20.88
k2 83.67 82.97 82.28 21.17 20.95 20.83
k3 82.97 81.97 82.93 21.02 20.54 20.88
k4 80.63 81.89 83.08 20.53 20.96 20.75

R 3.04 2.05 0.8 0.64 0.43 0.14
Orderliness 1 2 3 1 2 3

Table 7. The order of influence of the factors on pump performance at 0.6Qdes.

Key Factor Secondary Factor

H/m A B C
η/% A B C

According to Table 8, the significant degree of influence of each factor on the head
and efficiency of the low specific speed centrifugal pump at 1.0Qdes working condition is
shown in Table 9.

Table 8. Range analysis of the head and efficiency at 1.0Qdes.

H/m η/%

A B C A B C

K1 323 325.76 318.8 110.2 111.44 109.72
K2 321.72 320.64 317.56 108.56 109.68 108.6
K3 317.24 315.88 319.04 107.2 107 109
K4 313 312.68 319.64 109.2 107 107.84
k1 80.75 81.44 79.7 27.55 27.86 27.43
k2 80.43 80.16 79.39 27.14 27.42 27.15
k3 79.31 78.97 79.76 26.8 26.75 27.25
k4 78.25 78.17 79.91 27.3 26.75 26.96

R 2.5 3.27 0.53 0.75 1.11 0.47
Orderliness 2 1 3 2 1 3

Table 9. The order of influence of the factors on pump performance at 1.0Qdes.

Key Factor Secondary Factor

H/m B A C
η/% B A C
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According to Table 10, the significant degree of influence of each factor on the head
and efficiency of the low specific speed centrifugal pump at 1.4Qdes working condition is
shown in Table 11.

Table 10. Range analysis of the head and efficiency at 1.4Qdes.

H/m η/%

A B C A B C

K1 315.64 316.44 309.88 134.6 135.68 133.96
K2 312.44 311.36 308.2 134.32 134.48 132.88
K3 307.48 307.68 310.72 130 132.76 133.64
K4 304.32 304.36 311.04 135.2 131.28 133.68
k1 78.91 79.11 77.47 33.65 33.92 33.49
k2 78.11 77.84 77.05 33.58 33.62 33.22
k3 76.87 76.92 77.68 32.5 33.19 33.41
k4 76.08 76.09 77.76 33.8 32.82 33.42

R 2.83 3.02 0.71 1.3 1.1 0.27
Orderliness 2 1 3 1 2 3

Table 11. The order of influence of the factors on pump performance at 1.4Qdes.

Key Factor Secondary Factor

H/m B A C
η/% A B C

Combining the statistical information in Tables 6–11, we can find that at 0.6Qdes, factor
A is the main factor influencing the head, factor B is second, and factor C has the least
influence. At 1.0Qdes and 1.4Qdes, factor B is the main factor influencing the head, factor
A is second, and factor C has the least influence. Factor A was found to be the main
factor affecting efficiency at 0.6Qdes and 1.4Qdes, followed by Factor B, and Factor C had the
least effect at 0.6Qdes and 1.4Qdes; at 1.0Qdes, factor B is the main factor affecting efficiency,
followed by factor A, and factor C has the least impact.

It can be seen from Figure 7, except for 0.6Qdes when factor A is 120 mm, that there
is a rise in head, and the overall trend of head change is the same. As factor A increases,
the head decreases, as factor B increases the head decreases, and as factor C increases the
head first decreases and then increases. The slope of the curve represents the significance
of the influence of the factors on the indicator, and can also be seen from Figure 7 that the
main factors influencing lift are factors A and B, which is consistent with the results from
the extreme difference analysis. There is no obvious regularity in the effect of each factor on
efficiency, with factor A increasing and then decreasing at 0.6Qdes and decreasing and then
increasing at 1.0Qdes and 1.4Qdes; The efficiency of factor B decreases and then increases
at 0.6Qdes during the increase, and gradually decreases at 1.0Qdes and 1.4Qdes; factor C
increases at 0.6Qdes, 1.0Qdes, 1.4Qdes when the efficiency gradually decreased, but the decline
was more stable. It can be seen that the effect of factors A, B and C on efficiency is not
dominated by a single factor but is influenced by multiple factors. However, factors A and
B are still the main influencing factors judging from their slopes. In summary, slit diameter
and slit width are the main factors affecting the performance of the drainage tough impeller.
From the orthogonal results, the slit at the front of the blade is better than the slit at the
trailing edge, and the small slit is better than the large slit.
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Figure 7. Trend chart of pump performance.

Briefly, the selection of the optimal combination of parameters based on the results of
the orthogonal test leads to Table 12. The optimal combination of parameters is A1B1C1,
the slit diameter is 90 mm, the slit width is 1.5 mm, and the lap length of the long and short
blades is 5 mm. The optimal combination of parameters happens to be the orthogonal
of scheme 1. Therefore the numerical calculation of scheme 1 under multiple working
conditions is carried out to compare the differences in the external characteristics between
scheme 1 and the original model, and the results are shown in Figure 8.
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Table 12. Optimal parameter selection.

