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Abstract: The integrated pump gate structure can improve the shortcomings of traditional asymmetric
pumping stations with large floor space, but its internal flow mechanism is not clear, which affects its
efficient, stable, and safe operation. In order to reveal its internal fluid flow characteristics, numerical
simulations based on the N-S equation with the SST k-w turbulence model are used in this paper, and
experimental validation is carried out. The test results yielded an efficiency of 60.50% near the design
flow condition, corresponding to a flow rate of 11.5L/s, a head of 2.7569 m, a hydraulic loss of 0.064 m
in the inlet channel, and a hydraulic loss of 1.337 m in the outlet channel. The integrated pump gate
has a uniform inlet water flow pattern, less undesirable flow pattern, and a large backflow vortex
in the outlet water. This paper reveals the internal flow characteristics of its integrated pump gate
inlet and outlet water, and the research results can provide some reference for the design, theoretical
analysis, and application of similar integrated pump gates.

Keywords: integrated pump gate; inlet channel; outlet channel; flow pattern; hydraulic performance

1. Introduction

In recent years, the frequent occurrence of extreme rainfall weather has posed a serious
challenge to the flood control and drainage capacity of cities and towns. In the original
pumping station construction, the asymmetric arrangement form is usually used, that is,
the combination of sluice gate and pumping station, the gate is set in the middle of the
river cross-section direction, and the pump room is set next to the sluice gate. Usually,
the area of the water barrier sluice is small, and the pump chambers on both sides cannot
pass through the water when no flooding work is needed, resulting in low water exchange
efficiency inside and outside the river. At the same time, the construction of a large area of
land, long construction period, high economic costs are the traditional pumping station
disadvantages. Therefore, the integrated pump and gate device came into being. The
integrated pump and gate device is a pumping station that combines a pumping station
and a water barrier sluice into a whole arrangement, in which the pump sluice can be used
as a water barrier structure instead of a traditional sluice gate, and can provide support
for the pump. The pump is arranged on the gate, so there is no need to build a fixed
pump room, so that the gate and the pump room are combined into a whole device, which
greatly improves the flooding capacity of the river, significantly increases the vitality of the
water body in the river channel, and has the advantages of occupying a small area of land
compared to traditional pumping stations, short project cycle, lifting and handling, and
automatic control, etc., which can also significantly reduce the construction cost, land cost,
and alteration cost, and so on, while improving the efficiency of water exchange.

The integrated pump gate consists of sluice gate, gate pump, clapper gate, water
stop structure, opening and closing mechanism, etc. Relevant scholars have analyzed
its application characteristics and technical advantages, and compared it with traditional
pump gate in terms of floor space, circulation, economy, construction cycle, etc. Considering
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that integrated pump gates play a significant role in controlling drainage within urban areas
and managing black smelly water bodies [1]. Some scholars have discussed their design
points and concluded that in urban and rural river management, integrated pump gates
will become the mainstream and where the trend of development lies [2]. Some scholars
have explored their structures, such as the design of horizontal axial submersible pumps
suitable for pump gates [3], to investigate the effects of pump form, installation number,
overhang height, pump spacing, and flapper angle on the performance of integrated
pump gates [4]. Some other scholars have conducted numerical calculations and model
experimental studies on pump gates to derive the stress conditions, flow conditions, and
gate vibration characteristics of vertical surface-hole integrated pump gates and horizontal
surface-hole integrated pump gates under different operating conditions [5,6]. There
is always a negative pressure zone directly below the bottom edge of the flat bottom
gate [7], suggesting the two-phase flow and pump gate characteristics in the pump gate
pool [8], testing the energy characteristics of the ecological gate pump during bi-directional
operation, and resulting in a error of 2% with the numerical simulation, which verified the
reasonableness of the numerical simulation, and finally predicted the optimal installation
angle of the vane by numerical simulation [9]. These research results provide basic data
for subsequent pump gates selection and other aspects, and also provide reference for
subsequent pump gates design and research.

At present, the integrated pump gate has formed a certain scale of industrial system
and user demand, but the related research is less, and the flow pattern of the front pool
and inlet and outlet water channels is not clear, which limits the further development
of the integrated pump gate technology, so it is necessary to carry out further related
research, and the research results of this paper have certain theoretical significance and
engineering value.

