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Abstract: The vertical inline pump is a single-suction single-stage centrifugal pump with a curved
inlet pipe before the impeller, which usually causes a significant increase of hydraulic losses in the
inline pump. Considering the matching relationship between the inlet pipe and impeller, a multi-
objective direct optimization based on the MOPSO of the inlet pipe and impeller was carried out to
broaden the efficient operating area of the vertical inline pump. Bezier curves were adopted to
control the profiles of the inlet pipe and impeller and 39 coordinates of the control points and the
blade number were selected as the optimization variables. The efficiencies of the inline pump at the
part-load and nominal conditions were chosen as the objective functions, which were obtained by
the automatic simulation program. A dramatic improvement in pump performance was found after
optimization. In the set of Pareto solutions, the maximum increases of efficiency at part-load and
nominal conditions were 8.06% and 7.33% respectively. It also reported that the inlet pipe with
longer horizontal length and lower bend curvature could reduce the hydraulic losses of the inlet
pipe and increase the pump performance.

Keywords: multi-objective optimization; shape optimization; MOPSO; vertical inline pump;
hydraulic performance

1. Introduction

1.1. Background

The vertical inline pump is a single-suction single-stage centrifugal pump with a curved inlet
pipe before the impeller. This type of pump is widely applied where installation space is a constraint,
such as urban water supply [1]. However, it is characterized by a non-uniform and complex inflow
phenomenon which results in a significant decrease in the pump performance [2-6]. Hence, it is
necessary to optimize the vertical inline pump to improve the performance and save energy.

1.2. Literature Review

The investigation of optimization methods for fluid machinery has a long tradition. In recent
years, the application of surrogate models to optimize a single hydraulic component has gained much
recognition [7] and there have been several studies focusing on optimizing pumps [8-13].
Nourbakhsh [14] compared the performance of the multi-objective genetic algorithm and multi-
objective particle swarm optimization algorithm in pump optimization design. In the study, the
artificial neural network was used to optimize a centrifugal pump with efficiency and cavitation
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performance as the objective functions. Zhang [15] used the artificial neural network and multi-
objective genetic algorithm to optimize a helical axial impeller. Takayama [16] combined the three-
dimensional inverse design method, numerical simulation, design of experiment, response surface
model and multi-objective genetic algorithm to optimize a high specific speed mixed-flow pump with
the objective functions of pump efficiency, the maximum slope of the head curve and cut-off power.

However, the approach based on surrogate models will no more be efficient when the number
of decision variables is large, or the objective functions are very complex. Nowadays, along with the
development of computational resources, the direct optimization method that is based on intelligent
algorithms has received attention [17]. This approach directly uses the simulation results as the
objective values and has no requirement for the properties of the objective functions (such as
continuous, differentiable, and so on), and the design parameters of the target model that could
comprehensively determine the objectives are usually set as decision variables. However, the
performance of this method directly depends on the algorithm. There are several multi-objective
stochastic algorithms widely applied in the field of fluid machinery optimization. Multi-objective
Particle Swarm Optimization (MOPSO), Multi-objective Genetic Algorithm (MOGA), and Multi-
objective Evolutionary Algorithm (MOEA) are the most commonly used multi-objective algorithms
in this field.

As direct optimization of fluid machinery usually cost a lot of computational resources and PSO
generally shows a faster convergence speed than traditional evolutionary algorithms (EA), it has
gradually been introduced into the complex optimization problem of fluid machinery in recent years.
Many studies also reported the improvement of the PSO algorithms [18-24]. Safari et al. [25] proposed
a metamodel guided particle swarm optimization (MGPSO) algorithm, which could obtain more
accurate results with a relative smaller computational resource. Song et al. [26] applied adaptive
control strategies into the improvement of PSO, and the results showed a significant decrease in the
optimization cost.

