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Abstract: To ameliorate the inflow state of the joint hub of a pump station and sluice, a γ-shaped
settlement training wall was designed with its state adjusted automatically in line with the actual
working condition of the project. The central composite design (CCD) of the response surface method
was adopted to optimize the geometrical size of the training wall in the operational states of pumping
and free-draining separately. The results showed that the alteration of different size factors of the
γ-shaped settlement training wall had different degrees of influence on its rectification effect; the
intake flow state of the joint hub of the sluice and pumping station with the γ-shaped settlement
training wall can be significantly improved with the flow velocity uniformity in the inlet channel
next to the junction of the sluice chamber, reaching 80.42%, and the flow velocity uniformity ahead
of the sluice, reaching 84.78%, in the operational state of free-draining. By combining the results of
numerical simulation, the feasibility of the response surface method was further verified and the
optimal combination of geometric parameters of the γ-shaped settlement training wall were also
obtained, which can be adopted in the design of the actual joint hub of the pump station and sluice.

Keywords: the joint hub of pump station and sluice; optimal design; response surface method;
training wall; numerical simulation

1. Introduction

Over the past few years, the joint hub of the pump station and sluice has been rapidly
promoted because of its compact layout and small occupancy area, effectively solving the
problems of land acquisition, demolition, and resettlement, achieving some remarkable
economic and social benefits. However, due to the restriction of its structural form and
working conditions during the actual operation process, it is quite easy to cause deterio-
ration of the flow state in upstream and downstream of the joint hub of the pump station
and sluice [1,2]. When the sluice or pump station work separately, water flows into the
sluice or the forebay of pump station at a certain lateral angle, which will affect the flow
state and momentum distribution of the original river channel, resulting in the imbalance
of momentum between both sides of the riverbed and causing a wide range of backflow
and transverse flow. Finally, it abates the operation efficiency of the joint hub of the pump
station and sluice, even affecting the secure working of the whole construction [3,4]. As a
result, it is of great practical significance to study the inlet flow state of the joint hub of the
pump station and sluice and analyze the causes of its bad flow state so that some reasonable
and effective rectification measures can be put forward scientifically, thus ensuring the
secure and efficient operation of the whole project.

With the rapid development of fluid calculation technology, numerical simulation has
become an important research means to explore the hydraulic flow characteristics in hy-
draulic engineering [5–8]. As for some representative large hydraulic structures like pump
stations, sluices, dams, and reservoirs, some scholars have studied their hydraulic flow
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characteristics and designed some effective rectification measures [9–11], while regarding
the joint hub of the pump station and sluice, due to the restriction of their structural form,
their inflow patterns are often relatively worse and some progress have also been achieved
in relevant research [12,13]. Luo et al. [14] assessed the flow state in the forebay of the
joint hub of a pump station and sluice by numerical simulation. The results showed that
there is a large-scale back-flow region near the partition pier in the forebay and setting the
diversion pier can significantly abate the scope of the reflux area, improving the velocity
distribution in the section of inlet channel. Su et al. [15] analyzed the flow rectification
effect of various rectification schemes on the joint hub of a pump station and sluice under
different conditions by the method of CFD numerical simulation and put forward the
layout scheme of combined rectifier pier, which can greatly abate the lateral large-scale
reflux intensity of the side pier unit and improve the bad flow state of the pump station
effectively. Xi et al. [16] used FLUENT software to simulate the rectification effect of the
combined rectification measures formed by setting a water hole on the training wall next
to the junction of the sluice chamber and pump station. The results showed that this
measure can move up and narrow the scope of the reflux area, relieving the phenomenon of
mainstream bias flow and the uniformity of flow velocity distribution of the inlet channel
can also be improved. For the joint hub of the pump station and sluice with complex and
changeable operation conditions, most studies are still focused on the rectification under a
single operation condition and they only achieved a relatively better rectification measure
by optimizing from the pre-designed scheme. In this case, the research method will be
limited to the pre-designed design criteria of the research scheme and the optimal scheme
still needs to be further optimized. Xu et al. [17] proposed a Y-shaped settlement training
wall suitable for the joint hub of a pump station and sluice with 15◦ transverse side angle,
greatly improving the inflow flow pattern under both the operational state of free-draining
and pumping. However, the implementation conditions of this study are limited to the
formulation of flow state improvement measures based on a specific project example. There
is still a lack of some relevant universal application analyses for various kinds of joint hubs
of sluice and pump stations under various operating conditions. Additionally, though
this study analyzed the characteristics of the inlet flow under the schemes with different
geometric parameters of the training wall through orthogonal test, it can only analyze
isolated test points, which has the disadvantages of low accuracy and poor predictability,
let alone the provision of the regression model and summary of the relevant universal laws.

For the sake of improving the inflow state of the joint hub of pump station and sluice
when it is operating, this study designed a γ-shaped settlement training wall fixed at the
junction of the sluice and the pump station with its state adjusted automatically in line with
the actual working condition. To begin with, based on the research of reference [17], this
study reproduced the research model and the relevant method while the schemes of the size
parameters combination of the training wall were designed based on the method of central
composite design (CCD) of the response surface method, then the parameter sample points
were drawn up. Secondly, by selecting the research indicators respectively in the operational
state of pumping and free-draining, the scheme was fitted with the response surface
model combined with the calculated values of numerical simulation. Combined with
the fitting results, the complex functional relationship between the parameters designed
and the research indexes can be obtained through statistical analysis so as to optimize
the parameters and reasonably predict the optimal scheme of the size of the training
wall. Thirdly, through the analysis of the flow field under different working conditions
of the predicted optimal scheme, the rationality of the results of CCD can be further
verified and the degree of the influence of the changes of dimensional parameters of
the training wall on the inflow state of the joint hub of pump station and sluice can be
obtained. Finally, through the horizontal comparison with other related similar studies,
the applicability of the γ-shaped settlement training wall designed in this study and the
feasible improvement scheme were summarized and analyzed. The structural form and
the optimization method of the γ-shaped settlement training wall designed in this study
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can provide technical support for the design of asymmetric joint hubs of sluices and pump
stations with engineering training walls.

