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Abstract: As important parts of underground water conveyance equipment, diving tubular pumps
are widely used in various fields related to the national economy. Research and development of
submersible pumps with better performance have become green goals that need to be achieved
urgently in low-carbon development. This paper provides an effective approach for the enhancement
of the performance of a diving tubular pump by adopting computational fluid dynamics, one-
dimensional theory, and response surface methodology. First, the flow loss characteristics of the
pump under several flow rate conditions are analyzed by entropy production theory, and then the
impeller and guide vanes are redesigned using the traditional one-dimensional theory. Then, the
surface response experimental method is used to improve pump hydraulic efficiency. The streamline
angle (A) of the front cover of the impeller blade, the placement angle (B) of the middle streamline
inlet, and the placement angle (C) of the rear cover flowline inlet are the response variables to optimize
the design parameters of the diving tubular pump. Results show that wall entropy production and
turbulent kinetic energy entropy production play the leading role in the internal flow loss of the
diving tubular pump, while viscous entropy production can be ignored. The flow loss inside the
impeller is mainly concentrated at the inlet and the outlet of the impeller blade, and the flow loss
inside the guide vane is mainly concentrated in the area near the guide vane and the entrance of the
guide vane. A, B, and C are all significant factors that affect efficiency. The order of the influencing
factors from strong to weak is as follows: A2 (p = 0.000) > C (p = 0.007) = A × B (p = 0.007) >
B (p = 0.023) > B2 (p = 0.066) > A × C (p = 0.094) > A (p = 0.162) > C2 (p = 0.386) > A × B (p = 0.421).
The best combination of response variables after surface response test design is A = 9◦, B = 31◦, and
C = 36◦. After optimization, the pump efficiency and the head of the model pump are increased by
32.99% and 18.71%, respectively, under the design flow rate. The optimized model pump is subjected
to tests, and the test data and the simulation data are in good agreement, which proves the feasibility
of using the surface response method to optimize the design of the model pump.

Keywords: diving tubular pump; energy loss; entropy generation; surface response method; pump
hydraulic performance

1. Introduction

A tubular pump is a pump with a built-in motor. Because the inlet and outlet channels
of the pump are in a straight line, the tubular pump is widely used in the fields of emergency
drainage of mines, water lifting in large-scale water conservancy projects, water supply
to high-rise buildings, and so on [1]. Due to the complex internal flow structure, the
pump efficiency is usually low. With the rapid economic growth and the continuous
increase in population, the problem of energy is becoming increasingly prominent. At
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present, the international community is trying to solve the problem of energy shortage;
the excessive consumption of energy will inevitably lead to climate problems. Energy
conservation and emission reduction are an important strategy to achieve the global carbon
peak goal [2,3]. As general-purpose machinery, pumps are widely used in various fields
related to the national economy. According to statistics, the electrical energy consumed
by pumps accounts for about 20% of the world’s total power consumption. Therefore,
improving the efficiency of the pump is of great significance in achieving energy saving,
consumption reduction, and alleviation of energy shortages [4]. The research objects in
this study are diving tubular pumps, which are widely used in municipal engineering,
flood drainage, and emergency rescue in mine flooding accidents because of their high
flow pumping characteristic. Due to power shortage on some emergency rescue occasions,
identifying a method for its performance optimization is of great value.

It is necessary to analyze the flow loss of a pump before optimizing the design of the
pump. The traditional pressure drop method has limitations regarding the calculation of the
energy loss of a centrifugal pump, and it is impossible to accurately visualize the location
and distribution of energy loss inside the centrifugal pumps. According to Denton [5],
entropy generation is an effective method to explain the energy loss of fluid machinery.
Therefore, this method can be used to analyze the internal energy loss of centrifugal
pumps effectively and provide a reference for the optimal design of centrifugal pump flow
components. Kock and Herwig [6] proposed an enhanced model to calculate the direct
dissipation entropy generation based on the entropy generation theory. In recent years,
the theory of entropy generation has been applied to the visualization of the location and
distribution of energy loss in high-power mechanical pumps [7], the study of internal
energy loss in multistage pumps with or without rings [8], the study of the energy loss
area of the side channel pump [9], and the energy loss analysis of the large-flow fast-start
self-priming centrifugal pump [10]. In addition, the theory of entropy generation has
been applied to the study of energy loss in hydraulic turbines [11] and cavitation flow in
cryogenic liquid submersible pumps [12]. It is an intuitive and feasible method to analyze
the internal flow loss of a centrifugal pump based on the theory of entropy generation.

