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Abstract: The spanwise distribution of impeller exit circulation (SDIEC) has an important influence
on the performance of the impeller. To quantitatively study the influence of SDIEC on optimization
results, a comprehensive optimization system composed of the computational fluid dynamics, inverse
design method, design of experiment, surrogate model, and optimization algorithm was used to
optimize a mixed flow pump impeller in two different cases. In the first case, the influence of SDIEC
was ignored, while in the second case, the influence of SDIEC was considered. The result shows that
the optimization upper limit can be further improved when the influence of SDIEC is considered in
the optimization process. The pump efficiency of the preferred optimized impeller F1 obtained in
the first case at 1.2Qdes, 1.0Qdes, and 0.8Qdes are increased by 6.48%, 2.41%, and 0.06%, respectively,
over the baseline model. Moreover, the pump efficiency of the preferred optimized impeller S2
obtained in the second case further increased by 0.76%, 1.24%, and 1.21%, respectively, over impeller
F1. Furthermore, the influence of SDIEC on the performance of the mixed flow pump is clarified by a
comparative analysis of the internal flow field.

Keywords: 3D inverse design; optimization design; impeller; spanwise distribution of impeller exit
circulation; performance comparison

1. Introduction

Pumps play an important role in industrial production, urban drainage, sewage treat-
ment, and other fields, and they consume about 15% of the total energy consumption [1].
Mixed flow pumps have a smaller volume with a lighter weight compared to centrifugal
pumps. They also have lower shaft power compared to axial-flow pumps [2]. Due to these
characteristics, mixed flow pumps have increasingly gained recognition and have been
widely used in recent years. Like most pumps, widening the high-efficiency region has
been challenging, and therefore some in-depth research is required to attempt to meet
the challenge.

In recent years, with the improvement of science and technology, computational fluid
dynamics (CFD) has been widely used in the field of mixed flow pump optimization [3].
Compared with experiment-based pump optimization, CFD-based optimization has the
advantages of less cost involvement and more convenience. The shape of the impeller
and vane diffuser can be easily modified by varying the design parameters in CFD-based
optimization [4]. However, CFD analysis cannot directly give the ideal results. To ob-
tain the desired performance, a trial and error process is needed, which requires a lot of
time and extensive experience. Over the past years, researchers have introduced various
algorithms in CFD-based optimization systems to solve this problem, including the use
of the design of experiment (DOE) to discretize the design space [5,6], surrogate models
to construct the approximate model between the design parameters and objective func-
tion [7,8], and optimization algorithms to search the global optimization solution in the
design space [9,10].
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One of the challenges faced by the above optimization system is how to accurately
describe the three-dimensional shape of the blade with as few design parameters as possible.
With the improvement of computer technology and design methods, the use of inverse
design method (IDM) to parameterize the blade has become an ideal method [11], which
uses circulation, stacking, and blade loading to parameterize the blade [12]. Compared
with the use of geometric parameters for impeller parameterization, the number of design
parameters used in IDM is fewer, and the design parameters are more closely related to
hydraulic performance. More importantly, compared with the traditional design, which
makes use of the conformal transformation method to obtain the blade angle, in IDM,
the design parameters directly control the blade angle and are therefore much likely to
achieve better results [13]. The effectiveness of IDM has been verified by Zangeneh and
Goto [14,15] and has been extensively applied in mixed flow pump [16,17], centrifugal
pump [18,19], and axial-flow pump [20,21] optimization designs.

Although the abovementioned optimizations have achieved satisfactory results, there
are still some limitations. For example, most studies only use the spanwise distribution of
impeller exit circulation (SDIEC) to control the impeller Euler’s head, while the influence of
its distribution form on pump efficiency, cavitation, and other performances of the impeller
have been ignored. As a result, during the optimization process, constant distribution of
SDIEC is adopted and only the stacking condition and blade loading are used as design
variables. However, the theoretical derivation of Chen [22] and Lang et al. [23] shows that
the distribution form of SDIEC has an important influence on impeller performance and
should be considered in the impeller design. The correctness of the above theory has been
confirmed through a series of experimental studies [24,25]. The superiority of nonlinear
SDIEC in mixed flow pump optimization has also been verified in the author’s previous
work [26].