2. Numerical Simulation Model and Method
2.1. Pump Gate Modeling

In accordance with a project pump station design, impeller wood mold diagram,
pump gate structure diagram, and other applications of SolidWorks software were used to
establish an integrated pump gate model, imported into ANSYS Workbench software [10]
in the geometry module for adjustment and boundary condition naming; where model
impeller diameter D = 60 mm, rotation rate n = 6692 r/min, the gate length is 188 mm,
width is 60 mm and height is 299 mm, integrated pump gate design flow rate Q; = 11.5 L/s,
design head H = 2.7569 m. Three-dimensional geometric model of integrated pump gate as
shown in Figure 1.
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(a) Integrated gate general assembly (b) Inlet channel

Figure 1. Cont.



Water 2022, 14, 2747

30f21

(c) Outlet channel (d) Gate

(e) Impeller (f) Guide vane

Figure 1. Three-dimensional geometric model of integrated pump gate. (a) Integrated gate general
assembly; (b) Inlet channel; (c) Outlet channel; (d) Gate; (e) Impeller; (f) Guide vane.

2.2. Mesh Division

According to the three-dimensional structure of the integrated pump gate, the water
overflow part of it is extracted, and the numerical simulation area of the integrated pump
gate includes: open inlet channel, gate, impeller, guide vanes, and open outlet channel.
In the calculation of this paper, the integrated pump gate is a table-hole type, and in
order to better retain the characteristics of the pump gate surface, the model is divided
by unstructured mesh, and the number of geometric model meshes is changed under
the design flow condition (Qy; = 11.5 L/s) for mesh-independent analysis. After the grid
number reaches 3.03 million, the efficiency of the pump gate basically does not change
with the increase of the grid number [11], and this paper determines how to use the grid
number of 3.03 million for the subsequent numerical simulation work. Mesh division of
each calculation component as shown in Figure 2. The grid-independence results are shown
in Figure 3.

(a) Inlet channel (b) Outlet channel (c) Impeller (d) Guide vane

Figure 2. Mesh division of each calculation component.
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Figure 3. Grid-independent analysis.

2.3. Control Equations, Boundary Conditions, and Calculation Methods

In the numerical simulation of the integrated pump gate, the fluid is treated as a three-
dimensional incompressible viscous turbulent flow, without considering heat exchange.
Boundary condition settings as shown in Table 1.

Table 1. Boundary condition settings.

Boundary Conditions Parameter Setting
Inlet Mass Flow Rate
Outlet Average Static Pressure
Free liquid level Symmetry
Dynamic and static interface Frozen Rotor
Static interfaces None

In this paper, the SST k-w [12] turbulence model is used to calculate the flow charac-
teristics inside the integrated pump gate, which combines the advantages of the standard
k-e model [13] and the standard k-w model [14] and captures the flow in the boundary layer
better by using automatic functions in the boundary layer, while the finite element-based
finite volume method is used to solve the problem.

In order to evaluate the hydraulic performance of the integrated pump gate after
numerical simulation, the hydraulic losses of the inlet and outlet channels, the uniformity
of the axial velocity distribution in the characteristic section, the weighted average angle of
the velocity in the characteristic section and the energy characteristics of the pump gate
were introduced as evaluation bases, and the performance characteristics of the integrated
pump gate were evaluated by five quantitative indicators.

In this paper, the total energy difference between the inlet channel of the integrated
pump gate and the outlet of the outlet channel is defined as the head of the device and is
expressed by the following equation [15]:

DPousds ulupnds Pyuds uupnds
2 1

s2 + H2 + s2 N sl + H1 + sl (1)

Hut = | 22— 2 S S
: 00g 2Qg pQg 2Qg

where the first term on the right side of the equation is the total pressure at the outlet of the
outlet channel and the second term is the total pressure at the inlet of the inlet channel.
Where Q is the flow rate (m3/s), H;, H, are the inlet and outlet section elevations of
the integrated pump gate (m), s1, sp for the integrated pump gate inlet and outlet section,
uq, up for the integrated pump gate inlet and outlet water channel section flow rate at each
point (m/s), ut1, usp are the normal components of flow velocity (m/s) at each point of the
inlet and outlet channel sections of the integrated pump gate, P1, P, are the static pressure
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(Pa) at each point of the inlet and outlet sections of the integrated pump gate, g is the
acceleration of gravity (m/s?).
The efficiency of the integrated pump gate is calculated as [16,17]:

_ Pg QHnet
where T), is the torque (N-m), w is the rotational angular speed of the impeller. The
hydraulic loss ki is calculated as [18,19]:

P P, 1'112 u22
hf=E1—E=(=—-2)+(Z1i—2)+(5-—+5) ®)
e g pg) TAT R (Ge—5
Among them:
P 2 P 2
E1:71+Z1+ui,‘ E2:72+Zz+ui
08 28 08 2g

where Eq, E; are the total energy at the inlet and outlet of the open flow channel, Py, P, are
the static pressure at the inlet and outlet of the open flow channel (Pa), Z;, Z, are the height
of the open flow channel inlet and outlet (m), 13, up are the open flow channel inlet and
outlet velocity (m/s).