2. Research Area and Object

Based on the numerical simulation software of NX and Fluent, a 3D numerical model
of the intake part of a joint hub of a sluice and pump station was established with its
calculation area displayed in Figure 1. The model mainly consisted of an intake river,
sluice, pump station, and inlet channel and the forebay of the pump station was arranged
on the right bank of the intake river with the sluice set on the left bank. It was a typical
arrangement of asymmetric joint hub of sluice and pump station with a total of six pump
units in the pump station with a design flow of 30 m3/s of a single unit. The inlet channels
of the pumping station were numbered as 1#, 2#, 3#, 4#, 5#, and 6# from left to right in the
direction of the water flow of which the 1# inlet channel was set at the side of left wing
wall, 6# water inlet channel was set at the side of sluice, and there were three gates set in
the sluice chamber with the numbers of 7#, 8#, and 9# separately, of which the 7# sluice was
set at the side of the pumping station and the 9# sluice was set at the side of the right wing
wall. In Figure 2, the specific layout plan is shown, where the total length of the calculation
model was 280 m, the widest part was 117.0 m long, the bottom level of the forebay and
approach river was 11.4 m, the altitude of the pump station inlet basin floor was 6.65 m,
and the altitude of the sluice basin floor was 11.4 m. In the operational state of pumping
and free-draining, the pump station operated and the sluice was closed when the upstream
water level was taken as 21.0 m and the downstream water level was taken as 24.3 m.
In the operational state of free-draining, the pump station stopped running and sluice was
opened when the upstream water level was taken as 22.2 m and the downstream water
level was taken as 22.05 m.
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Figure 2. Layout chart of the calculated model.

As shown in Figure 3, this study designed a γ-shaped settlement training wall set at
the junction of the sluice and the pump station wall and it was mainly divided into curved
part I, curved part II, curved part III, curved part IV, and junction section. The layout of the
training wall can be adjusted automatically in line with the actual working condition of the
project. In the operational state of pumping, as displayed in Figure 4, the curved part III
and curved part IV settled automatically until their top levels were lower than the bottom
level of the forebay. In the operational state of free-draining, as displayed in Figure 5, the
curved part I and curved part II settled automatically until their top levels were lower than
the bottom level of gate.
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As displayed in Figure 6, the main dimensional parameters of the training wall were
the arc radius R1 and the center angle θ1 of curved part I, arc radius R2 and center angle
θ2 of curved part II, arc radius R3 and center angle θ3 of curved part III, and arc radius
R4 and center angle θ4 of curved part IV. In the operational state of pumping, the curved
part I and curved part II settled automatically, in which case the arc radius R1 of curved
part I, the center angle θ1 of curved part I, the arc radius R2 of curved part II, and the center
angle θ2 of curved part II were regarded as the research factors. In the operational state of
free-draining, the curved part III and the curved part IV settled automatically, in which
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case the arc radius R3 of curved part III, the center angle θ3 of curved part III, the arc
radius R4 of curved part IV, and the center angle of curved part IV θ4 were regarded as the
research factors.
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3. Study Method
3.1. Numerical Simulation

In order to facilitate horizontal comparison, the same calculation model was estab-
lished and meshed on the basis of reference [17] and the error of the number of meshes
was controlled within 3%. At the same time, for the sake of calculation accuracy being
ensured, the independence analysis of the calculation grid was carried out [18,19]. In the
operational state of pumping and free-draining, the head loss from the intake river to the
admission section of the inlet channel was selected as the feature index to obtain a suitable
grid number. When the calculated grid number was 1267834, 1337106, 1578652, 1885234,
2090125, and 2215625 respectively, the corresponding hydraulic losses were 0.025350 m,
0.025230 m, 0.025150 m, 0.025147 m, 0.025149 m, and 0.025150 m. As shown in Figure 7,
when the grid number exceeds 1578652, the head loss keeps roughly unchanged, coming
up to the standard of grid independence analysis. In the operational state of free-draining,
the head loss from the upstream of intake river to the gate was selected as the characteristic
index to obtain a suitable grid number. After the independence analysis, the number of
calculation grids was less than that in the operational state of pumping and free-draining,
so it can also come up to the standard of grid independence analysis in the operational
state of free-draining, in which case the number of calculation grids was also 1686251. The
grid division of the inlet section of the calculation area under pumping and free-draining
conditions is shown in Figure 8.
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After a series of calculation, the Reynolds number of the flow in the forebay of this
model in the operational state of pumping was 1.5 × 105 and in the operational state of
free-draining, the Reynolds number of the flow ahead of the sluice was 1.1 × 105, both of
which were far greater than 3 × 104. Therefore, the flow in the forebay in the operational
state of pumping and the flow in front of the sluice in the operational state of free-draining
can be regarded as incompressible turbulent motion [20]. So, the realizable k–ε turbulence
model and SIMPLEC algorithm were selected to solve the flow distribution in the forebay
in the operational state of pumping and the flow distribution ahead of the sluice in the
operational state of free-draining [21,22]. Additionally, because the flow of water follows
three equations, the basic governing equations calculated in this paper were continuity
equation, momentum equation, the continuity equation, and momentum equation:
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∂µi
∂xi
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where xi and yi represent the direction coordinate axis; ui and uj represent velocity vectors
in the direction of xi and yi respectively; g represents the acceleration of gravity; p represents
the turbulent pressure; ρ represents the fluid density; and µe f f represents the effective
viscosity coefficient of turbulence.