In 2018, a multi-objective optimization on the inlet pipe of a vertical inline pump was carried out
based on a multi-objective genetic algorithm and artificial neural network by Pei Ji [27]. The
performance at different operating conditions improved after optimization, and it also reported that
the design of the inlet pipe has a slight influence on the performance of the inline pump under the
overload condition. However, this approach ignored the matching relationship between the different
subassemblies.

1.3. Paper Organization

In this research, an industrial vertical inline pump with a suboptimal design was applied in the
optimization. While considering the match relationship between the impeller and the inlet pipe of a
vertical inline pump, the profiles of these two parts were redesigned to obtain better performance.
Specifically, 40 design variables of these two components were selected, and the efficiencies under
part-load and nominal conditions were set as objective functions. As the number of variables was
large, the optimization approach that was based on surrogate models was no longer applicable.
Hence, the direct optimization method based on an intelligent algorithm was applied.

2. Computational Model

Figure 1 shows the original model, and Table 1 lists the main parameters. As shown in Figure 1,
the flow domain was divided into four parts: inlet pipe, impeller, volute, and discharge pipe, which
could simplify the meshing process. The specific speed of the original vertical inline pump is 132.36
rpm, and the definition is given as follows:

n =——— )

where:

n,: specific speed, rpm;

s
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n: rotation speed of the impeller, rpm;

Qd : design volume flow rate, m%/s; and,

H: head, m.

Table 1. Design Parameters of the Original Case.

Parameters Value
Flow rate, Q4 (m3/h) 50
Total head, H (m) 20
Rotational speed, n (rpm) 2910
Specific speed, ns (rpm) 132.36
Impeller inlet diameter, D1 (mm) 72
Impeller outlet diameter, D> (mm) 136
Inlet width, b1 (mm) 345
Outlet width, b2 (mm) 17.8
Inlet blade angle, p1 (degree) 38
Outlet blade angle, p2 (degree) 23
Number of blades, z 6
Suction pipe diameter, Ds (mm) 80

Discharge pipe diameter, Ds (mm) 80

Discharge Pipe

Curved Inlet Pipe

Figure 1. Flow Domains of the Original Case.
3. Numerical Methodology

3.1. Computational Grids

In the process of numerical simulation, it is widely known that the quantity and quality of grids
has great influence on the computational speed and accuracy. In this research, the flow domain was
divided into four parts (see Figure 1). As shown in Figure 2, the structural cells and multi-block
strategies were applied to mesh each part using the commercial pretreatment software ANSYS ICEM.
Meanwhile, the grids near walls were refined to achieve the accurate results near the boundaries. The
non-dimensional wall distance (y+) was applied in the evaluation of the grids. The figure for the
significant surfaces, such as the leading edge of the impeller, was from 5 to 10, and the max value in
the whole passage was less than 80. Hence, the grids condition was enough for the characteristic
calculation.

A grid sensitivity study was also carried out to improve the reliability of the computational
grids. Figure 3 gives the results of this study. Formula (2) shows the definition of the head coefficient
/. The figures for the head coefficient of the vertical inline pump was going to be stable when the

impeller node quantity was greater than 0.9 million. Therefore, the final grid size of each component
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was set to this figure during the optimization process and the final calculational grid number of the
inlet pipe, the impeller, the volute, and the discharge pipe were 1.36 million, 0.93 million, 1.21 million
and 0.78 million, respectively.

_2gH

2
u2

@)

where:
g: gravity coefficient, 9.81 m/s% and,

u,: tangential velocity of impeller outflow, m/s.

3.2. Computational Setup

In this research, the three-dimensional steady Reynolds averaged Naiver-Stokes equation
system with shear stress transport turbulence model (SST), which could give accurate result in the
near-wall regions and better predictions for flow separation [28], were solved by commercial CFD
code ANSYS CFX to obtain the characteristics and inner flow features of original case and optimized
cases.