The uniformity of flow velocity distribution is calculated as [20]:

n
Vy={1- vi lZ(vm — 1/[{)21 /n 3 x 100% 4)
a i=1

where, V, is the uniformity of axial flow velocity distribution in the characteristic section
(%), v, is the axial velocity of each calculation unit (m/s), n is the number of calculation
units. The velocity weighted average angle is calculated as [21]:

Y Uy, [90O — arctan (%)}
Z Ugi

where u;; is the horizontal velocity (m/s) of each unit in the characteristic section of the
flow channel. u,; is the axial velocity (m/s) of each calculation unit.

6= ()

3. Numerical Simulation Results and Analysis
3.1. Hydraulic Performance Results and Analysis

The pressure and torque are extracted from the numerical simulation result file, and
the pump gate head is calculated according to equation (1), and the pump gate efficiency
is calculated according to equation (2) to obtain the energy performance of the integrated
pump gate, as shown in Table 2. The energy performance curve of the integrated pump
gate is plotted as shown in Figure 4.

Table 2. Numerical simulation of the energy performance of an integrated pump gate.

Q (L/s) H (m) H (%)
8.5 (0.74 Qy) 3.4884 49.83
9.5 (0.83 Q) 3.3126 55.85
10.5 (0.91 Q) 3.0206 59.01

11.5 (Qy) 2.7569 60.50
12.5 (1.09 Q ) 2.3343 59.73
13.5 (1.17 Qp) 1.7245 54.87

14.5 (1.26 Qy) 1.0426 4358
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Figure 4. Pump gate energy performance curve.

The calculation results in Table 2 and Figure 4 show that the flow-efficiency curve of the
pump gate is approximately quadratic when the inlet water flow is Q = 0.5~15.5 L/s, and
the head of the pump gate gradually decreases from 7.24 m to 0.34 m, and the efficiency of
the pump gate is 60.50% near the design flow condition, the corresponding flow is 11.5L/s
and the head is 2.7569 m. When the flow rate is 10.5~12.5 L/s (0.91~1.09 Q;), the pump
gate is in the high efficiency zone, and the efficiency of the pump gate is around 59~60%.
When the flow rate is 5.5~7.5 L/s (0.48~0.65 Q;), the pump gate is located near the saddle
area, and the operation of the pump gate is not stable at this time, so it is recommended to
avoid operating in this flow range.

3.2. Analysis of Internal Flow in Inlet Channel

An axial section was created using the impeller rotation axis as a reference to explore
the internal flow characteristics of the inlet flow channel before the pump gate. The
schematic diagram of the axial section is shown in Figure 5.

FLOW

Figure 5. Schematic diagram of the axial section of the open inlet channel.

3.2.1. Inlet Channel Streamline and Axial Flow Velocity Distribution

The streamline and axial flow velocity distribution clouds of the open inlet channel
under different flow conditions in the section are drawn, as shown in Figure 6.
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(c) Q=10.5L/s (0.91 Q)

(b) Q=9.5L/s (0.83 Qi)

(d)Q=115L/s

Q)

(&) Q=125L/s (1.09 Qi)

(f) Q=13.5 L/s (1.17 Qi)

(8) Q=145 L/s (1.26 Qu)

Figure 6. Cloud diagram of inlet channel streamline and axial flow velocity distribution under
different working conditions.

Through the analysis of Figure 6, it is concluded that under different flow conditions,
the streamline of open inlet channel is smooth, contraction is reasonable, and the streamline
is regular, which can provide better water inlet conditions for the impeller. The slope of the
open inlet channel is not easy to be too large, as too large will not only lead to aggregation
of water flow, but also very easy to form vortex at the bottom, hence should be avoided;
the figure can be found in the inlet channel of the slope of the decline is reasonable, no bad
flow conditions.