At present, methods such as intelligent optimization algorithms and experimental
design are widely used in the optimal design of pumps. Si et al. [13] optimized the design
of electronic water pumps based on orthogonal experiments and multi-island genetic al-
gorithms (MIGA) with efficiency as the optimization goal, which increased the efficiency
of the electronic water pump design operating point by 4.2%. Zhang et al. [14] combined
a genetic algorithm with a three-dimensional hydraulic design (Q3DHD) and boundary
vorticity diagnosis (BVF) to optimize the design of multiphase pump impellers and used
experiments to verify the feasibility of the optimization method. The total pressure ratio
and the isentropic efficiency of the compressor were improved. Kim et al. [15] optimized
the four parameters of the shape of the front and rear cover plates of a centrifugal compres-
sor impeller with the optimization goals of total pressure ratio and isentropic efficiency,
combined with numerical simulation and hybrid multi-objective optimization algorithm,
and the goal of significantly improving the isentropic efficiency and total pressure in the
full range of working conditions was achieved. Although the optimal solution can be found
theoretically by using intelligent optimization algorithms, the optimization cycle is long
and computational resources are consumed. The use of experimental design methods can
avoid the drawbacks of intelligent optimization algorithms. Hyun-Su et al. [16] optimized
the impeller of the centrifugal compressor by the fluid–structure coupling approach and the
response surface method, thereby improving the aerodynamic performance and structural
stability of the centrifugal compressor. Shi et al. [17] adopted a multi-disciplinary opti-
mization design method based on an approximation model to improve the comprehensive
performance of an axial-flow pump, and the results show that the mass of a single blade
was reduced from 0.947 to 0.848 kg (a decrease of 10.47%) and the efficiency of the design
condition increased from 93.91% to 94.49% (an increase rate of 0.61%). Liu et al. [18] opti-
mized the geometric parameters of the flow components of the multiphase pump based on
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the orthogonal optimization design method of five factors and four levels. The optimized
multiphase pump has a more uniform internal gas volume fraction and pressure distribu-
tion, and its performance has been significantly improved. Bonaiuti et al. [19] optimized the
impeller design of a centrifugal compressor based on a combination of experimental design,
surface response, and multi-objective optimization algorithms. Lee et al. [20] optimized the
design of the axial fan impeller based on the three-dimensional inverse problem design
method and used the response surface method. After the optimization, the fan pressure
increased by 28.2%. Thakkar et al. [21] presented an effective approach for sanitary cen-
trifugal pump performance enhancement by adopting computational fluid dynamics and a
response surface methodology with a multi-objective optimization algorithm; the efficiency
improved by 10.15% at the design point compared to the initial pump. Nataraj et al. [22]
implemented a response surface methodology complemented with CFD simulations to
improve the performance of a centrifugal pump by modifying the impeller design. The
total head was increased, and the power consumption was minimized with the optimized
impeller parameters. Wang et al. [23] optimized a centrifugal pump impeller based on a
numerical simulation, Latin hypercube sampling (LHS), a surrogate model, and a genetic
algorithm. Three different surrogate models were compared, namely the RSM, kriging, and
the radial basis neural network. At the design point, the RSM model predicted the highest
efficiency while the optimization technique increased the efficiency by 8.34%.

It can be observed from the literature survey that most research only focuses on
rotors in fluid machinery. Based on the energy loss analysis of the submersible tubular
pump, this study combined computational fluid dynamics, one-dimensional theory, and
response surface methods to modify the parameters of the guide vane and the impeller
to improve the performance of the submersible tubular pump. Firstly, the CFD method
is used to numerically simulate the hydraulic characteristic of the initial pump and the
entropy analysis based on the calculation results are processed to identify the key factors
that lead to hydraulic efficiency reduction. Secondly, the impeller and the guide vanes of
the prototype pump are initially optimized in terms of the excellent hydraulic model. Next,
the surface response method is used to carry out a multi-objective optimization design
on the impeller and the space guide vane of the diving tubular pump to achieve the best
performance. After that, the optimized model is manufactured to test pump performance.
Finally, the reliability of the optimized design method is verified by experimental results,
which provide a reference for the optimized design of diving tubular pumps.

2. Numerical Method
2.1. Flow Control Equations

The internal flow of the diving tubular pump studied in this paper is a three-dimensional
incompressible turbulent flow. The flow control equation in the Cartesian coordinate system
without considering the heat transfer of the fluid is [24]:

∂ui
∂xi

= 0 (1)

∂(ρui)

∂t
+

∂
(
ρuiuj

)
∂xj

= − ∂p
∂xi

+
∂

∂xj
(µ

∂ui
∂uj
− τij)(i, j = 1, 2, 3) (2)

Since the number of unknowns in the governing equation is more than the number of
equations, it is necessary to supplement the turbulence model to close the equations for
a solution. The numerical simulation in this paper adopts the SST k-ω turbulence model
with higher accuracy and reliability, and its equations are as follows [25–27]:

∂
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∂
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where Gk and Gw are the production terms for k and w, respectively; Γk and Γw are the
diffusion terms of k and w, respectively; Yk and Yw are the destruction terms of k and w,
respectively; and Dw represents the orthogonal divergent term.

2.2. Theory of Entropy Generation

The entropy generation analysis method is based on the second law of thermodynam-
ics. It combines heat transfer and fluid mechanics to analyze energy loss and describes the
irreversible conversion of high-quality energy, such as mechanical energy, to low-quality
energy, such as internal energy. Diving tubular pumps will inevitably produce energy
dissipation during operation; so this study uses the entropy generation analysis method to
qualitatively and quantitatively analyze the energy loss of diving tubular pumps. Since
entropy is a state quantity, the entropy generation and transport equation of a single-phase
incompressible ideal fluid is [28]:

ρ(
∂s
∂t

+ u
∂s
∂x

+ v
∂s
∂y

+ w
∂s
∂z

) = div(
q
T
) +

φ

T
+

φθ

T2 (5)

where div( q
T ) represents reversible heat transfer; t is for time; ρ is for density; T is the

system temperature; s is the entropy generation rate; x, y, and z are coordinate components;
and u, v, and w are velocity components in the Cartesian coordinate system. φ is the viscous
dissipation term of mechanical energy; φθ is the dissipation term generated by heat transfer
due to temperature difference, and the two items on the right are the source terms, so
both are positive values. The first term is the entropy generation generated by viscous
dissipation, and the second term is the entropy generation generated by the heat transfer
process. Reynolds averaging the Navier–Stokes equations decomposes unsteady variables
into time-averaged and fluctuating terms, so the calculation of entropy generation is also
divided into average term and pulsating term. Herwig [29] gave the formula for calculating
entropy generation per unit volume after Reynolds time-average processing:
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(6)

where “-” represents the time-average term and SPRO,D represents the entropy generation
due to viscous dissipation.
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(7)

where “′“ represents the pulsation term and SPRO,D′ represents the entropy generation
caused by turbulent energy dissipation.