In this paper, to quantitatively study the influence of SDIEC on the optimization
results, the mixed flow pump impeller was optimized in two different cases by using a
comprehensive optimization system. In the first case, the influence of SDIEC was ignored,
while in the second case, the influence of SDIEC was considered. First, the mixed flow
pump design specification and optimization strategy were introduced and the accuracy
of the CFD calculation was verified. Thereafter, the strategy was applied to optimize the
mixed flow pump impeller in two different cases. Finally, the optimization results were
compared, and the influence of SDIEC on impeller internal flow field was analyzed.

2. Model Description

A mixed flow pump with a specific speed of 511 was selected as the baseline model.
The pump system is shown in Figure 1, consisting of a straight inlet pipe, an impeller, a
vane diffuser, and an outlet elbow. The design specifications of the baseline model are
shown in Table 1.

Figure 1. Baseline impeller.



Appl. Sci. 2021, 11, 507 3 of 17

Table 1. Design parameters of the baseline model.

Design flow rate (m3/s) 0.427 Design head (m) 12.66
Impeller diameter (mm) 320 Impeller blade number 4
Rotational speed (r/min) 1450 Specific speed 511

Minimum hub diameter (mm) 60 Maximum hub diameter (mm) 210
Minimum shroud diameter (mm) 270 Maximum shroud diameter (mm) 368

3. Optimization Design Strategy

A calculation flowchart of the comprehensive optimization system is shown in Figure 2.
In this figure, IDM is used for blade parameterization and generation; CFD is used for
impeller performance prediction; and non-dominated sorting genetic algorithm (NSGA-
II), response surface model (RSM), and Latin hypercube sampling (LHS) are employed
together to generate the multiple global optimal trade-off designs within an acceptable
time scale.

Figure 2. Optimization system.

3.1. 3D Inverse Design Method

IDM was employed to parameterize the shape of the impeller. The flow through the
impeller is assumed to be inviscid, incompressible, and steady. The blades are described by
sheets of vorticity [27], and the strength is determined by the circulation rVθ :

rVθ =
B

2π

∫ 2π
B

0
rVθdθ (1)

where B is the blade numbers, Vθ is the circumferentially averaged tangential velocity, Vθ

is the tangential velocity, and r is the radial coordinate.
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According to the incompressible potential flow theory [12], the pressure distribution
is closely related to the meridional derivative of the circulation ∂

(
rVθ

)
/∂m:

∆p = p+ − p− =
2π
B

ρWm
∂(rVθ)

∂m
(2)

where p− and p+ are the suction surface and working surface static pressure, respectively;
m is the normalized streamline distance; Wm is the fluid relative velocity; ρ is the density
of the fluid; and ∂

(
rVθ

)
/∂m is the blade loading. The blade shape can be calculated by

Equation (3):

(Vz + vzbl)
∂ f
∂z

+ (Vr + vrbl)
∂ f
∂r

=
rVθ

r2 +
vθbl

r
−ω (3)

where v and V are the periodic velocity and circumferential average velocity, respectively,
and subscripts z and r represent the axial and radial components of velocity, respectively.
f is the blade wrap angle that is a θ value at the blade between the leading edge and trailing
edge. To obtain the blade shape, the initial wrap angle f 0 needs to be known. In this
method, the initial wrap angle was prescribed by the stacking condition. Figure 3 shows
the IDM calculation flowchart.

Figure 3. Three-dimensional inverse design method flowchart.

3.2. CFD Analyses

In this study, calculation of the optimization objectives and verification of the opti-
mized result were all completed by CFD. Thus, the credibility of the optimization results
was determined by the accuracy of the CFD analyses. Therefore, 3D steady incompressible
Reynolds-Averaged Navier–Stokes (RANS) equation was used in the simulation of the
mixed flow pump. The governing equations are defined as follow:

∂Vj

∂xi
= 0 (4)

∂(ViVj)