Combined with the turbulent kinetic energy k and its dissipation rate ε equation, the
realizable k–ε turbulence model was adopted and the corresponding equation is:

∂(pk)
∂t

+
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∂

∂xj
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µt

σk

)
∂k
∂xj
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+
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∂xi
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
Gk − C2ερ

ε2

k
+ Sε (4)

And Gk = µi

(
∂ui
∂xj

+
∂uj

∂xi

)
∂uj

∂xi
(5)

µt = ρCµ
k2

ε
(6)

According to the reference value provided in reference [21] and a large number of
experimental verification, the calculation parameters C1ε, C2ε, Cµ, σk, and σε in the realizable
k–ε model were taken as 1.44, 1.92, 0.09, 1.00, and 1.30 respectively.

According to the method of setting boundary condition in reference [17], in the op-
erational state of pumping, the inlet boundary was set at the admission section of the
intake river where the inlet condition adopts the parameter of flow velocity and the outlet
boundary was set at the admission section of each inlet channel of the pump station. In the
operational state of free-draining, the inlet boundary was still fixed at the admission section
of the intake river where the flow velocity was adopted as the inlet condition and the
outlet boundary was set at the admission section of the sluice. The water surface is free,
which changes little with time, so it adopted the rigid cover assumption whose boundary
condition was set as a symmetrical type. As for the wall boundary condition, in this study,
the realizable k–ε turbulence model was used for numerical simulation and the Reynolds
number was high under both operating conditions, so the wall function method was con-
sidered to deal with the flow near the wall. Additionally, the research object of this article
is only the flow in the forebay and in front of the sluice. As a result, considering that the
flow near the wall has little impact on the research problem of this paper, the standard wall
function was directly adopted.

3.2. Response Surface Method

The response surface method is kind of an experimental optimization design method
integrating mathematical modeling and optimization design which has high accuracy and
good predictability. It can obtain the optimal parameters by analyzing the relationship
between the fitting factors of multiple quadratic regression equation and the response
value. This method can continuously analyze all levels of the factors tested in the pro-
cess of optimization, making up for the shortcomings of time-consuming and difficult
implementation of the single-factor method. Additionally, it also overcomes the defects
of experimental design methods such as orthogonal design and uniform design, which
can only analyze isolated test points and cannot provide regression models. So, it has
been widely used in fluid machinery research in recent years [23–25] and designing the
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scheme based on the response surface method is to select the sample points of parameters
designed first, according to the selected experimental design method, within the reasonable
range of parameters and carry out response surface fitting combined with the calculated
values of numerical simulation calculation. Through the analysis of fitting results, the
response surface model approximates the complex functional relationship between char-
acteristic quantities and design parameters, summarizing relevant and reliable research
conclusions [26,27]. Response surface design usually adopts central composite design
(CCD) with five levels or Box Behnken design (BBD) with three levels for experimental
design. The former has more tests than the latter, but it can obtain a better fitting model
and higher calculation accuracy. BBD method is mostly used in the case that the test level
design is limited and cannot be tested [28] while in this research the horizontal design range
of geometric parameters of the γ-shaped settlement training wall was wide. So, in order
to make the test data processing more accurate and the results more reliable, the central
composite design (CCD) was selected in this study.

3.3. Notability Analysis

Notability analysis is a kind of data analysis method. By formulating a hypothesis
about the parameters of the random variables and the distribution form of the population in
advance, it can use the sample information to judge whether this hypothesis is reasonable,
that is, to judge whether there is a significant difference between the real situation of the
population and the original hypothesis [29]. In this research, we adopted the notability
analysis to analyze the data produced in response surface design and then by calculating
the p value of the significance level of each parameter to the statistical characteristic quantity,
the influence degree of each dimension factor of the diversion wall on its rectification effect
can be judged.

4. Scheme Design and Result Analysis
4.1. Selection of Research Indicators

Xu et al. [30] used the overall normal model to carry out hydraulic model test and
research on the joint hub of the pump station and sluice with a conventional zigzag training
wall. The results showed that in the operational state of pumping, there was a large area of
reflux at the side of sluice and the edge of the reflux area bypassed the head of the diversion
pier which disturbed the flow state of the forebay and resulted in serious oblique flow near
the diversion pier in the forebay. In the operational state of free-draining, there was a large
area of reflux in the forebay with its edge still bypassing the head of the diversion pier
and which violently disturbed the flow state in front of the sluice in which a more obvious
vortex was generated in front of the sluice next to the diversion pier.

By making the preliminary analysis of the flow state of the joint hub of the pumping
station and sluice under the initial plan, which was not designed with any rectification
measure, as shown in Figure 9, the adverse flow state in the forebay in the operational
state of pumping mainly has a relatively serious impact on the inlet conditions of the
6# inlet channel. In the operational state of free-draining, as displayed in Figure 10, the
flow state in front of the 7# sluice was the most disordered. Therefore, as for the research
index in the operational state of pumping, the uniformity of flow velocity distribution
of the admission section of the 6# channel was selected while in the operational state of
free-draining, the uniformity of flow velocity distribution of the admission section of the 7#
sluice was selected as the research index.
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4.2. Scheme Design and Result Calculation

As for different types joint hubs of pump stations and sluices, the range of each
parameter of the training wall needs to be determined in combination with the disturbance
range of the adverse flow state in the forebay and ahead of the gate chamber under the
initial plan, which was not designed with any rectification measure; the data of the inflow
state of the joint hub of pump station and sluice with the training wall is designed with
the proposed size. In this study, the central composite design parameters of the joint hub
of the pump station and sluice operating in the operational state of pumping were arc
radius R1 of curved part I, center angle θ1 of curved part I, arc radius R2 of curved part
II, and center angle θ2 of curved part II of the γ-shaped settlement training wall. When
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designing the composite test point, the above four factors were selected, along with five
levels also selected for each factor. In the operational state of free-draining, the central
composite design parameters were arc radius R3 of arc section III, center angle θ3 of arc
section III, arc radius R4 of curved part IV, and center angle θ4 of curved part IV of the
γ-shaped settlement training wall. As shown in Tables 1 and 2, the central composite
design of response surface test with four factors and five levels was carried out under two
working conditions and the coding level takes −α, −1, 0, 1, α (α = 2) as indicators.