Since it is difficult to directly solve the pulsating velocity in the numerical calculation
process, Herwig [30] proposed a method to directly solve the entropy generation of turbu-
lent kinetic energy based on the turbulent energy dissipation rate. The calculation formula
is as follows:

SPRO,D′ =
ρε

T
(8)

where ρ is the density, ε is the turbulent energy dissipation rate, and T is the system temperature.
Volume analysis of the above formula is performed in the calculation domain to obtain

the viscous dissipation entropy generation and turbulent kinetic energy entropy generation
of the calculation domain. The calculation formulas are [30]:

∆SPRO,D =
∫

V
SPRO,DdV (9)

∆SPRO,D′ =
∫

V
SPRO,D′dV (10)

In addition, wall entropy generation cannot be ignored but because the medium
is viscous, there is a large velocity gradient inside the boundary layer and the entropy
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generation near the wall is calculated by the viscous entropy generation formula with
large errors. Therefore, Zhang [31] gave a method to calculate the entropy generation near
the wall. The total wall entropy generation was calculated by dividing the area of the
calculation domain wall by the entropy generation in the wall area. The calculation formula
is as follows:

SPRO,W =
∫

A

τwvp

T
dA (11)

where SPRO,W is the wall surface entropy generation, τw is the wall shear stress, and vp is
the average velocity of the fluid at the center of the first layer of the grid away from the wall.

3. Numerical Simulation and Optimization Potential Analysis of Internal Flow
3.1. Computational Domain Model

This paper takes a diving tubular pump as the optimization object, and its main
performance design parameters are shown in Table 1.

Table 1. Main performance design parameters of diving tubular pumps.

Parameters Symbols Value

Rate flow Qd 240 m3/h
Head Hd 120 m

Rotational speed n 3600 r/min
Impeller suction diameter Dj 276 mm
Impeller outlet diameter D2 110 mm

Impeller outlet width b2 18 mm
Blade number z 6

To conduct a preliminary analysis of the hydraulic performance of the diving tubular
pump, three-dimensional modeling of the water body is built as the computational domain
of the diving tubular pump. As shown in Figure 1, the computational domain is composed
of five parts: the inlet pipe, the impeller, the spatial guide vane, the ducted, and the
outlet pipe.

Figure 1. Three-dimensional model of a diving tubular pump computational domain.

3.2. Grid Division of a Computational Domain

To improve the calculation accuracy and speed up the convergence speed, ANSYS
ICEM was used to divide the water body in the calculation domain of the diving tubular
pump with a structured grid. As the structured meshes only contained quadrilaterals
or hexahedrons in this case, their topological structure was equivalent to a uniformly
orthogonal mesh within a rectangular domain. Accordingly, the nodes on each layer of the
mesh lines can be effectively adjusted to ensure a high quality [32]. For inlet and outlet
pipes, ICEM with an O-Block strategy was adopted to discretize the domains. In addition,
to be able to capture more flow details inside the diving tubular pump, the meshes closed
to the wall part were locally encrypted. The quality of meshes within all computational
domains was above 0.4. The mesh division result and the partial mesh enlargement are
shown in Figure 2. To treat the high-velocity gradient, all near-wall surfaces were refined



Machines 2022, 10, 175 6 of 23

with prism layers. The expansion ratio of near-wall grids is 1.2. Because wall loss is directly
affected by the quality of the wall mesh, the boundary layer was applied to improve the
quality of the wall mesh. Different models have different requirements for y+ and do not
have a fixed value [33,34]. The average values of y+ of each flow passage component are
listed in Figure 2b, and it is less than 50 [9]. Because the calculation results were generally
satisfactory, the y+ value can be considered as appropriate in this paper.

Figure 2. Results of grid division. (a) Mesh detail. (b) y+ distribution.

A grid-independent check (GIC) was conducted to make sure that the simulations in
the optimization process are free from errors caused by the element count. It can be seen
from Table 2 that when the element count increases from 7.68 to 8.56 million, the relative
error of head and efficiency are 0.04% and 0.16%. Finally, the element count of 7.68 million
was used for subsequent optimizations and simulations. Pump head and efficiency are
defined as below.

H =
p2 − p1

ρg
+

v2
2 − v2

1
ρg

+ (z2 − z1) (12)

η =
ρgHQ

P
(13)

Table 2. Calculation and analysis of grid independence.

Element Count (Million) H (m) Relative Error (%) Efficiency (%) Relative Error (%)

5.79 113.97 - 61.35 -
6.36 114.64 0.58% 61.04 0.51%
7.68 115.52 0.76% 61.91 1.42%
8.56 115.57 0.04% 62.01 0.16%
9.72 115.56 0.01% 61.98 0.04%

3.3. Boundary Condition Setting

To analyze the reasons for the low efficiency of the diving tubular pump and the
internal flow loss, before the optimization design, numerical calculation was completed
based on the commercial CFD software ANSYS CFX. The shear stress transport (SST) k-ω
model of the Reynolds time-averaged equation can usually provide satisfactory results in
the analysis of the internal flow field and the separation flow in the centrifugal pump [8,35].
In the paper, the SST k–ω turbulence model is applied in the numerical simulation of the
model pump. The medium is clean water under normal temperature and pressure. The
inlet boundary condition is set to the total pressure inlet (1 atm), the outlet boundary
condition is the mass flow outlet, and the wall boundary condition is a non-slip wall. The
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wall function is set to an automatic wall function, the dynamic and static interface is set to a
frozen rotor model, and the convection term uses a high-resolution difference format. The
timestep for the transient case was 3.33 × 10−4, which corresponds to 3◦ of the impeller
rotation. The root mean square (RMS) residual is set to 10−5.

3.4. Performance Analysis of the Initial Model

To analyze the reasons for the low efficiency of diving tubular pumps, this paper
determines the specific location of the internal flow loss and analyzes the cause of the flow
loss according to the numerical calculation results under the design conditions. Figure 3
shows the cross-sectional pressure distribution cloud diagram, the velocity streamline
diagram, and the guide vane velocity streamline diagram in the impeller under design
conditions. It can be seen from Figure 3a that the pressure distribution in the inlet area of
the impeller blade is uneven and the pressure at the inlet of the impeller blade fluctuates
greatly. This shows that due to the unreasonable selection of the blade inlet angle, the
incoming flow has a greater impact on the blade inlet edge. It can be seen from Figure 3b
that there is a serious stall phenomenon on the back of the blade in the runner channel and
vortices and recirculations develop on the back of the blade. It can be seen from Figure 3c
that the direction of the liquid flow will change from radial to axial after the liquid flow
enters the guide vane from the rotating impeller. However, since the guide vane blades of
the original plan are straight, the angle of attack between the incoming flow and the inlet
placement angle of the guide vane is too large. After the liquid flow enters the guide vane,
there will be a large stall area and the flow state in the guide vane flow passage will show
considerable disarrangement.