∂xj
= −1

ρ

∂p
∂xi

+ ϑ
∂2Vi
∂xixj

+
∂τij

∂xj
(5)

where τi,j are the Reynolds stresses, V is the time-average velocity, and ϑ is the kinematic
viscosity. The RANS equation was solved by the Shear stress transport (SST) k−ω turbu-
lence model because this model has the advantages of accurately calculating the internal
flow pattern of the mixed flow pump impeller [28] and shows less sensitivity to Y+ [29].
A high-resolution scheme was used to solve the convection-diffusion equation. All the
walls in the computational domains were considered as no-slip. The boundary conditions
of the outlet and inlet were set as the “static pressure” and “mass flow rate”, respectively.
“Frozen rotor” was adopted for data transfer between the rotating domain and the fixed
domain, while “none” was adopted for data transfer between the fixed domains. The
convergence criteria for all calculations was set as 5× 10−5.

The meshes quality and quantity have a great influence on the accuracy of CFD
analyses [30]. Compared with unstructured mesh, structured mesh has the advantages of
controllable quantity and quality. Therefore, the discretization of the entire computational
domain was accomplished by structured meshes, as shown in Figure 4. ANSYS ICEM
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was employed in the mesh division of outlet and inlet pipes, and ANSYS TurboGrid was
employed in the mesh division of vane diffuser and impeller. Figure 5 shows the result of
the mesh independence check. The pump efficiency increased gradually with increasing
number of meshes until 4.71× 106, after which the pump efficiency remained basically
unchanged. Therefore, the total number of meshes used in this study was 4.71 × 106.
Meanwhile, the maximum Y+ on the impeller blade and hub was less than 30, as shown in
Figure 4.

Figure 4. Mesh of the computational domains.

Figure 5. Mesh independence check.

The experimental performance and numerical performance of the baseline model
were compared to illustrate the reliability of the CFD analysis; the results are shown in
Figure 6. The experimental performance of the baseline model was tested by the Tianjin
experimental test bench, as shown in Figure 7. In this test bench, the flow rate was measured
by the intelligent electromagnetic flowmeter with the measurement error at < ±0.2%, the
torque and rotation speed was measured by the intelligent torque speed sensor with the
measurement error at < ±0.1%, and the head was measured by the intelligent differential
pressure transmitter with the measurement error at < ±0.1%. The random uncertainty and
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overall uncertainty of the test bench were less than 0.1% and 0.3%, respectively. Figure 6
shows that the experimental results of pump head and efficiency are in good agreement
with the numerical results in the whole flow range. The maximum deviations of the pump
head and efficiency did not exceed 4% and 2%, respectively. Thus, the CFD simulation
used in this study has sufficient accuracy to ensure reliability of the optimization results.

Figure 6. Comparison of simulation and experimental performance.

Figure 7. The Tianjin experimental test bench.

3.3. Latin Hypercube Sampling

LHS was employed in the DOE since it can generate orthogonally, random, and
equiprobable distributed sample points in the design space [31]. Compared with the design
space, the sample space constructed by LHS had the advantages of a controllable number
of sample points and the structure was consistent with the design space, which was helpful
to reduce the number of calculation times.

3.4. Response Surface Model

The functional relationships between design parameters and optimization objectives
can be constructed by an approximate model. Compared with other approximate models,
RSM uses polynomial to fit design parameters and optimization objectives, which has the
advantages of sufficient mathematical theory, strong practicability, and wide application
range [32]. In this study, second-order RSM was used to establish the functional relationship
between the design parameters and optimization objectives:

y = α0 +
N

∑
i=1

αixi +
N

∑
i=1

αiix2
i +

N

∑
i 6=j

αijxixj (6)
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where α0, αi, αii, and αij are the undetermined coefficients and can be obtained by the least
squares regression from the design parameters and optimization objectives and where N
represents the number of design parameters.

3.5. Non-Dominated Sorting Genetic Algorithm

NSGA-II was invoked for multi-objective optimization. This algorithm employs the
concept of Pareto dominance to solve the multi-objective problem simultaneously [33].
The four important concepts in this optimization algorithm are “non-dominated sorting”,
“crowding distance”, “mutation”, and “crossover”. “Non-dominated sorting” and “crowd-
ing distance” are used to improve the elitism of the strategy and to reduce the process
complexity. “Crossover” and “mutation” are used to efficiently perform the search and to
avoid local minima.