Table 1. Levels of geometric parameter factors of the training wall (operational state of pumping).

Level of Code
Factor

θ1/◦ R1 θ2/◦ R2

−2 38 4.6t 2 44 2.2b 1

−1 40 5.0t 2 46 2.4b 1

0 42 5.4t 2 48 2.6b 1

1 44 5.8t 2 50 2.8b 1

2 46 6.2t 2 52 3.0b 1

1 b denotes the clear width of the 7# sluice. 2 t denotes clear width of the 6# inlet channel.

Table 2. Levels of geometric parameter factors of the training wall (operational state of free-draining).

Level of Code
Factor

θ3/◦ R3 θ4/◦ R4

−2 38 5.3b 1 38 1.0t 2

−1 40 5.9b 1 40 1.2t 2

0 42 6.5b 1 42 1.4t 2

1 44 7.1b 1 44 1.6t 2

2 46 7.7b 1 46 1.8t 2

1 b denotes the clear width of the 7# sluice. 2 t denotes clear width of the 6# inlet channel.

The central composite design of the response surface method was used for experi-
mental design in this research. As shown in Tables 3 and 4, with 30 response test points
designed respectively under two working conditions, the response sample values were
obtained by numerical simulation of each test point.

Table 3. Results of indicators of the schemes in the CCD-Response Surface Method under the
operational state of pumping.

Serial
Number

of Schemes
θ1/◦ R1 θ2/◦ R2

Uniformity of Flow Velocity
Distribution (6# inlet

Channel)/(%)

P1 −2 0 0 0 79.95
P2 0 0 0 0 80.06
P3 0 0 0 2 77.06
P4 1 −1 1 −1 79.23
P5 0 0 0 0 80.16
P6 −1 1 1 −1 77.13
P7 −1 1 −1 −1 78.54
P8 0 0 0 −2 77.91
P9 1 1 1 −1 78.40
P10 1 −1 −1 −1 80.12
P11 0 2 0 0 78.40
P12 2 0 0 0 79.34
P13 1 1 −1 −1 79.82
P14 1 −1 −1 1 79.89
P15 1 −1 1 1 78.72
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Table 3. Cont.

Serial
Number

of Schemes
θ1/◦ R1 θ2/◦ R2

Uniformity of Flow Velocity
Distribution (6# inlet

Channel)/(%)

P16 1 1 −1 1 78.46
P17 0 0 0 0 79.65
P18 0 0 0 0 78.56
P19 1 1 1 1 79.15
P20 −1 −1 1 1 79.76
P21 0 0 0 0 79.85
P22 −1 −1 1 −1 78.66
P23 0 −2 0 0 78.83
P24 0 0 0 0 79.85
P25 −1 1 1 1 77.69
P26 −1 −1 −1 1 78.76
P27 0 0 −2 0 79.81
P28 −1 1 −1 1 77.92
P29 0 0 2 0 79.83
P30 −1 −1 −1 −1 78.69

Table 4. Results of indicators of the schemes in the CCD-Response Surface Method under the
operational state of free-draining.

Serial Number
of Schemes θ3/◦ R3 θ4/◦ R4

Uniformity of Flow Velocity
Distribution (7# Sluice)/(%)

S1 0 0 0 −2 81.41
S2 −1 1 −1 1 79.92
S3 0 0 0 0 84.35
S4 2 0 0 0 82.34
S5 1 1 −1 1 83.46
S6 0 0 0 0 84.35
S7 0 0 0 2 80.06
S8 0 0 2 0 82.83
S9 1 −1 1 −1 82.23

S10 0 0 0 0 84.35
S11 1 1 1 1 82.15
S12 1 1 −1 −1 82.82
S13 −1 −1 1 1 81.76
S14 0 0 −2 0 83.31
S15 −2 0 0 0 81.95
S16 −1 −1 1 −1 80.66
S17 −1 −1 −1 1 82.76
S18 0 −2 0 0 82.33
S19 −1 −1 −1 −1 80.69
S20 1 −1 −1 −1 83.12
S21 0 0 0 0 84.06
S22 0 2 0 0 81.38
S23 1 −1 −1 1 82.89
S24 0 0 0 0 84.06
S25 −1 1 1 −1 79.13
S26 −1 1 1 1 81.19
S27 1 −1 1 1 81.72
S28 0 0 0 0 84.06
S29 −1 1 −1 −1 80.54
S30 1 1 1 −1 81.40

4.3. Model Fitting and Notability Analysis

This study used the software Design-Expert to carry out statistical processing on the
experimental results. In the operational state of pumping, the uniformity of flow velocity
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distribution of the admission section of the 6# channel was selected as the research indicator.
The multiple linear regression and binomial fitting were carried out on the tested factors
including the arc radius R1 of curved part I, the center angle θ1 of curved part I, the arc
radius R2 of curved part II, and the center angle θ2 of curved part II. In this research,
ANOVA was used to analyze the regression parameters of effect surface and the results of
analysis of variance are shown in Table 5. Similarly, in the operational state of free-draining,
the uniformity of flow velocity distribution of the admission section in front of the 7# sluice
was taken as the research index. Factors arc radius R3 of curved part III, center angle θ3
of curved part III, arc radius R4 of curved part IV, and the center angle θ4 of curved part
IV were selected to carry out multiple linear regression and binomial fitting. In this case,
ANOVA was still used to analyze the regression parameters of the effect surface in the
operational state of free-draining and the results of analysis of variance were shown in
Table 6.

Table 5. Significance test of the regression equation (operational state of pumping).