The inlet and outlet condition in the calculation were set as “total pressure” and “mass flow
rate”, respectively. The no slip wall condition and a roughness of 25 pum were utilized for
describing the solid walls. The value of reference pressure was 101.325 kPa and the “Frozen Rotor”
was set in the interface condition between the rotor and stator. The residual and the maximum step
of the simulation was 10~ and 500, respectively.

(a) Impeller

(b) Inlet Pipe

el

(c) Meridian Plane

Figure 2. Computational Grids.
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Figure 3. Mesh Sensitivity Study.
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Additionally, the influence of different impeller position on the characteristic of the inline pump
was studied in order to ensure the reliability of the computational results. The relative position
between impeller and volute is defined as Figure 4, and the computational results are given in Figure
5. When compared with the experimental results, the case with the impeller rotating 37 degrees
showed better performance. Hence, this relative position was applied in the optimization process.

Efficiency(%o)

Figure 5. Characteristic Comparison of Different Impeller Rotation Angle.
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Figure 4. Impeller Rotation Angle.
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4. Optimization Process

As the number of design variables was large, it will cost too much to optimize the impeller and
the inlet pipe using surrogate model. In this research, an optimization procedure based on a modified
multi-objective particle swarm optimization algorithm was proposed to solve this problem. Figure 6
gives the flow chart of the optimization process.

Latin hypercube sampling was applied to initialize the particles of the modified MOPSO
algorithm, and the objective functions were set as an automatic simulation program which includes
modeling, meshing, and calculation process. The commercial three-dimensional (3D) modeling
software Creo and ANSYS BladeGen were adopted to create the inlet pipe and impeller, respectively.
ANSYS Meshing and TurboGrid were used to mesh inlet pipe and impeller, and then the grids files
were then imported to CFX for the simulation process.

Input Variable Boundaries

'

Initialize Particles by LHS »  Model Inlet Pipe by Creo [«

v

Model Impeller by BladeGen

Mesh Inlet Pipe by Meshing

'

Mesh Impeller by TurboGrid > Simulation by CFX

v

Update and Maintenance
External Storage

F Y

A

Update Particle Evaluations

v

Particle Classification

!

Update Particle Velocities and
Positions

Figure 6. Procedure of Multi-component Optimization on the Vertical Inline Pump.

4.1. Objective Functions

As Ji Pei [27] reported that the design of the inlet pipe has little effect on the performance at the
over-load condition of the vertical inline pump, therefore, the efficiencies at part-load and nominal
conditions were selected to be the objective functions of the optimization process. The mathematical
descriptions of the objective functions are given as follows:
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To.
max 02Q
o
)
, Hyso >0.95H 5
subject toy o7 or!
H\ o 20.95H
where
Mosq: the efficiency under 0.5 times design flow rate condition;
Moot the efficiency under design flow rate condition;
H, 8 gg 1 the head of optimized cases under 0.5 times design flow rate condition;
H, 8 ;R(I) 1 the head of the original case under 0.5 times design flow rate condition;
H 1(_) ég :  the head of optimized cases under design flow rate condition; and,
H 1? ;g : the head of original cases under design flow rate condition.

4.2. Design Variables

A multi-objective optimization on these two components was carried out while considering the
matching relationship between impeller and curved inlet pipe in order to further widen the high-
efficiency operation period of the vertical inline pump. The Bezier curves were adopted to control the
profiles of the inlet pipe and the impeller, and the coordinates of the control points for these Bezier
curves were set as the design variables of the optimization.

4.2.1. Inlet Pipe

As shown in Figures 7 and 8, the profile of the curved inlet pipe could be described while using
the mid curve and the shape of cross-sections. There were totally three parameters controlling the
shape of cross-sections (see Figure 8). In this study, the cross-sectional area linearly decreased from
the inlet to the outlet to realize the steady change of the velocity and pressure. Hence, the parameter
L can be computed by the formula below.