Figure 3. Analysis of the internal flow field of the impeller and the guide vanes. (a) Pressure cloud
diagram of the midsection of the impeller. (b) Velocity streamline diagram of the midsection of the
impeller. (c) Velocity streamline diagram of guide vanes.

3.5. Analysis of Entropy Generation

The entropy production analysis in this paper is used to analyze the flow loss of the
initial pump so as to identify the parts of the original pump with large energy loss, which
provides a reference for the subsequent redesign. Figure 4 shows the entropy generation
distribution of the impeller and the guide vane of the diving tubular pump. It can be seen
from Figure 4 that the viscous entropy generation value and the turbulent kinetic energy
entropy generation value of the impeller and the guide vane first decrease and then increase
with the increase in the flow, while the wall entropy generation value increases with the
increase in the flow. At the same flow rate, in terms of viscous entropy generation value,
turbulent kinetic energy entropy generation value, and wall entropy generation value, the
values corresponding to the guide vanes are all greater than the values corresponding to
the impeller, which shows that the turbulent energy dissipation in the flow field inside the
guide vane is more serious than the turbulent energy dissipation in the impeller. Under
different flow conditions, the wall entropy generation value of both impeller and guide
vane is greater than the entropy generation value of turbulent kinetic energy and the
magnitude of wall entropy generation and turbulent kinetic energy entropy generation



Machines 2022, 10, 175 8 of 23

is much larger than the viscous entropy generation value. Therefore, the effect of viscous
dissipation and entropy generation on the flow loss of diving tubular pumps can be ignored.
Wall entropy generation and turbulent kinetic energy entropy generation play a leading
role in the flow loss of diving tubular pumps. The subsequent analysis also mainly focuses
on wall entropy generation and turbulent kinetic energy entropy generation.

Figure 4. Entropy generation of the impeller and the guide vane. (a) Viscous entropy generation.
(b) Turbulent kinetic energy entropy generation. (c) Wall entropy generation.

Figure 5 shows the entropy generation distribution of turbulent kinetic energy and
wall entropy generation on the blade surface and the guide vane surface. It can be seen that
there is turbulent kinetic energy entropy generation and wall entropy generation in the
blade inlet area and the blade outlet area under the three flow conditions and the entropy
generation is mainly concentrated on the blade working surface. The entropy production
at the blade inlet indicates that the incoming flow has an impact on the blade inlet, which
results in flow loss, and the entropy generation at the blade exit is caused by the dynamic
and static interference between the impeller and the guide vane. Therefore, the flow loss
inside the impeller is mainly concentrated in the inlet and outlet areas of the impeller. It
can also be seen from Figure 6 that there is turbulent kinetic energy entropy generation
and wall entropy generation in the guide vane inlet area under the three flow conditions.
The strength of the guide vane entropy generation and the area size of the generated area
increase with the increased inflow. The entropy production of turbulent kinetic energy is
mainly concentrated in the inlet area of the guide vane, while the wall entropy production
is mainly concentrated in the inlet area of the guide vane, and the intensity of the two
entropies along the axial direction shows a decreasing trend. So the internal flow loss of the
guide vane is mainly concentrated in the guide vane inlet area and the guide vane blade
inlet area.
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Figure 5. Entropy generation distribution of the impeller. Turbulent kinetic energy entropy: (a) 0.8Qd,
(b) 1.0Qd, and (c) 1.2Qd. Wall entropy generation: (d) 0.8Qd, (e) 1.0Qd, and (f) 1.2Qd.

Figure 6. Entropy generation distribution of the guide vane. Turbulent kinetic energy entropy:
(a) 0.8Qd, (b) 1.0Qd, and (c) 1.2Qd. Wall entropy generation: (d) 0.8Qd, (e) 1.0Qd, and (f) 1.2Qd.

From the numerical calculation results above, it can be seen that due to the deviation in
the selection of the impeller blade inlet angle and the unreasonable design of the guide vane
structure, the matching of the impeller and the space guide vane is problematic, which leads
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to large flow losses and low operating efficiency of the diving tubular pump. Therefore, this
paper intends to first redesign the impeller and guide vane shape according to the excellent
hydraulic model without changing the size of the impeller and guide vane axial surface.
Then, based on the full-factor design of the experiment and the response surface method, the
impeller blade inlet angle is used as the design variable and the efficiency and head are used
as the response to perform the initial optimization of the impeller. Finally, the geometric
parameters of the impeller and guide vanes that meet the expected goals are determined to
achieve the improvement of the overall performance of the diving tubular pump.

4. Optimal Design
4.1. Optimal Design Based on the Empirical Method
4.1.1. Hydraulic Design of the Impeller and Guide Vanes

The impeller is designed by the empirical method [36]. Based on the traditional one-
dimensional theory, the impeller is redesigned hydraulically by referring to the excellent
hydraulic model of the same specific speed based on the prototype pump impeller. Same as
the hydraulic design of the impeller, based on the prototype pump guide vane, the guide
vane is redesigned according to the excellent hydraulic model with the same specific speed.
First, the straight guide vane of the prototype pump is designed as a twisted blade and the
outlet angle of the guide vane is 90◦. Then, the area of the inlet of the guide vane is reduced
to shift the maximum efficiency point of the diving tubular pump to the design working
condition point. The research results of the literature [37,38] show that the extension of the
outlet edge of the guide vane can inhibit the evolution and growth of the vortex core due
to the stall, thereby improving the liquid flow in the guide vane channel. In addition, the
extension of the outlet edge of the guide vane increases the static pressure of each section at
the outlet of the guide vane, which can improve the rectification ability of the guide vane.
The geometric parameters of the redesigned impeller and guide vanes are shown in Table 3.