4. Optimization of the Mixed Flow Pump
4.1. Design Parameters

The meridional channel of the baseline impeller as shown in Figure 8 consists of the
hub, shroud, leading edge, and trailing edge. In this study, no changes were made to the
meridional channel. Therefore, the impeller can be parameterized by parameterization of
the blade in the optimization process. As indicated in Section 3.1, blade loading, stacking,
and circulation have the greatest influences on the shape and performance of the blades in
IDM. Thus, they were selected to parameterize the blades.

Figure 8. Meridional channel.

The blade lean angle at the trailing edge of the blade was specified by the stacking
condition. For mixed flow pump design, stacking usually was imposed linearly at the
trailing edge, and proper stacking can effectively suppress the secondary flow [34]. As
shown in Figure 9, when the blade lean corresponds to the rotation direction of the impeller,
stacking β is considered positive. In this case, the working capacity at the shroud will
increase and the working capacity at the hub will decrease.

Figure 9. Stacking condition.
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The Euler head of the impeller was determined by the difference in circulation distribu-
tion between the outlet and inlet of the impeller. In this study, the circulation at the impeller
inlet was set to zero to satisfy the condition that the impeller inlet fluid has no pre-rotation
and the circulation at the impeller outlet was described by the second-order parabolic:

rVθ = br2 + cr + d (7)

where b, c, and d are the undetermined coefficients and can be calculated by the circulation
values at the shroud, mid-span, and hub. In this study, the variables rVh and rVs (the value
of rVθ at the hub and shroud, respectively) were selected as design parameters and rVm
(the value of rVθ at midspan) was automatically determined according to the impeller
Euler’s head. Figure 10 shows two different forms of spanwise distributions of impeller
exit circulation (SDIEC).

Figure 10. Impeller exit circulation distribution.

A typical combination curve, shown in Figure 11, was used to describe the distribution
of blade loading along the hub and the shroud, and then, the linear interpolation method
was used to calculate the blade loading distribution at other locations on the blade. For
each streamline, the distribution of the blade loading was controlled by the following four
parameters: DRVT, NC, K, and ND. NC and ND are the connection point locations; K and
DRVT are the slope of linear line and the leading edge blade loading, respectively.

Figure 11. Blade loading distribution.

Therefore, the following eleven parameters are required for parameterization of the
impeller: β, rVh, rVs, DRVTs, Ks, NCs, NDs, DRVTh, Kh, NCh, and NDh (the subscripts s
and h indicate shroud and hub, respectively).
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4.2. Optimization Setting

The accuracy of RSM prediction is greatly affected by the number of design parameters
N and sampling points S. Generally, the minimum number of sampling points required for
RSM is Smin = (N+s)!

N!s! , where s is the order of the interpolation. To improve the accuracy of
RSM, the number of sampling points used in this study was 2Smin. As mentioned earlier,
in the first optimization case, the influence of SDIEC was ignored, while in the second case,
the influence of SDIEC was considered. Table 2 shows the design parameters, constraints,
and optimization objectives for both cases.

Table 2. Design parameters, constraints and optimization objectives for the two case.

Type
Parameters First Case Second Case

Name Variable Range Name Variable Range

Design Parameters
Blade Loading

NCh 0.1–0.5
Circulation

RVh 0.29–0.34
NCs 0.1–0.5 RVs 0.29–0.34

DRVTh −0.25–0.25

Blade Loading

DRVTh −0.25–0.25
NDh 0.5–0.9 NDh 0.5–0.90
Kh −2.0–2.0 Kh −2.0–2.0

DRVTs −0.25–0.25 DRVTs −0.25–0.25
NDs 0.5–0.9 NDs 0.5–0.90
Ks −2.0–2.0 Ks −2.0–2.0