Source of
Variation

Sum of
Deviation

Degree of
Freedom

Uniformity of Flow Velocity Distribution of the
Admission Section of the 6# Channel

Mean Square
Deviation F p

Model 30.41 14 2.17 4.55 0.0031
θ1 1.22 1 1.22 2.56 0.1304
R1 2.39 1 2.39 5.01 0.0408
θ2 2.29 1 2.29 4.8 0.0447
R2 0.1768 1 0.1768 0.37 0.5521
θ1R1 2.61 1 2.61 5.46 0.0338
θ1θ2 0.2809 1 0.2809 0.5878 0.4552
θ1R2 0.3782 1 0.3782 0.7914 0.3877
R1θ2 0.1024 1 0.1024 0.2143 0.6501
R1R2 0.0756 1 0.0756 0.1582 0.6964
θ2R2 0.0001 1 0.0001 0.0002 0.9886
θ1

2 1.54 1 1.54 3.23 0.0926
R1

2 6.71 1 6.71 14.04 0.0019
θ2

2 1.03 1 1.03 2.15 0.1637
R2

2 16.56 1 16.56 34.66 <0.0001
Residual 7.17 15 0.4779

Lack of Fit 7.04 10 0.7042 27.91 0.0009
Pure Error 0.1261 5 0.0252
Cor Total 37.58 29

Table 6. Significance test of the regression equation (operational state of free-draining).

Source of
Variation

Deviation
Sum of
Squares

Degree of
Freedom

Uniformity of Flow Velocity Distribution of the
Admission Section in Front of the 7# Sluice

Mean Square
Deviation F p

Model 50.34 14 3.60 5.90 0.0008
θ3 8.07 1 8.07 13.24 0.0024
R3 2.09 1 2.09 3.43 0.0840
θ4 2.00 1 2.00 3.27 0.0906
R4 0.2731 1 0.2731 0.4478 0.5135
θ3R3 1.54 1 1.54 2.52 0.1332
θ3θ4 0.8190 1 0.8190 1.34 0.2646
θ3R4 0.9801 1 0.9801 1.61 0.2242
R3θ4 0.0030 1 0.0030 0.0050 0.9448
R3R4 0.0100 1 0.0100 0.0164 0.8998
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Table 6. Cont.

Source of
Variation

Deviation
Sum of
Squares

Degree of
Freedom

Uniformity of Flow Velocity Distribution of the
Admission Section in Front of the 7# Sluice

Mean Square
Deviation F p

θ4R4 0.1482 1 0.1482 0.2431 0.6291
θ3

2 8.76 1 8.76 14.37 0.0018
R3

2 11.07 1 11.07 18.15 0.0007
θ4

2 3.06 1 3.06 5.02 0.0407
R4

2 23.10 1 23.10 37.88 <0.0001
Residual 9.15 15 0.6098

Lack of Fit 9.02 10 0.9021 35.75 0.0005
Pure Error 0.1261 5 0.0252
Cor Total 59.49 29

It can be seen from the data in the above table that under the pumping condition, the
value of F of the fitting model was 4.55, which demonstrates that the calculation model
and the fitted equation have good reliability, so it can be used to analyze and predict the
optimal size parameters of the training wall. When the value of p of the tested factor was
less than 0.05, it indicates that this factor had a prominent impact on the variation of the
research index [31]. Therefore, in this calculation model, the arc radius R1 of curved part I
and the center angle θ2 of curved part II were the key factors affecting the variation of the
index while the center angle θ1 of curved part I and the arc radius R2 of curved part II were
secondary factors (p > 0.1). So, as for some specific actual situations, the parameters θ1 and
R2 can be adjusted within the test range. After a series of calculations, in the operational
state of pumping, the fitted equation of the dimension parameters selected on the research
index is as follows:

RC = 79.70 + 2.258 × 10−1θ1 − 3.158 × 10−1R1 − 3.092 × 10−1θ2 + 8.58 × 10−2R2+
4.038 × 10−1θ1R1 − 1.325 × 10−1θ1θ2 − 1.537 × 10−1θ1R2 − 8 × 10−2R1θ2 − 6.87 × 10−2R1R2+

2.5 × 10−3θ2R2 − 2.371 × 10−1θ1
2 − 4.946 × 10−1R1

2 − 1.933 × 10−1θ2
2 − 7.771 × 10−1R2

2

where RC represents the uniformity of flow velocity distribution of the admission section
of the 6# Channel which is expressed as a percentage.

It can be seen from the data in the above table that under the condition free-draining,
the value F of the fitting model was 5.9, which demonstrates that the calculation model and
the fitted equation have good reliability, so they can be well used to analyze and predict
the best size parameters of the training wall. By analyzing the results, it can be found that
the were angle θ3 of curved part III was the key factor affecting the variation of research
index while the arc radius R3 of curved part III, the center angle θ4 of curved part IV, and
the arc radius R4 of curved part IV were secondary factors. So, as for some specific actual
situations, the parameters R3, θ4, and R4 can be adjusted within the test range. After a
series of calculations, in the operational state of free-draining the fitted equation of the
dimension parameters selected on the research index is as follows:

RZ = 84.21 + 5.8 × 10−1θ3 − 2.95 × 10−1R3 − 2.883 × 10−1θ4 + 1.067 × 10−1R4+
3.1 × 10−1θ3R3 − 2.262 × 10−1θ3θ4 − 2.475 × 10−1θ3R4 − 1.38 × 10−2R3θ4 − 2.5 × 10−2R3R4+

9.63 × 10−2θ4R4 − 5.652 × 10−1θ3
2 − 6.352 × 10−1R3

2 − 3.34 × 10−1θ4
2 − 9.177 × 10−1R4

2

where RZ represents the uniformity of flow velocity distribution of the admission section
in front of the 7# sluice which is expressed as a percentage.