Table 3. The geometric parameters of the redesigned pump.

Parameters Symbols Value

Hub diameter dh 0 mm
Impeller inlet diameter Dj 110 mm

Impeller outlet diameter D2 276 mm
Impeller outlet width

Blade wrap angle
Blade outlet angle
Number of blades

b2
Φ
ϕ2
Z

18 mm
140◦

29◦

6
Guide vane inlet width b3 38 mm

Maximum diameter of an inner
streamline of the guide vane D3 144 mm

Maximum diameter of an outer
streamline of the guide vane D4 176 mm

Inside diameter of the guide vane outlet D5 132.9 mm
Outside diameter of the guide vane outlet

Axial length of the guide vane
Number of guide vanes
Guide vane inlet angle

Guide vane outlet angle
Guide vane wrap angle

D6
L
z

α3
α4
ϕ0

167 mm
147 mm

8
12◦

89.71◦

65.2◦

4.1.2. The Results of Numerical Calculation

To compare and analyze the performance of the prototype pump, the optimized model
adopts the same meshing method and the same boundary conditions as the prototype pump.
Numerical calculations are completed also in ANSYS CFX. The calculation results of the
pump performance are shown in Table 4. It can be seen that the optimal working condition
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point is at its design point, and the head of the design point is 134.59 m, which meets the
design requirements. The subsequent optimization does not need to consider the head.

Table 4. Calculation results of pump performance.

Q/Qd Head (m) Efficiency (%)

0.75 140.80 71.09
1 134.95 75.38

1.2 130.81 73.59

4.2. Optimal Design Based on the Full-Factorial Experiment
4.2.1. Optimization Object

Based on the hydraulic design of the impeller and the guide vanes in Section 4.1, the
design is optimized only for the hydraulic performance of the impeller. With the streamline
placement angle (A) of the front cover of the impeller blade, the placement angle (B) of the
middle streamline inlet, and the placement angle (C) of the rear cover flowline inlet as the
response variables and efficiency as the target variable, multi-objective optimization of the
impeller of the mining pump is carried out to optimize the efficiency under the condition
of meeting the head. Minitab software is used for a linearity test (full-factorial experiment)
and a secondary test (response surface experiments) in this paper.

4.2.2. Full-Factor Design of the Experiment

A full-factorial experimental design is an experimental design in which all combi-
nations of all factors and all levels must be tested at least once. Since all combinations
are included, the full-factor experiment requires more time, but its advantage is that all
main effects and interaction effects of various orders can be estimated. So the factorial
experimental design is suitable for situations where the number of factors is small and the
interaction effects of each order need to be investigated. In the full-factorial experiment
design, the streamline placement angle (A) of the front cover of the impeller blade, the
placement angle (B) of the middle flowline inlet, and the placement angle (C) of the back
cover flowline inlet are selected as the three factors of the full-factorial experiment design
factor. The level of each factor is shown in Table 5. In the table, −1, 0, and 1, respectively,
represent the low level, the medium level, and the high level of the experimental factors.

Table 5. Table of experimental factors.

Levels

Factors A B C

β1 β2 β3

−1 9 17 28
0 15 24 32
1 21 31 36

Since the full-factorial experiment with three factors and two levels requires at least
8 experiments (under the condition of no repeatability test), three center points are added
during optimization to reduce the error of fitting the regression equation, so a total of
11 full-factorial experiments are set. The experiment design scheme and the corresponding
calculated CFD data are shown in Table 6. Analysis based on CFD calculation results and
the variance of the full-factor experimental efficiency are shown in Table 7. It can be seen
from the table that the p-values of A, B, and C are 0.015, 0.002, and 0.007, respectively, which
means all of them are significant factors because they are less than 0.05. The order of impact
factors from strong to weak is B (p = 0.002) > C (p = 0.007) > A (p = 0.015). The p-value
of the two-factor interaction A * B and A * C is also less than 0.05, which also belongs to
significantly affected items. The p-value of bending is 0.003, which is less than 0.005, so
there is bending, indicating that the results of the linear regression equation are distorted,
there is the influence of the quadratic factor, and further design experiments are needed.
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Table 6. Full-factorial experimental design scheme and results of calculation.

Standard Order Operation Order Center Point Zone A B C Efficiency (%) Head (m)

9 1 0 1 15 24 32 81.91 136.92
10 2 0 1 15 24 32 81.91 136.92
7 3 1 1 9 31 36 82.38 136.81
6 4 1 1 21 17 36 81.65 133.50
2 5 1 1 21 17 28 81.32 134.04
1 6 1 1 9 17 28 79.88 130.93
5 7 1 1 9 17 36 81.66 137.19
3 8 1 1 9 31 28 78.86 129.05

11 9 0 1 15 24 32 81.91 136.92
8 10 1 1 21 31 36 77.65 126.66
4 11 1 1 21 31 28 77.06 126.71

Table 7. Analysis of variance for the efficiency of the full-factorial experimental design.

Source Degree of Freedom Adj SS Adj MS F p

Model 6 35.066 5.84437 30.14 0.003
Linearity 3 17.2534 75.75113 29.93 0.003

A 1 3.2704 3.27040 17.02 0.015
B 1 9.1485 9.14850 47.61 0.002
C 1 4.8345 4.83450 25.16 0.007

Two-factor interaction 2 10.3243 5.16217 26.86 0.005
A × B 1 7.9142 7.91423 41.18 0.003
A × C 1 2.4101 2.41011 12.54 0.024

Bending 1 7.4885 7.48848 38.97 0.003
Error 4 0.7687 0.19217

Lack of fit 2 0.7687 0.38434
Pure error 2 0.0000 0.00000

Total 10 35.8349

4.3. Optimal Design Based on Surface Response Experimental Method

According to the results of the full-factor experimental method, the fitted bending
judgment coefficient p < 0.05 (p > 0.05 proves that the model is available and no bending
occurs), the equation has bending, and the main effect (single factor) coefficient p < 0.05,
which proves that A, B, and C are all significant influencing factors. When the number
of factors does not exceed three and they are all significant influencing factors, a more
detailed surface response design analysis method should be adopted. The response surface
experimental method adopts a central composite design, adding nine groups based on
the full-factor experimental method. The experimental design and the corresponding
experimental data are shown in Table 8.