Target Flow Rates A B C

H/m
0.6Qdes A2 B1 C4
1.0Qdes A1 B1 C4
1.4Qdes A1 B1 C4

η/%
0.6Qdes A2 B2 C1
1.0Qdes A1 B1 C1
1.4Qdes A4 B1 C1

Combination — A1 B1 C1

Figure 8. Performance of the optimal solution compared to the original model.

It can be seen from Figure 8 that, the head of scheme 1 is basically the same as the
original model, but a certain degree of efficiency improvement occurs. Specifically, the effi-
ciency improves respectively by 1.01%, 1.92%, and 2.02% at 0.6Qdes, 1.0Qdes, and 1.4Qdes.
Therefore, scheme 1 was chosen as the result of this round of orthogonal optimization.

5.4. Flow Field Analysis

Figure 9 shows the distribution of velocity swirling strength on each span b of the
initial and optimized model impellers. Velocity swirling strength is the imaginary part
of the complex eigenvalues of the velocity gradient tensor, and its value represents the
strength of the swirling motion around the local center [25].The value of velocity swirling
strength is closely related to the energy loss strength of each local position in the impeller
runner. Comparing the velocity swirling strength clouds before and after optimization
on 0.2 span, we can find that the velocity swirling strength distribution before and after
optimization on 0.2 span (near the hub of the impeller) is not very different in all positions,
but the velocity swirling strength inside the impeller after optimization is smaller than
that before optimization. On the 0.5 span (mid-section of the runner) and 0.8 span (near
the shroud of the impeller), the velocity swirling strength in the optimized impeller was
significantly reduced. On the 0.5 span, a vortex region due to blockage of the blade inlet
and thus a larger velocity swirling strength region appears in the front part of the impeller
runner before optimization. At the rear of this region, the pressure difference between the
pressure side and the suction side of the blade provides the energy for the vortex to evolve
and spread toward the middle of the flow path, as shown in the elliptical region [26,27].
In the optimized split impeller, the grooves in the blade effectively reduce the pressure
difference between the pressure side and the suction side of the blade. This weakens the
secondary flow’s help to the vortex evolution, and successfully eliminates the high velocity
swirling strength region in the middle of the flow path which is due to the vortex diffusion.
At 0.8 span, the vortex in the initial impeller, which is caused by the deviation between
the blade inlet angle and the incoming flow angle, moves continuously in the direction
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of the red arrow due to the combined effect of the main flow and the secondary flow.
Furthermore, a high velocity swirling strength area is formed in the oval area at the end of
the arrow. In the optimized impeller, the slit on the blades weaken the secondary flow and
at the same time have a certain impact on the vortex structure, which greatly reduces the
velocity swirling strength in the elliptical region.

Figure 9. Distribution of velocity. Swirling strength within the initial and optimized impellers.

Figure 10 shows the pressure and flow line distribution at 0.5 span of the initial model
and the optimized model impeller. Under different flow conditions, the blade drainage
troughs have a positive impact on weakening of vortices within flow channel, which
reduces the energy loss in the impeller runner and improves the hydraulic efficiency of
the low specific speed centrifugal pump. This is consistent with the analysis of orthogonal
test results.
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Figure 10. Distribution of static pressure and streamline within initial and optimized impellers.

6. Conclusions

This study set out to optimize the performance of a low-specific speed centrifugal
pump based on the combination of orthogonal test and numerical simulations. The accuracy
of numerical simulations is ensured. The procedure and results of orthogonal test are
discussed. The performance and internal flow pattern of the models before and after
optimization are compared. The findings of this study are as follows:

(1) Numerical calculations of the initial model head and efficiency are slightly higher than
the test results at the rated flow condition. In the range of 0.6Qdes to 1.4Qdes, the error
between the numerical prediction of head and efficiency and the test results is less
than 5%. This shows that the numerical calculation method used in this paper has
good accuracy in predicting the performance of low-specific speed centrifugal pumps.

(2) The slit diameter and slit width in the range of 0.6Qdes~1.4Qdes have a high influence
on the head and efficiency of the low-specific speed centrifugal pump, while the lap
length has the least influence on the head and efficiency of the low specific speed
centrifugal pump. In the orthogonal tests of this study, the hydraulic model of scheme
1 (90 mm slit diameter, 1.5 mm slit width and 5 mm lap length of long and short blade)
has the best performance.

(3) The impeller slit can effectively reduce the vortex intensity in the middle of the im-
peller runner and reduce the energy loss in the runner. In the range of 0.6Qdes~1.4Qdes,
the head of the optimized model is almost the same as that of the initial model, but the
efficiency is significantly improved. Therefore, the combination of orthogonal testing
and numerical prediction can effectively improve the performance of low specific
speed centrifugal pumps.
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