Stacking β −20.0–20.0 Stacking β −20.0–20.0

Constraints
Pump efficiency at 1.0Qdes

Pump head at 1.0Qdes

Objectives
Pump efficiency at 1.2Qdes

Pump efficiency at 0.8Qdes

In the first case, only the stacking condition and blade loading were adopted as design
variables. To widen the mixed flow pump high-efficiency region, the pump efficiency
at 1.2Qdes and 0.8Qdes were optimized. To ensure that the hydraulic performance of the
optimized pump at the design point was truly better than that in the baseline model, the
pump head and efficiency at the design point were set as constraints. The pump head and
efficiency are calculated by Equations (8) and (9):

H=
Pout − Pin

ρg
(8)

η=
(Pout − Pin)Q

Mω
(9)

where g represents the acceleration of gravity; ρ represents the fluid density; Pin and Pout
represent the inlet and outlet total pressures; ω represents the impeller angular velocity;
and M represents the torque acting on the impeller by the motor shaft.

In the second case, the influence of SDIEC on the optimization results was considered,
and rVh and rVs were added to the design parameters as shown in Table 2. To reduce the
number of calculation times, the two design parameters NCh and NCs were set as 0.18
and 0.10, respectively, because they have the least influence on the optimization objectives.
Same as in the first case, the optimization targets were the pump efficiency at 1.2Qdes and
0.8Qdes and the constraints were the pump efficiency and head at the design point.

Therefore, to achieve the purpose of making the second-order RSM more accurate in
both cases, 110 sample points were generated in each case. As shown in Table 3, parameter
setting of NSGA-II was the same in both cases. A total of 24,000 impellers with different
configurations were generated in each case.
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Table 3. Parameters setting for non-dominated sorting genetic algorithm (NSGA-II).

Setting Value

Number of generations 200
Population size 120

Cross distribution index 10
Crossover probability 0.9

Mutation distribution index 20
Initialization mode Random

4.3. Optimization Result

The Pareto front of the first case is shown in Figure 12. It is observed that, as the pump
efficiency at 1.2Qdes decreases, the pump efficiency at 0.8Qdes increases, which means that
there is a competitive relationship between the two optimization objectives. According to
Equation (10), three different impeller configurations (F1–F3) were selected on the Pareto
front for further study.

Figure 12. Pareto front of the first case.

F1 :
{

Maximize η1.2
η0.8 > 80.48

F2 :


Maximize ( η1.2 + η0.8)

η0.8 > 80.48
η1.2 > 73.84

F3 :
{

Maximize η0.8
η1.2 > 73.84

(10)

The 3D shape comparison of impellers F1–F3 is shown in Figure 13a. In this figure,
pink indicates impeller F1, blue indicates impeller F2, and red indicates impeller F3. It
can be seen from Figure 13a that there are obvious differences in the shape of the blades
of impellers F1–F3. The design parameters of optimized impellers F1–F3 are shown in
Table 4, and the performance predicted by RSM and CFD are shown in Table 5. Here, the
performance calculated by CFD agrees well with the RSM prediction. Compared with
baseline impeller, the pump efficiency has been significantly improved under high flow
conditions. However, under low flow conditions, the improvement is not very significant.
Taking impeller F1 as an example, the pump efficiency at 1.2Qdes, 1.0Qdes, and 0.8Qdes are
80.32%, 87.62%, and 80.54%, respectively. These values correspond to 6.48%, 2.41%, and
0.06% improvement over the baseline impeller.
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Figure 13. Geometry of the optimized impeller: (a) first case; (b) second case.

Table 4. Design parameters for the first case.

Impeller
Variables

DRVTh NCh Kh NDh DRVTs NCs Ks NDs β

F1 0.034 0.179 −0.983 0.899 −0.131 0.111 1.491 0.500 −19.983
F2 −0.04 0.178 −0.674 0.542 0.165 0.100 1.558 0.500 −18.999
F3 −0.041 0.228 −0.508 0.764 −0.193 0.100 1.574 0.500 −17.996

Table 5. Performance comparison for first case.