The variance in the efficiency of the surface response experimental is shown in Table 9.
It can be seen from the table that the p-values of blades A, B, and C are 0.0162, 0.023, and
0.007, respectively. The p-values of B and C are both less than 0.05, which are significant
influencing factors, and the p-value of A is greater than 005, which is an insignificant
influencing factor. In the square term, the p-value of A2 is 0.000, which is a strong significant
influence factor, and the p-values of B2 and C2 are both greater than 0.05, which are weakly
significant factors. In the two-factor interaction, the p-value of A * B is 0.007 < 0.05, and
A * B is a significant influence factor, while the p-value of A * C is 0.094 and the p-value of
B * C is 0.421, both greater than 0.05, which are weakly significant impact factors. It can be
seen that A, B, and C are all significant factors (single term, square term, and interaction
term) that affect the regression equation. The order of impact factors from strong to weak is:

A2(P = 0.000) > C(P = 0.007) = A× B(P = 0.007) > B(P = 0.023) > B2(P = 0.066)
> A× C(P = 0.094) > A(P = 0.162) > C2(P = 0.386) > A× B(P = 0.421)

(14)
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Table 8. Design plan and calculation results of the surface response experimental method.

Standard Order Operation Order Center Point Zone A B C Efficiency (%) Head (m)

18 1 0 1 15 24 32 81.91 136.92
19 2 0 1 15 24 32 81.91 136.92
8 3 1 1 21 31 36 77.64 126.66

12 4 −1 1 15 35.8 32 80.70 131.09
9 5 −1 1 4.9 24 32 78.41 127.51

14 6 −1 1 15 24 38.7 81.76 135.13
1 7 1 1 9 17 28 79.88 130.93
3 8 1 1 9 31 28 78.86 129.05
7 9 1 1 9 31 36 82.38 136.81
6 10 1 1 21 17 36 81.65 133.50

11 11 −1 1 15 12.2 32 80.55 131.55
15 12 0 1 15 24 32 81.91 136.92
10 13 −1 1 25 24 32 78.67 127.96
13 14 −1 1 15 24 25.2 80.94 133.47
2 15 1 1 21 17 28 81.32 134.04

16 16 0 1 15 24 32 81.91 136.92
17 17 0 1 15 24 32 81.91 136.92
5 18 1 1 9 17 36 81.66 137.19

20 19 0 1 15 24 32 81.91 136.92
4 20 1 1 21 31 28 77.06 126.71

Table 9. Analysis of variance of the design efficiency of the surface response experiment.

Source Degree of Freedom Adj SS Adj MS F p

Model 9 43.9376 4.8820 6.94 0.003
Linearity 3 10.8785 3.6262 5.16 0.021

A 1 1.6022 1.6022 2.28 0.162
B 1 5.0415 5.0415 7.17 0.023
C 1 4.8345 4.83450 25.16 0.007

Square 3 22.2402 7.4134 10.54 0.002
A2 1 20.5424 20.5424 29.2 0.000
B2 1 2.9996 2.9996 4.26 0.066
C2 1 0.5769 0.5769 0.82 0.386

Two-factor
interaction 3 10.8189 3.6063 5.13 0.021

A × B 1 7.9142 7.9142 11.25 0.007
A × C 1 2.4101 2.4101 3.43 0.094
B × C 1 0.4945 0.4945 0.70 0.421
Error 10 7.0342 0.7034

Lack of fit 5 7.0342 1.4068
Pure error 5 0.0000 0.0000

Total 19 50.9718

From the above analysis, it can be seen that the model is effective and there is no lack
of fit. The multiple linear regression equation of efficiency is as follows:

η = 42.1 + 2.238A + 0.431B + 1.069C− 0.03316A2− 0.00931B2
−0.0125C2− 0.02368AB− 0.0229AC + 0.0089BC

(15)

Figure 7 shows the two-factor interaction diagram of efficiency of A, B, and C. It can
be seen from Figure 7a that the slopes of the curved surfaces of A and C are steep and
parabolic and the efficiency value changes caused by these two factors are relatively large.
When C remains unchanged, the efficiency first increases and then decreases with A. When
A remains unchanged, the efficiency increases with an increase in C and the contour is
presented as an ellipse with large curvature, indicating that the interaction between A and
C is significant. It can be seen from Figure 7b that the influence of A and B on efficiency is
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more complicated. When B is at a low level, the efficiency increases with an increase in A.
When A is at a low level, the efficiency increases with an increase in B. The contour lines are
presented as ellipses with greater curvature. It shows that the interaction between A and C
is more significant; It can be seen from Figure 7c that when C is at a low level, the efficiency
decreases with an increase in B. When C is at a high level, the efficiency first increases and
then decreases with an increase in B. It can also be seen from the contour lines that C and B
have significant interactive effects.

Figure 7. Contour plots and response surface plots of the interaction terms of efficiency and variables.
(a) Contour plots and response surface plots of efficiency and A, B. (b) Contour plots and response
surface plots of efficiency and B, C. (c) Contour plots and response surface plots of efficiency and A, C.