C
A, =0.25xyr-[Dj —(D} —Df)-—"} (4)
Cm
1 4-4
L=— 25 4 (r—4)-1] 5)
7T D
where:
Ax : cross-sectional area;
D,: diameter of suction pipe;
Dl : diameter of impeller inlet;

¢, /c,: relative position of the cross section; and,
L,D,l: design parameters of cross sections (see Figure 8).
As shown in Figure 9, third order Bezier curves were applied to fit the trend of design

parameters of cross-sections from the inlet to the outlet. A fifth order Bezier curve was adopted to fit
the mid curve (see Figure 7). There are totally 14 points controlling the shape of the inlet pipe.
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Figure 7. Mid Curve of the Curved Inlet Pipe.
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Figure 8. Cross Section of the Curved Inlet Pipe.
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Figure 9. The trend of Design Parameters of Cross Sections.

4.2.2. Impeller
The geometry of the impeller flow domain can be determined by axis shape, blade shape, and

blade number. Therefore, the parameters of these elements were set as variables for the impeller.
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Blade Shape

The blade shape of the impeller is mainly controlled by blade angles and blade thickness. A fifth
order Bezier curve was used to fit the trend of blade angle, and a third-order Bezier curve was applied
to fit the trend of blade thickness, in order to simplify the trend of blade angle and blade thickness
from impeller inlet to impeller outlet.

The horizontal coordinates are relative positions and the longitudinal coordinates are the control
objects. The control points of the Bezier curve of blade thickness are evenly distributed in the
transverse direction, that is, the transverse coordinates of the control points are 0, 33.33, 66.66 and
100, respectively, in order to reduce the number of design variables. The coordinates of each control
point were used as the design variables in the optimization process.

Meridional View

The axial projection diagram of the impeller is mainly composed of three elements, namely, the
shroud, the hub, and the blade inlet. To realize the parametric control of the impeller axial shape, two
fourth order Bezier curves were used to fit the shroud and the hub of the impeller, and a third order

Bezier curve is used to fit the blade inlet shape, as shown in Figure 10.

28" | P3p J
! | ! |
P27~ ; / !

P26,/ / / P32-+

/ , : ‘
S | o /

P29 P30 p3q

g

(b) Hub

(c) Blade Inlet

Figure 10. Control Points for Meridional View of Impeller.

Blade Number

It is well known that the number of blades plays an important role in the performance of the
pump. More blades have better workability, but their passing performance will become worse.
Therefore, the selection of blade number often needs to adopt different schemes for different
applications in the process of impeller design. The vertical inline pump is a special single-stage single-
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suction centrifugal pump with the working fluid of clear water. According to the relevant literature
[29], the number of its blades generally takes 5-7.

In this research, the blade number was set as Variable 40, it is taken as an integral variable in the
optimization. The range was {5,6,7,8}.

4.3. Algorithm Setup

Particle swarm optimization (PSO) is a random algorithm inspired by social behaviors [30] and
was first proposed by Kennedy, Eberhart, and Shi in 1995 [31,32]. The fundamental position and
velocity update strategies of particles are given as following [32]:

x{‘ter — x{terfl _I_Viterfl

i i i

(6)

iter+l __ iter iter iter
VT E WA 1 (X =X ) HC Ty (X =)

i gbest

For the optimization process, the population size and maximum iteration applied in the MOPSO
were 70 and 100, respectively.

5. Result and Discussion

5.1. Validation Experiment

A validation experiment was carried out to ensure the reliability of the numerical results. Figure
11 shows the experimental pump, and Figure 12 shows the test rig. The characteristic test of the
original vertical inline pump was carried out on the open-loop in National Research Center of Pumps,
Jiangsu University. The measurement errors of head and efficiency were less than 2%, and the
figure for flowrate was less than £0.2% . The WIKA pressure sensor was used to measure the inlet
and outlet pressure of the pump, with the range of 0-1.6 bar and 0—4 bar respectively. The flow rate
of the pump was obtained by the electromagnetic Flowmeter (KROHNE-UFM 3030), and the input
power of the pump was recorded by the power meter. In the experiment, the variable frequency drive
controlled the rotational speed of the motor, and the flow rate was adjusted by adjusting the throttle
valve. At the same time, repeated tests were carried out to ensure the reliability of the results.