Impeller
Performance RSM CFD

η0.8 (%) η1.2 (%) η0.8 (%) η1.2 (%) H1.0 (m) η1.0 (%)
F1 80.52 79.96 80.54 80.32 12.31 87.62
F2 80.73 77.93 80.70 78.03 12.28 87.81
F3 80.80 76.45 80.77 76.25 12.34 87.99

Baseline model 80.48 73.84 12.10 85.21

The Pareto front of the second case is shown in Figure 14. Same as in the first case,
three different impeller configurations (S1–S3) were selected on the Pareto front. Figure 13b
shows the 3D shape comparisons of impellers S1–S3. In this figure, pink indicates impeller
S1, blue indicates impeller S2, and red indicates impeller S3. Table 6 shows the design
parameters of the optimized impellers S1–S3, and Table 7 shows the performance predicted
by RSM and CFD. Compared with the first case, all the optimization objectives were further
improved in this case, especially at low flow conditions. Taking impeller S2 as an example,
the pump efficiencies at 1.2Qdes, 1.0Qdes, and 0.8Qdes are 81.08%, 88.87%, and 81.75%,
respectively. These efficiencies correspond to 7.24%, 3.66%, and 1.27% improvements over
the baseline impeller.

Figure 14. Pareto front of the second case.
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Table 6. Design parameters for the second case.

Impeller
Parameters

RVh RVs DRVTh NDh Kh DRVTs NDs Ks β

S1 0.3005 0.3365 0.249 0.513 −1.729 −0.144 0.706 1.999 −16.269
S2(Preferred) 0.3318 0.3363 0.199 0.893 −1.464 −0.088 0.503 −1.439 −13.804

S3 0.3129 0.3365 0.199 0.500 −1.50 −0.200 0.900 −1.499 −19.864

Table 7. Performance comparison for the second case.

Impeller
Performance RSM CFD

η0.8 (%) η1.2 (%) η0.8 (%) η1.2 (%) H1.0 (m) η1.0 (%)
S1 80.68 83.10 80.87 82.54 12.52 88.4

S2 (Preferred) 81.23 80.75 81.75 81.08 12.18 88.87
S3 82.00 76.45 81.80 77.84 11.97 88.64

Baseline model 80.48 73.84 12.10 85.21

5. Influence of SDIEC on Optimization Results
5.1. Comparison of Pareto Front for First and Second Case

The comparison of the Pareto front obtained from the first case and the second case is
shown in Figure 15, where the impellers in the orange wireframe are the impellers that meet
the optimization requirements. To illustrate the influence of SDIEC on the optimization
results, impellers A, B, C, and D were selected for further study. By comparing impellers A
and C, it can be seen that, when the influence of SDIEC was considered in the optimization
process, the optimization upper limit under low flow conditions increased by 1.2%. By
comparing impellers B and D, it can be seen that the optimization upper limit under high
flow conditions increased by 3.5%. Besides, in the second case, with the increase of pump
efficiency at low flow conditions, the reduction of pump efficiency at high flow conditions
was smaller, which means that the impeller with good comprehensive performance was
more likely to be obtained in the second case.

Figure 15. Comparison of Pareto front for the first and second cases.

In summary, to further improve the mixed flow pump performance, it is necessary to
consider the influence of SDIEC in the optimization process.

5.2. Comparison of Blade Loading and Circulation Distribution for the First and Second Cases

The optimized impellers F1 and S2 mentioned in Section 4.3 were selected as preferred
impellers for the first and second cases, respectively. The blade loading distribution and
SDIEC of impeller F1 and S2 are shown in Figure 16. In impeller F1, the SDIEC is uniform
and the distributions of blade loading are aft-loaded and fore-loaded on the shroud and
hub, respectively. However, in impeller S2, the SDIEC is a second-order parabolic and
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the blade loading at shroud and hub are both fore-loaded. Therefore, when SDIEC is
considered in the optimization process, the blade loading and circulation distribution on
the entire blade is greatly changed.

Figure 16. Comparison of the circulation distribution of impellers F1 and S2: (a) blade loading distribution; (b) spanwise
distribution of impeller exit circulation (SDIEC) distribution

5.3. Performance Comparison Between Preferred Impellers and Baseline Impeller

The performance comparison between the preferred impellers F1 and S2 and the
baseline impeller is shown in Figure 17. When the flow rate is greater than 0.8Qdes, the
pump efficiency of the optimized impellers F1 and S2 is higher than that of the baseline
model. However, compared with impeller F1, impeller S2 has a higher pump efficiency at
all flow rates, especially at low flow conditions. The pump efficiencies of impeller S2 at
1.2Qdes, 1.0Qdes, and 0.8Qdes are increased by 0.76%, 1.24%, and 1.21%, respectively over
impeller F1.