4.4. Optimization Results
4.4.1. Comparison of Optimization Effects on Pump Performance

The optimal solutions of the response optimization variables obtained by the response
optimizer are A = 10◦, B = 28.87◦, and C = 38.72◦, and the efficiency value is 82.7%. To
compare and analyze the performance of the prototype pump again, the same meshing
method and the same boundary conditions are set as those of the prototype pump. The
efficiency of the design operating point obtained after the numerical calculation is 81.9%,
which is lower than the 82.7% obtained by the response optimizer, which is caused by
the error of the fitting equation. The calculation efficiency of the 9th group in the surface
response experiment design scheme is 82.34%, and the error of the efficiency value obtained
by the response optimizer is only 0.435%. Therefore, the variables A = 9◦, B = 31◦, and
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C = 36◦ of the 9th group of experiments are selected as the best combination for solving the
surface response. According to the optimal solution of the response variable, the head and
efficiency values of the diving tubular pump are calculated as shown in Table 10.

Table 10. The results of surface response optimization.

Initial Optimized

Q/Qd Head (m) Efficiency (%) Head (m) Efficiency (%)

0.4 120.46 46.34 153.09 56.99
0.6 117.43 55.19 149.09 71.08
0.8 115.80 59.23 143.63 79.31
1.0 114.64 61.91 136.09 82.34
1.2 113.28 63.22 127.99 80.52
1.4 111.12 64.66 118.36 78.32
1.6 109.27 65.69 107.08 74.54

To verify the accuracy of the numerical calculation results, a performance test was
carried out on the model pump. Figure 8 is the schematic diagram of the pump test and
the test site diagram, and it includes the tested pump, motor, pipes, multifunctional data
collector, and so on. The pump was a vertical installation, and an elbow pipe was used
to connect the pump and the outlet pipe. The pump outlet pressure was collected by a
pressure sensor whose accuracy was better than 0.1%. The flow was measured by the
electromagnetic flowmeter with an uncertainty of 0.2%, and the motor speed and other
parameters were collected by a multifunctional data collector. The systematic uncertainty
of the test rig was 0.36%, which meets the level 1 accuracy requirements specified in
ISO9906-2012.

Figure 8. Experimental measurement. (a) The schematic diagram of the pump test. (b) The test site diagram.
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Figure 9 presents the optimization effect of the numerical simulation on the pump
performance, and Figure 10 shows the comparison between the test and the numerical
simulation after the optimization. It can be seen from Figure 9 that the head and the
efficiency of the pump after optimization have been greatly improved compared with
those before optimization. The efficiency improvement is most obvious near the design
operating point. The performance curve has no camelback phenomenon; the efficiency
curve declines slowly under large flow rate conditions, and the range of the high-efficiency
zone has been broadened. In addition, the optimal working condition point of the optimized
diving tubular pump efficiency is located at the design working condition (1.0Qd), with
an efficiency value of 82.34% and head of 136.09 m. The efficiency of the optimized model
is increased by 32.99%, and that of the head is increased by 18.71% compared with the
initial scheme under design conditions, which fully meets the design requirements. The
pump adopts a variable frequency motor, so the frequency converter is used to drive the
pump to 3600 r/min during the engineering application. However, the frequency converter
will interfere with the test sensor during the experiment. Therefore, the pump test does
not use the frequency converter to drive the motor instead of the 50 Hz AC, which could
drive the pump to 2900 r/min. To compare the numerical simulation and the test data,
the pump flow rate and the pump head are made dimensionless as per Equation (16) and
Equation (17), and the results are shown in Figure 10.

ϕ =
Ql

2πR2b2u2
(16)

ψ =
gH
u2

2
(17)

Figure 9. Optimization effect of the numerical simulation on the pump performance.

As the mechanical and volumetric efficiency was not considered in simulations, the
results obtained by CFD are generally higher than the experimental values. It can be
seen from Figure 10 that the trends of the head coefficient curve and the efficiency curve
of the test and the numerical simulation are consistent with the flow rate increase. The
maximum relative errors of the head coefficient and hydraulic efficiency are lower than 5%.
The absolute predicted deviations for the head coefficient and hydraulic efficiency at the
design condition are 2.47% and 2.92%, which proves that the optimization method and the
numerical simulation method adopted in this research are correct and feasible.
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Figure 10. Comparison of the pump performance between the test and the numerical simulation.

4.4.2. Analysis of Internal Flow Characteristics

Figure 11 shows the velocity streamline distribution diagram of the middle section of
the impeller outlet. Before optimization, there is a large-scale separation vortex on the back
of the blade and backflow occurs. The vortex area and the backflow area occupy more than
half of the flow channel, and the flow pattern is turbulent. The flow velocity in the vortex
area and the backflow area is low, and the velocity distribution in the entire flow channel is
uneven, which leads to a reduction in the blade’s functional power, which seriously affects
the hydraulic performance of the diving tubular pump. The large-scale separation vortices
in the optimized impeller flow channel are significantly reduced. Only small-scale vortices
are generated on the blade working surface, but there is no backflow phenomenon in the
flow channel. Meanwhile, the flow velocity distribution in the flow channel after opti-
mization is more uniform, and the vortex located on the blade working surface gradually
disappears with the flow increase. Overall, the flow loss after optimization is significantly
reduced compared to that before optimization, so the hydraulic performance of the diving
tubular pump has been improved.

Figure 12 shows the static pressure distribution cloud diagram of the middle section
of the impeller. Before optimization, there is a large low-pressure area at the blade inlet
and the static pressure distribution is extremely uneven. The pressure distribution at the
inlet presents a phenomenon of alternating high pressure and low pressure under different
flow rates, and the low-pressure zone gradually expands with the flow rate increase. It
shows that the improper setting of the blade inlet angle before optimization resulted in a
serious impact between the incoming flow and the blade inlet, resulting in greater flow
loss. In addition, due to the existence of a large low-pressure region, the possibility of
cavitation at the blade inlet side was increased. The low-pressure region at the inlet of
the optimized impeller is reduced, the static pressure at the inlet is increased compared to
before optimization, and the static pressure distribution is more even. The pressure at the
outlet of the impeller is reduced compared to that before optimization, so the energy loss
caused by the liquid flow from the impeller into the guide vane is reduced.
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Figure 11. Comparison of the velocity and the streamline of the midsection of the impeller. (a) 0.8Qd

of the initial pump, (b) 1.0Qd of the initial pump, (c) 1.2Qd of the initial pump, (d) 0.8Qd of the
optimized pump, (e) 1.0Qd of the optimized pump, and (f) 1.2Qd of the optimized pump.