As shown in Figure 13, dimensionless parameters show both the test results and the calculated
results. The computational results showed good agreement with the experimental results. The head
coefficient is defined as formula (2), and the flow coefficient used in the diagram is defined, as
follows:

9= g (7)

- nD,bu,
where:
0: volume flow rate, m’/h;
D2 : impeller outlet diameter, m;
b,: impeller outlet width, m; and,
U,: tangential velocity at impeller outlet, m/s.

5.2. Data Mining Analysis

The cases generated in the optimization process were adopted in order to analyze the correlation
between these 40 variables and the objective functions. A data mining analysis based on multiple
linear regression was carried out. The regressions for models of efficiencies at the part-load condition
and nominal condition are 0.96 and 0.934, respectively, indicating that the results had great reliability.
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Figure 13. Comparison between Computational and Experimental Results.

Figure 11. Experimental Pump.
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The data were sorted in descending order with reference to the absolute sum of standardized
coefficients for models of efficiency at the part-load condition and nominal condition. It was found
that the blade angle and the blade number have great influence on the performance of the vertical
inline pump. Specifically, the outlet blade angle (y19) has the greatest effect on pump performance
and the increase of this value has a negative influence on the efficiencies of both operating conditions.
The increase of the blade number (z) has a slight positive effect on the performance under the part-



Energies 2020, 13, 425 12 of 18

load condition, while it has a strong negative effect on the performance under the nominal flow
condition.

5.3. Pareto Frontiers Analysis

The calculated Pareto frontiers are shown in Figure 14, and the performance data is given in
Table 2, and the main design parameters are shown in Table 3. When compared with the original
model, the optimized cases have higher efficiency and the heads can also satisfy the design
conditions. For the part-load condition, the maximum efficiency increase after optimization is 8.06%.
When compared with the original model, the optimized cases have obvious decreases in terms of
input power, and the heads do not have obvious fluctuation. For nominal flow conditions, the
maximum efficiency increase after optimization is 7.33%. In terms of input power and head, there is
a great difference between different results.

As shown in Figure 14, the efficiency of the part-load condition decreases with the increase of
efficiency for the nominal flow rate. When the efficiency of 1.0Qd is less than 76%, there is a slight

decrease in efficiency at part-load conditions. However, when the efficiency of the design flow rate
is higher than 76%, the efficiency at part-load rapidly decreases with the increase of the efficiency at
the nominal condition.

According to the design parameters of the Pareto solutions in Table 3, the case with higher
efficiency at part-load condition usually has an inlet pipe with a relatively longer transverse length
(vo in the table indicates the transverse length of the inlet bend, the same as below), an impeller with
smaller inlet blade angle, and a larger outlet blade angle (y4 indicates inlet blade angle and y19
indicates outlet blade angle, the same below). The case with better performance at nominal flow
condition shows that it generally has an inlet pipe with smaller transverse length and the impeller
outlet angle is smaller. The design schemes with more blades (the number of blades is more than six)
commonly have better comprehensive performance.

Three representative cases were selected and compared with the original case in order to further
study the reasons for the performance improvement of the vertical inline pump after optimization,
and their numbers were 1, 8, 12 respectively.

Table 2. Computational Pareto Frontiers.