Figure 17. Comparison of external characteristics.

The pump head of the optimized impellers F1 and S2 presented an interesting change
compared to the baseline impeller. The pump head of the optimized impellers F1 and S2
under the design condition are the same as the baseline impeller. However, under low
flow conditions, the pump head of the baseline impeller is the highest, followed by the
impeller F1, and the lower the flow rate, the greater the head difference. Under high flow
conditions, the pump head shows an opposite trend to low flow conditions.
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To clarify the optimization mechanism, it is necessary to compare and analyze the
internal flow field of the model. The comparison of pressure contours between the base-
line impeller and the preferred impellers F1 and S2 at 1.2Qdes and 0.8Qdes are shown in
Figure 18. After carefully considering the influence of the wall on the flow field, these data
were extracted at r = 0.9, 0.5, and 0.1 respectively. As shown in Figure 18a, at 1.2Qdes, an
obvious low-pressure region appeared on the leading edge near the shroud of the baseline
impeller, which resulted in a large-scale backflow. After optimization, the low-pressure
region was greatly weakened and the backflow was completely suppressed. Besides, the
pressure distribution at the inlet of impeller S2 was more uniform than that of impeller
F1. Figure 18b also shows the same phenomenon, but it should be noted that the low-
pressure region appears on the blade suction surface and that there is no backflow in the
low-pressure region.

Figure 18. Pressure distribution at different spans: (a) 1.2Qdes; (b) 0.8Qdes.

6. Conclusions

In this study, the influence of SDIEC on the optimization results of mixed flow pump
impeller was quantitatively studied by using the combined optimization system. During
the optimization process, the impeller was parameterized by the inverse design method,
the optimization objectives were the pump efficiencies at 1.2Qdes and 0.8Qdes, and the
constraints were the pump head and efficiency at 1.0Qdes. The conclusions of this research
are as follows:

(1) In the first case, the influence of SDIEC was ignored in the optimization process and
only the stacking condition and blade loading were used as design variables, but
satisfactory results were still obtained. Taking optimized impeller F1 as an example,
the pump efficiencies at 1.2Qdes, 1.0Qdes, and 0.8Qdes are 80.32%, 87.62%, and 80.54%,
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respectively. These values correspond to 6.48%, 2.41%, and 0.06% improvement over
the baseline impeller.

(2) In the second case, the influence of SDIEC was considered in the optimization process,
and the stacking, blade loading, and circulation were used as the design variables and
the upper limit of optimization was further improved. Taking optimized impeller
S2 as an example, the pump efficiencies at 1.2Qdes, 1.0Qdes, and 0.8Qdes are 81.08%,
88.87%, and 81.75%, respectively. These values correspond to 0.76%, 1.24%, and 1.21%
improvement over the impeller F1.

(3) SDIEC also has a significant influence on the blade loading distribution of the opti-
mized impeller. In impeller F1, the blade loading at the shroud and hub are aft-loaded
and fore-loaded, respectively. While in impeller S2, the blade loading at the shroud
and hub are both fore-loaded.

Based on the above findings, to further improve the optimization upper limit of the
mixed flow pump, it is necessary to consider the influence of SDIEC in the optimization
process. Additionally, the research results can provide guidance for the optimization of
other rotating machinery.
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Abbreviations

η pump efficiency
H pump head
Q volume flow rate
f wrap angle
ω angular velocity of the impeller
Vθ tangentially velocity
ϑ kinematic viscosity
r radius or radial direction
β stacking condition
B blade numbers
ρ static pressure
τij Reynolds stresses
V circumferential average absolute velocity
Wm blade surface relative velocity
g gravitational acceleration
v periodic velocity
m streamline
K slope of linear line
ρ density of the fluid
ND aft fore connection points
V time-average velocity
NC fore connection points
M torque on the impeller
DRVT blade loading at leading edge
P pressure at inlet or outlet
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