Figure 12. Comparison of static pressure distribution in the middle section of the impeller. (a) 0.8Qd

of the initial pump, (b) 1.0Qd of the initial pump, (c) 1.2Qd of the initial pump, (d) 0.8Qd of the
optimized pump, (e) 1.0Qd of the optimized pump, and (f) 1.2Qd of the optimized pump.
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Figure 13 shows the internal velocity streamline distribution diagram of the guide
vane. Before optimization, the guide vane blades of the original plan were straight, resulting
in an excessively large attack angle between the incoming flow and the entrance angle of
the guide vane and a large area of stall occurred after the liquid flow entered the guide vane.
In addition, the flow pattern in the guide vane shows disarrangement and the velocity at
the inlet of the guide vane is unevenly distributed, which is more obvious under small flow
conditions. After optimization, the stall area of the guide vane is significantly reduced, the
streamline distribution is more uniform, and the flow pattern is improved. In addition,
the flow velocity in the guide vane inlet area is stable, indicating that the selection of a
reasonable guide vane inlet angle and design of the guide vane blade profile improves the
internal flow of the guide vane and its internal flow loss is reduced.

Figure 13. Comparison of guide vane velocity streamlines. (a) 0.8Qd of the initial pump, (b) 1.0Qd

of the initial pump, (c) 1.2Qd of the initial pump, (d) 0.8Qd of the optimized pump, (e) 1.0Qd of the
optimized pump, and (f) 1.2Qd of the optimized pump.

5. Conclusions

Based on the theory of entropy production, the energy loss analysis of a submersible
tube pump was carried out and the reasons for its low efficiency were analyzed. The
investigation on the diving tubular pump with low hydraulic efficiency performance
improvement was carried out with the parameters of the impeller blade and the guide
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vane as design variables by coupling the numerical simulation, one-dimensional theory,
and response surface methodology. Three design variables, the streamline placement
angle (A) of the front cover of the impeller blade, the placement angle (B) of the middle
streamline inlet, and the placement angle (C) of the streamline inlet of the rear cover, with
two objectives, pump head and efficiency, were considered to construct the RSM model.
The reliability of the numerical simulation was validated by the experimental test. The
results show that:

(1) Entropy generation can effectively visualize the flow loss distribution caused by
turbulent dissipation and flow separation. The internal flow loss of the diving tubular
pump is mainly concentrated in the inlet and outlet area of the impeller and the inlet
area of the guide vane. The main cause of flow loss is that the angle of attack between
the relative liquid flow angle and the blade placement angle at the inlet of the impeller
blade is too large; the matching between the guide vane and the impeller is poor, and
the guide vane design is unreasonable.

(2) The streamline placement angle (A) of the front cover of the impeller blade, the
placement angle (B) of the middle streamline inlet, and the placement angle (C) of the
streamline inlet of the rear cover are all significant factors that affect the efficiency.
The order of the influencing factors from strong to weak is as follows: A2 (p = 0.000) >
C (p = 0.007) = A * B (p = 0.007) > B (p = 0.023) > B2 (p = 0.066) > A * C (p = 0.094) >
A (p = 0.162) > C2 (p = 0.386) > A * B (p = 0.421). The best combination of response
variables after surface response test design is A = 9◦, B = 31◦, and C = 36◦.

(3) The optimization process successfully improves the head and efficiency by 32.99% and
18.71%, respectively, compared to those of the initial pump. The optimized simulation
data of the diving tubular pump are in good agreement with the test data. After
optimization, the large-scale separation vortex inside the impeller is significantly
reduced and no backflow occurs. The internal outflow area of the guide vane is
significantly reduced after optimization, and the internal flow is greatly improved
because the flow is more uniform and smoother.

(4) The optimization method in this study is universal and can be applied to conduct
optimization of other fluid machinery. This study focuses on only some parameters of
the impeller, and more parameters can be studied as variables in the future.
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Nomenclature

u v w Cartesian velocity components
x y z Coordinate components
t Time
p Pressure
µ Dynamic viscosity
ν Kinematic viscosity
ε Turbulent eddy dissipation
T Temperature
s Entropy
p1 Pressure of the pump inlet
p2 Pressure of the pump outlet
v1 Velocity of the pump inlet
v2 Velocity of the pump outlet
z1 Installation height of the pump inlet
z2 Installation height of the pump outlet
P Shaft power
φ The viscous dissipation term of mechanical energy
φθ The dissipation term generated by heat transfer due to temperature difference
SPRO,D Viscous entropy generation
SPRO,D′ Turbulent kinetic energy entropy generation
SPRO,W Wall entropy generation
τw Wall shear stress
vp The average velocity
Q Rate flow
H Head
n Rotational speed
η Efficiency
Dh Hub diameter
Dj Impeller inlet diameter
D2 Impeller outlet diameter
b2 Impeller outlet width
φ Blade wrap angle
ϕ2 Blade outlet angle
Z Blade number
b3 Guide vane inlet width
D3 Maximum diameter of an inner streamline of the guide vane
D4 Maximum diameter of an outer streamline of the guide vane
D5 Inside diameter of the guide vane outlet
D6 Outside diameter of the guide vane outlet
L Axial length of the guide vane
Z Number of guide vanes
α3 Guide vane inlet angle
α4 Guide vane outlet angle
ϕ0 Guide vane wrap angle
ϕ Flow coefficient
ψ Head coefficient
A The streamline placement angle of the front cover of the impeller blade
B The placement angle of the middle streamline inlet
C The placement angle of the rear cover flowline inlet
Superscripts
- Time-averaged value
‘ Fluctuating component
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