No. Thoq 1'% Tosq /% HLOQ /m HO.SQ /m P1A0Q /W POASQ W
1 75.30 64.55 19.65 21.13 3275.01 2085.89
2 75.34 64.38 19.70 21.10 3282.28 2088.47
3 77.03 64.20 21.06 21.72 3431.83 2156.40
4 77.04 64.18 21.06 21.72 3431.33 2156.72
5 77.07 63.79 21.03 21.73 3425.45 2171.49
6 77.12 63.76 20.98 21.64 3414.01 2163.20
7 77.46 63.49 20.48 21.34 3318.75 2142.46
8 77.54 63.47 20.53 21.37 3322.16 2145.38
9 77.55 63.37 20.52 21.37 3321.84 2148.76
10 77.92 62.68 19.84 20.78 3196.23 2112.51
11 77.93 62.52 19.83 20.76 3194.08 2116.54
12 77.96 62.52 19.83 20.77 3191.68 2117.46

Original Case 70.63 56.49 20.05 20.99 3466.79 2368.08
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Figure 14. Computational Pareto Frontiers.

5.4. Performance Comparison

A performance comparison between the three selected optimized cases and the original case

based on transient calculation was carried out. The time step was set as 1.72x10™* s, which is the
time that is required for the impeller to rotate three degrees, and the mean value of the last 20
positions was utilized in the analysis. Table 4 lists the main design variables of these four cases and
the Table 5 gives the performance characteristics (where Optimized Case (1), (2), (3) refer to Pareto
solutions 1, 8, and 12 in Table 2 respectively).

As shown in Table 5, the optimized cases show better performance and stability than the original
model from 0.5 to 1.5 times design flow rate conditions. However, with the further increase of the
flow, the stability of the optimized cases is poor, and the optimization model (1) has a steep drop in
efficiency.

Figure 15 shows a comparison of profiles for inlet pipe between the three selected models and
the original case. The black line represents the original model, blue represents the optimized case (1),
red represents the optimized case (2), and pink represents the optimized case (3). As shown in the
diagram, the transverse length of the inlet pipe of the optimized models is longer, and the relative
position of the second bend is further away from the outlet. Specifically, the transverse lengths of the
three optimization models decrease in turn, with optimized case (1) being the longest, whereas
optimized case (3) is the shortest. The curvature of the first bend of the optimized case (1) is relatively
smaller, and the transition section between the first bend and the second bend is longer.

— Original Case
—— Optimized Case (1)
—— Optimized Case (2)
—— Optimized Case (3)

Figure 15. Inlet Pipe Shape Comparison between Optimized and Original Cases.
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Table 3. Main Parameters of Pareto Solutions.