4.4. Parameter Optimization

According to the results of model analysis, in the operational state of pumping, the
factors R1, θ2, θ1, R1, R1

2, and R2
2 have a prominent impact on the variation of the specific

indicator while in the operational state of free-draining, factors θ3, θ3
2, R3

2, θ4
2, R4

2 have a
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remarkable influence on the change of the corresponding indicator. By using the software
Design Expert, the interaction effect of various factors under two working conditions can
be calculated and the factors that have a relatively noteworthy impact on the variation
of the index investigated under the interaction of each factor can be obtained. That is, as
shown in Figure 11, factors arc radius R1 of curved part I and center angle θ2 of curved part
II were selected to investigate their degrees of influence on the variation of the uniformity
of velocity distribution of the admission section of the 6# inlet channel in the operational
state of pumping. Similarly, in Figure 12, in the operational state of free-draining factors
arc radius R3 and center angle θ3 of curved part III were selected as critical factors affecting
the variation of the uniformity of velocity distribution of the admission section in front of
the 7# sluice.
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Figure 11. Three-dimensional effect diagram and contour map (operational state of pumping):
(a) three-dimensional effect diagram; (b) three-dimensional contour map.

Under the pumping condition, comprehensively considering the influencing factors
and the optimal area in Figure 11, the upper limit of the investigation factors θ1, R1,
θ2, R2, and the optimization index RC were set as large as possible. According to the
optimization module of the software Design Expert, the optimal condition range procured
by superimposing each model was calculated to obtain the final optimal size combination
of the training wall: the center angle θ1 of curved part I: 43.5◦, arc radius R1 of curved part
I: 5.36t, center angle θ2 of curved part II: 46.2◦, arc radius R2 of curved part II: 2.62b where
b represents the net width of the 7# sluice and t represents the net width of the 6# inlet
channel in which case it was predicted that the uniformity of velocity distribution of the
admission section of the 6# inlet channel can reach 80.53%.

Under the free-draining condition, comprehensively considering the influencing fac-
tors and the optimal area in Figure 12, the upper limit of the investigation factors θ3, R3,
θ4, R4, and the optimization index Rz were set as large as possible. According to the op-
timization module of the software Design Expert, the optimal condition range procured
by superimposing each model was calculated to obtain the final optimal size combination
of the training wall: the center angle θ3 of curved part III: 43.0◦, arc radius R3 of curved
part III: 6.43b, center angle θ4 of curved part IV: 40.6◦, arc radius R4 of curved part IV: 1.37t
where b represents the net width of the 7# sluice and t represents the net width of the 6#
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inlet channel in which case it was predicted that the uniformity of velocity distribution of
the admission section ahead of the 7# sluice can reach 84.79%.
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(a) three-dimensional effect diagram; (b) three-dimensional contour map.

5. Numerical Simulation and Scheme Verification
5.1. Feature Section Selection

In order to further understand the inflow features of the γ-shaped settlement training
wall applied in the joint hub of the pump station and sluice, the horizontal section and
vertical section of the calculation model were selected as the characteristic section under
the pumping condition and the flow field features were analyzed. While under the free-
draining condition, the superficial horizontal section of the calculation model was selected
as the characteristic section and the distribution characteristics of transverse velocity and
axial velocity were analyzed.

As shown in Figure 13, under the pumping condition, two horizontal sections and a
vertical section were selected for flow field analysis in which a-a was the horizontal section
0.1h right from the water surface, b-b was the bottom horizontal section 0.9h from the water
surface, and c-c was the vertical section at the inlet segment of the inlet channel which was
0.1L from the inlet section of the inlet channel. In this case, h represents the calculated water
depth of the model under the pumping condition and L represents the axial length of the
inlet channel of the calculated model. Under the free-draining condition, as displayed in
Figure 14, the horizontal section d-d was selected as the characteristic section which was
0.1h away from the water surface of the sluice where h represents the calculated depth of
the water under the free-draining condition.
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5.2. Analysis of Numerical Simulation Results

In this study, by the central composite design of the response surface method, there
were 30 training wall parameter combination schemes designed in the operational state
of pumping and free-draining respectively. The test results were analyzed by variance
and the relevant parameters were optimized, obtaining a set of optimal training wall size
combination schemes, Z1: the center angle θ1 of curved part I: 43.5◦, arc radius R1 of curved
part I: 5.36t, center angle θ2 of curved part II: 46.2◦, arc radius R2 of curved part II: 2.62b, the
center angle θ3 of curved part III: 43.0◦, arc radius R3 of curved part III: 6.43b, center angle
θ4 of curved part IV: 40.6◦, and the arc radius R4 of curved part IV: 1.37t where b represents
the net width of the 7# sluice and t represents the net width of the 6# inlet channel. For
the sake of further analyzing and verifying the rationality of the optimization results, the
optimal scheme was numerically simulated and its flow field diagram was analyzed in the
operational state of pumping and free-draining respectively.