14

of 18

Blade
Mi f Inlet Pi Bl Angl
Parameter id Curve of Inlet Pipe ade Angle Number
X0 X1 X2 12 X3 3 11 Y1 X15 Y15 X16 Y16 x17 y17 X18 Y18 Y19 z
1 -31390 -153.24 -101.68 -86.97 -209.34  -95.44 -157.27 2821 15.07 18.87 4134 4382 6225 16.02 86.27 1752 28.81 6
2 -313.69 -153.07 -101.80 -87.10 -209.15 -9548  -157.20 2827 1510 19.04 4133 4375 6222 1616 8627 17.63 28.78 6
3 25270 -112.81 -118.62 -110.39 -169.20 -9475 -151.06 36.01 17.17 50.04 37.66 3026 5770 3458 8822 39.35 1579 8
4 -25250 -112.72 -118.58 -11043 -169.04 -94.69 -151.13 3598 1715 50.09 37.65 3024 5771 3456 8822 3942 15.76 8
5 —259.15 -115.64 -120.63 -109.28 -17452 -97.19  -148.29 3751 17.87 4837 3774 30.60 5729 3568 88.09 36.83 16.20 8
6 -265.11 -118.80 -120.89 -107.70 -17857 -98.34  -147.40 3826 18.15 46.04 37.98 3155 5724 3555 8799 3458 16.92 8
7 -245.87 -109.66 -116.48 -111.85 -163.40 -92.27 -154.00 3453 16.48 51.84 3751 2971 58.05 33,55 8845 41.80 14.98 7
8 24160 -107.43 -11598 -112.95 -160.10 -91.19  -155.05 34.05 1623 53.31 37.37 29.19 5811 3353 8857 4336 14.42 7
9 -241.79 -107.53 -116.03 -11290 -160.26  -91.26 -15498 34.09 1624 5325 3737 2921 5810 3355 8857 4329 1444 7
10 22719 -100.64 -11243 -11596 -148.64 -8647 -160.14 31.12 1491 57.53 37.04 2788 5878 31.87 8893 4874 13.01 6
11 -227.78 -10091 -112.58 -115.84 -149.11 -86.67 -159.92 31.25 1497 5736 37.05 2794 5875 31.95 88.92 4852 13.07 6
12 -225.92 -100.03 -112.12 -116.24 -147.61 -86.06 -160.59 30.88 14.80 57.90 37.01 2777 58.83 31.74 8897 49.21 12.87 6
Table 4. Main Parameters Comparison between Optimized and Original Cases.
. . Blade
Parameter Mid Curve of Inlet Pipe Blade Angle Number
X0 X1 X2 yZ X3 y3 y4 y14 X15 y15 X16 ylG X17 y17 X18 y18 y19 z
Ogizal -200 -159.70 -12870 -7466 -4573 ~-7538 6957 38 20 35 40 32 60 29 80 26 23 6
Optimized
Case (1) -313.90 -153.24 -101.68 -86.97 -209.34 -95.44 -157.27 2821 1507 1887 4134 4382 6225 16.02 86.27 1752 28.81 6
Optimized
Case (2) 24160 -107.43 -11598 -112.95 -160.10 -91.19 -155.05 34.05 16.23 53.31 3737 29.19 5811 33.53 8857 4336 14.42 7
Optimized
-225.92 -100.03 -112.12 -116.24 -147.61 -86.06 -160.59 30.88 14.80 57.90 37.01 27.77 58.83 31.74 88.97 4921 12.87 6

Case (3)
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Table 5. Performance Comparison between Optimized and Original Cases.

Parameter Mo 50 1'% Moq 1'% M sq 1% Hsq /m H, /m H, s, /m
Original Case 58.15 72.40 69.17 21.94 20.39 13.28
Optimized Case (1) 63.12 77.42 70.18 22.72 21.90 13.86
Optimized Case (2) 63.31 78.95 76.34 22.05 20.95 15.80
Optimized Case (3) 62.55 79.39 74.32 21.80 20.06 14.85

5.5. Hydraulic Head Distribution

The head distributions of the original model and the optimized cases were analyzed in order to
study the flow losses in different parts, and the results are shown in Table 6. The head value was
calculated using the formula below:

v —v) P =1,
2g rg

H=(z,-z)+ (8)

where, subtitle 1, 2 represent the inlet and the outlet of each component (as shown in Figure 16),
respectively.

Passage: A - Inlet Pipe; B - Volute; C: Impeller

Interface: 1 - Inlet Pipe_Inlet; 2 - Inlet Pipe_Outlet, Impeller Inlet;
3 - Impeller Outlet, Volute Inlet; 4 - Volute Outlet

Figure 16. Interface of each component.

For the overload condition, the input power for the three optimized cases is significantly
reduced. The workability of the impeller for optimized case (1) under the over-load condition is poor
and, therefore, the input power of this case is obviously lower than the others. For the inlet pipe, the
hydraulic losses are mainly composed of the impact losses and the friction losses under the design
flow and the large flow condition. The optimized cases have more hydraulic losses in the inlet pipes,
as the length of the inlet pipe of the optimized case is longer than the original one. The data for other
parts is not much different (in addition to the optimization model (1)), but the input power is
significantly reduced, so that the efficiency of the optimized cases (2) and (3) is better than the original
model under large flow conditions.