5.2.1. Operational State of Pumping

When the joint hub of the pump station and sluice operates under the pumping
condition, the curved part III and curved part IV of the γ-shaped settlement training wall
settled automatically until their top levels were lower than the bottom level of the forebay.
By numerical simulation, the flow field of the joint hub of the pump station and sluice was
studied during the operation of the pumping station and the optimal scheme of the size of
the training wall was analyzed and verified. The flow field diagram of its characteristic
section was shown in Figure 15. In the operational state of pumping, there was a large
region of low-speed area and reflux phenomenon at the side of the sluice in which case
the curved part II of the γ-shaped training wall isolates the backflow at the side of the
sluice and abates its disturbance to the flow state of the forebay. Compared with the
flow field diagram of the initial scheme in Figure 9, the curved part I guides the flow in
the forebay around the training wall into the inlet channel smoothly, so that the oblique
flow phenomenon in front of the 6# inlet channel was greatly improved and basically,
the flow lines in the forebay became smoother, entering each water inlet channel evenly.
Additionally, it can be found that under the optimal size combination design scheme of the
training wall, the flow state on the surface and bottom of the forebay was relatively smooth
and the velocity distribution in the 1–6# inlet channel was relatively uniform. Through
numerical simulation and the analysis of its results, 1–6#, the axial velocity distribution
uniformity of the inlet channel was 79.82%, 80.13%, 79.82%, 79.85, 80.75%, and 80.42% of
which the axial velocity distribution uniformity of the 6# inlet channel was the research
index of this research, was also close to the final prediction result of the response surface
scheme, and it was higher than that of the schemes calculated in the response surface
scheme design. To conclude, in the operational state of pumping, the results of the analysis
of the response surface method were basically consistent those that of numerical simulation,
i.e., the optimal size combination scheme of the training wall in the operational state of
pumping is: the center angle θ1 of curved part I: 43.5◦, the arc radius R1 of curved part I:
5.36t, the center angle θ2 of curved part II: 46.2◦, and the arc radius R2 of curved part II:
2.62b where b represents the net width of the 7# sluice and t represents the net width of the
6# inlet channel.
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Figure 15. Flow field diagram of each characteristic section in the operational state of pumping:
(a) flow field distribution of section a-a; (b) flow field distribution of section b-b, (c) flow field
distribution of c-c vertical section.

5.2.2. Operational State of Free-Draining

When the joint hub of the pump station and sluice operates under the free-draining
condition, the curved part I and curved part II of the γ-shaped settlement training wall
settled automatically until their top levels were lower than the bottom level of the sluice.
Likewise, by numerical simulation, the flow field diagram of the joint hub of pump station
and sluice was studied during the operation of sluice and the optimal scheme of the size of
the training wall was analyzed and verified. The flow field diagram of its characteristic
section is shown in Figure 16 in, which Figure 16a shows the transverse velocity cloud
diagram and Figure 16b shows the axial velocity cloud diagram. In the operational state
of free-draining, there was a large region of low-speed area and reflux in the forebay, in
which case the curved part IV of the γ-shaped training wall isolatesd the backflow in the
forebay and abated its disturbance to the flow state ahead of the sluice. Compared with
the flow field under the initial scheme displayed in Figure 10, the curved part III guided
the water in front of the sluice into the sluice chamber smoothly, so that the eccentric flow
phenomenon at 5# sluice was greatly improved. It can be found that under the optimal
size combination scheme of the training wall, the flow state in its 7–9# sluice chambers
was even, the streamline was relatively smooth, and the maximum transverse velocity of
water flow was less than 0.3 m/s. After calculation and analysis, the uniformity of axial
velocity distribution ahead of the 7–9# sluices was 84.78%, 85.22%, and 84.51% respectively
of which the axial velocity distribution uniformity in front of the 7# sluice was the research
index of this paper, was also close to the final prediction result of the response surface
scheme, and it was higher than that of the schemes calculated in the response surface
scheme design. To conclude, under the free-draining condition, the results of the analysis of
the response surface method were basically consistent with those of numerical simulation,
i.e., the optimal size combination scheme of the training wall under the free-draining
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condition is: the center angle θ3 of curved part III: 43.0◦, arc radius R3 of curved part III:
6.43b, center angle θ4 of curved part IV: 40.6◦, and arc radius R4 of curved part IV: 1.37t
where b represents the net width of the 7# sluice and t represents the net width of the 6#
inlet channel.
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6. Discussion

Xu et al. [32,33] designed an open-cell diversion pier which can be applied to the joint
hub of the pump station and sluice. Through numerical calculation and model test, the
flow state in the forebay and ahead of the sluice of the joint hub of pump station and sluice
were studied. The results showed that when the opening width of diversion pier was 1.55D,
the corresponding length was 8.62D, the opening height was 0.66 h, and the center distance
between adjacent orifices was 2.16d where D was the diameter of the tested pump impeller
and h was the water depth of the forebay; the rectification effect of the diversion pier on
the forebay was the best. When the length of diversion pier was 25 m, the opening width
was 4.5 m, the center distance between adjacent orifices was 25 m, and the opening height
was 3.8 m, setting the diversion pier could greatly abate the transverse and axial velocity
of the water in superficial layer and improve the navigation safety. On this foundation,
Xu et al. [17] improved and designed a Y-shaped settlement training wall which can
optimize the inlet conditions of the side wall of the training wall and improve the inlet flow
state by isolating the backflow, which can be better applied in the joint hub of the pump
station and sluice with a 15◦ transverse side angle.

This study designed a γ-shaped settlement training wall and analyzed the relevant
inflow state of the joint hub of pump station and sluice operating under two designed
conditions by numerical simulation. To carry out a horizontal comparison of the data, the
margin of error between the grid number of the research model and that of the model
in reference [17] was controlled within 3%. As shown in Figure 17, under the pumping
condition, the axial uniformity of velocity distribution of inlet sections of the 1~6# inlet
channels was 79.82%, 80.13%, 79.84%, 79.85%, 80.75%, and 80.42% respectively and it
could be found that compared with the original design scheme, setting the γ-shaped
settlement training wall could greatly grow the research index by 14.49%, 2.78%, 3.95%,
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9.47%, 3.15%, and 7.94% respectively, demonstrating that for all inlet channels, setting the
γ-shaped settlement training wall can effectively ameliorate their flow state. Additionally,
compared with the scheme of perforated diversion pier in the literature [32], when the
pump station operates, setting the γ-shaped settlement training wall can grow the research
index by 4.22%, 2.25%, 4.30%, 7.11%, 6.50%, and 7.54% respectively, which indicates that the
γ-shaped settlement training wall is more applicable. As for the scheme of the Y-shaped
settlement training wall in document [17], when the pump station operates, setting the
γ-shaped settlement training wall can also grow the research index by 3.50%, 1.37%, 2.31%,
3.10%, 0.05%, and 0.09% respectively, which indicates that the γ-shaped settling training
wall is also effective to enhance the velocity uniformity, especially for the 1–4# channels.
In general, it was considered that in the operational state of pumping, in comparison
with the perforated training wall and the Y-shaped settlement training wall, the γ-shaped
settlement training wall was more applicable to ameliorate the inlet flow state of the joint
hub of pump station and sluice.
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Figure 17. Comparison of rectification effects of various schemes (operational state of pumping).

When the sluice was operating, after setting the γ-shaped settlement training wall, the
flow line in front of the sluice was relatively smooth and the original reflux area basically
disappeared. Considering the navigation requirements of the sluice, we took the maximum
transverse velocity in front of the 7# sluice as the research index and then performed
the horizontal comparison of the rectification effects between the γ-shaped settlement
training wall and three other measures: the initial scheme, which was not designed with
any rectification measure, the perforated training wall scheme in document [32], and the
Y-shaped settlement training wall in document [17]. As displayed in Figure 18, when
the γ-shaped settlement training wall applied, the maximum lateral velocity in front of
the 7# sluice was 0.28 m/s, which was less than the limit value of 0.3 m/s regulated in
reference [34], satisfying the requirements of modern navigation. Compared with the
initial scheme, the maximum transverse velocity was abated by 0.47 m/s, which shows
the γ-shaped settlement training wall can effectually ameliorate the flow state ahead of the
sluice of the joint hub of pump station and sluice. Meanwhile, compared with the Y-shaped
settlement training wall scheme in document [17], its maximum lateral velocity in front of
the 7# sluice was still 0.28 m/s, indicating that there was no significant difference between
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the two forms of the training wall on the variation of transverse velocity in front of the
sluice next to the junction of the sluice and the pump station. While in comparison with
the scheme of perforated the training wall in the literature [32], its maximum transverse
velocity in front of the 7# sluice was 0.06 m/s lower than that of the γ-shaped settlement
training wall, indicating that under the free-draining condition, the perforated training
wall was the most effective one to abate the transverse velocity in front of the sluice next
to the junction of the pump station and sluice chamber and alleviate the oblique inlet
flow. Additionally, considering the actual operation conditions of project, the average
transverse velocity in front of the sluice chamber was taken as an extra research indicator
and by a series of calculations, the index values of each scheme were as follows: the initial
scheme: 0.74 m/s, the scheme of Y-shaped settlement training wall: 0.28 m/s, the scheme of
γ-shaped settlement training wall: 0.26 m/s, and the scheme of perforated training wall:
0.24 m/s. It can be found that compared with the initial scheme and the Y-shaped settlement
training wall, the γ-shaped settlement training wall was more applicable and can relatively
reduce the average transverse velocity by 64.9% and 7.1% respectively. While regarding
the scheme of perforated training wall, its average transverse velocity was 7.7%, relatively
lower than that of the scheme of γ-shaped settlement training wall, indicating that the
scheme of perforated training wall was still the most effective rectification measure during
the operational condition of free-draining. So, it is reasonable to consider adopting the
combined rectification measures in the future design of the joint hub of pump station and
sluice, that is, in the operational state of pumping, the γ-shaped settlement training wall
can be applied while under the free-draining condition, the γ-shaped settlement training
wall can be perforated to realize the optimization effect under multiple working conditions.
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7. Conclusions

In this paper, a γ-shaped settlement training wall was designed, which was applicable
in the joint hub of the pump station and sluice and its geometric parameter combination was
optimized by using the central composite design of response surface method. By selecting
the research index and analyzing its value under each scheme, the optimized parameter
combination could be obtained, which was further verified by numerical simulation and
the results of this research showed that:

(1) For the joint hub of pump station and sluice, there was a large area of oblique flow
often arising near the junction of the sluice and pumping station under any single
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operating condition, in which case setting the γ-shaped settlement training wall could
effectually ameliorate the inflow state.

(2) The variation of the size parameters of γ-shaped settlement training wall can greatly
affect its rectification effect. To be specific, in the operational state of pumping, the
arc radius of curved part I and the center angle of curved part II were the key factors
affecting the variation of flow state while the center angle of curved part I and the
radius of curved part II were the secondary factors. In the operational state of free-
draining, only the arc radius of curved part III had a prominent impact on the flow
state and the other factors such as the arc radius of curved part III, the center angle
of curved part IV, and the arc radius of curved part IV were the secondary factors
affecting the flow state in front of the sluice.

(3) For the joint hub of the pump station and sluice, the optimal size combination scheme
of the γ-shaped settlement training wall was: center angle of curved part I: 43.5◦,
arc radius of curved part I: 5.36t, center angle of curved part II: 46.2◦, arc radius of
curved part II: 2.62b, center angle of curved part III: 43.0◦, arc radius of curved part
III: 6.43b, center angle of curved part IV: 40.6◦, and arc radius of curved part IV: 1.37t
where b represents the net width of the 7# sluice and t represents the net width of the
6# inlet channel.

(4) This paper designed and optimized a γ-shaped settlement training wall which could
ameliorate the inlet conditions of the side wall of the training wall by completely
cutting off the interference of lateral reflux, greatly ameliorating the inlet flow state
of the joint hub of pump station and sluice under the conditions of pumping and
free-draining. Compared with the previous studies, the γ-shaped settlement training
wall designed in this study is more applicable and has a rectification effect. Addition-
ally, the CCD-Response surface method was adopted in the case of fluid machinery
research. The structural form and the optimization method of the γ-shaped settlement
training wall designed in this study can provide technical support for the design of
asymmetric joint hub of sluices and pump stations with engineering training walls.
In the future, some consideration will be given to the design of γ-shaped settlement
training walls with open-cell and the relevant physical model tests will be launched
to further verify the rationality of the results of numerical simulation.
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