In the same way, under the design flow condition, the input power of the three optimized cases
is lower than that of the original case, and the hydraulic losses inside the volute and the delivery pipe
are reduced, so the performance of the optimized model under the nominal condition is superior to
the original model.
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Under the part-load condition, the working ability of the optimized impeller had a slight
decrease, but, at the same time, the losses in other flow channels reduce for different degrees, so the
total head still meets the design requirements. For the optimized case (1), the hydraulic losses in the
inlet pipe are significantly reduced when compared with the original model, and the figure for the
volute is also lower than the original one. For the optimized cases (2) and (3), the hydraulic losses in
the volute have a significant decrease, and the figures for inlet pipe are similar to the original case.
Meanwhile, the input power of the three optimized cases under the small flow condition is obviously
lower than that of the original model, so the efficiencies of the three optimized cases at the part-load
condition are improved.

Table 6. Hydraulic Head Distribution of Optimized and Original Cases.

Inlet Delivery Input

Flowrate Case Pipe/m Impeller/m  Volute/m Pipe/m Power/kW
Original Case -0.817 29.004 -5.882 -0.111 2.368
0 SQ Optimized Case (1) -0.112 27.146 -5.256 -0.126 2.086
T=d Optimized Case (2) -0.958 27.336 -4.361 -0.141 2.145
Optimized Case (3) -0.893 26.645 -4.275 -0.135 2.117
Original Case -0.044 22.828 -2.558 -0.222 3.467
1 OQ Optimized Case (1) -0.071 22433 -2.194 -0.188 3.275
T Optimized Case (2) -0.076 23.109 -2.001 -0.204 3.332
Optimized Case (3) -0.080 22.161 -1.816 -0.194 3.192
Original Case -0.086 18.464 -2.151 -0.504 4.425
1.0 Q Optimized Case (1) -0.149 16.038 -2.354 -0.749 3.740
TT=d Optimized Case (2) -0.160 18.992 -1.937 -0.633 4.176
Optimized Case (3) -0.168 18.288 -2.087 -0.742 4.030

6. Conclusions

In this research, a multi-objective particle swarm optimization algorithm was proposed to
reduce the costs of the pump direct optimization problem. The MOPSO algorithm was applied for
optimizing the inlet pipe and impeller of a vertical inline pump. Based on the Bezier curves, 40 design
variables were selected for the optimization process, and the efficiencies of the inline pump under
the part-load and nominal flow conditions were chosen as the objective functions.

Three Pareto solutions were selected after optimization for further study. The maximum
increase of efficiency under part-load and nominal conditions were 8.06% and 7.33%, respectively.
The horizontal length of the inlet pipe was longer when the design had better performance at part-
load conditions, while the design with better performance at nominal condition had shorter inlet pipe
and impeller with smaller outlet blade angle, and the design schemes with large blade number (which
is greater than 6) usually had better comprehensive performance. The inlet pipe with longer
horizontal length and lower bend curvature could effectively reduce the hydraulic losses of the inlet
pipe and increase the pump performance.
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Nomenclature
Ax  Area of cross-section, mm?
b1 Impeller inlet width, mm
b2 Impeller outlet width, mm
cx  Length along the mid curve, mm
cm  The total length of the mid curve, mm
Cyr  The pressure coefficient
D  Parameter D of cross-section, mm
D1 The diameter of impeller inlet, mm
Ds  The diameter of section pipe, mm
D:  The diameter of the delivery pipe, mm
H  Pump head, m
I Parameter [ of cross-section, mm
L Parameter L of cross-section, mm
n  Rotating speed of impeller, rpm
ns  Specific speed of the pump, rpm
Q  Flow rate, m3/s
Qe The volume flow rate of design flow condition, m%h
u2  Impeller peripheral velocity at the outlet, m/s
xi  Horizonal coordinate of control point i, mm
yi  Vertical coordinate of control point i, mm
z  Number of blades
p1 Impeller inlet vane angle, degree
B2 Impeller outlet vane angle, degree
n  The efficiency of the pump
¢  Flow coefficient
1 Head coefficient
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