Under each flow condition (Q = 8.5~14.5 L/s), the flow velocity increases in the
direction from the inlet of the inlet channel to the inlet of the pump gate; at the top of
the pump gate structure, there is a low velocity zone because the water flow receives the
constraint of the pump gate; the water flow gathers at the inlet of the pump because of
the negative pressure created when the pump rotates, and the flow velocity reaches the
maximum value here, which is greater than 0.6 m/s. The flow velocity at the inlet of
the pump gate varies in a uniform gradient. Under the design condition (Q = 11.5 L/s),
the velocity field is the most uniform in the inlet channel, and under low and high flow
conditions, the high and low velocity areas are mixed more obviously.

The local area from the slope of the inlet channel to the inlet of the pump gate is
extracted separately as a research object, and the streamline and pressure distribution
clouds at the inlet of the pump gate of the open inlet channel under different flow conditions
are drawn in the section, as shown in Figure 7.

It can be concluded from Figure 7 that with the increase of flow rate (Q = 8.5~14.5L/s),
the static pressure in the inlet channel is gradually increasing, and under the design
condition (Q = 11.5 L/s), the pressure at the bottom of the slope to the pump inlet is
approximately the same, and the pressure only starts to decrease in front of the pump gate
impeller inlet, under the high flow rate and low flow rate conditions, the pressure gradient
near the pump gate inlet is large and the pressure gradually decreases, the pressure is
lowest at the inlet of the pump gate.

3.2.2. Hydraulic Loss of Inlet Channel

According to the Formula (3) to calculate the inlet channel hydraulic loss, drawing
different flow conditions in the inlet channel hydraulic loss curve, as shown in Figure 8.
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Figure 7. Cloud diagram of streamline and pressure distribution at the inlet of pump gate under
different working conditions.
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Figure 8. Hydraulic loss curve of inlet channel under different working conditions.

The analysis of Figure 8 shows that the hydraulic loss of the inlet channel /i is positively
correlated with the flow rate Q, which approximately satisfies the quadratic function, and
the hydraulic loss is the smallest when the inlet flow rate is 8.5 L/s (0.74 Q;), which is
0.039 m, and the largest when the flow rate is 14.5 L/s (1.26 Q;), which is 0.100 m. The
larger the flow rate, the larger the hydraulic loss, and in this type of pump station, the
hydraulic loss of the inlet and outlet channels is a decisive factor in the efficiency of the
pump gate. The calculation results show that the average level of hydraulic loss of the inlet
channel is about 6 cm, which is in line with the conventional theory and design.
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3.3. Analysis of Internal Flow in Outlet Channel

An axial section is created with the impeller rotation axis to observe the flow charac-
teristics in the outflow channel. The schematic diagram of the axial section is shown in
Figure 9.

Axial section

Observation Direction

Figure 9. Schematic diagram of axial section of open outlet channel.

3.3.1. Streamline and Axial Velocity Distribution of Outlet Channel

The streamline and axial flow velocity distribution clouds of the open outlet channel
under different flow conditions in the section were drawn, as shown in Figure 10.

veiostyz |

0.1 0.9 1.7 2.5 3.3 4.1

(a) Q=8.5L/s (0.74 Qu)

(b) Q=9.5L/s (0.83 Qi)

(c) Q=10.5L/s (0.91 Qi) (d) Q=11.5L/s (Qu)

(e) Q=12.5L/s (1.09 Qi)

(f) Q=135L/s (1.17 Qi)

(8) Q=145 L/s (1.26 Q)

Figure 10. Streamline and axial velocity distribution of the outlet channel under different
flow conditions.

It can be found in Figure 10 that the outflow channel is turbulent near the pump gate,
and a return vortex parallel to the flow direction is formed at the outlet of the pump gate
guide vane, and the size of the vortex increases as the flow rate increases. When the flow
rate is 8.5~10.5 L/s (0.74~0.91 Q;), the axial flow velocity at the outlet of the pump gate is
about 3.3 m/s; when the flow rate is 11.5~14.5 L/s (Q;~1.26 Q;), the axial flow velocity at
the outlet is about 4.1 m/s, and then there is a step transition along the outlet direction,
due to the existence of vortex, the axial flow velocity above the pump gate is lower. The
axial flow velocity above the outlet is low. The existence of the vortex is mainly due to the
open outlet upper part of the stagnant water area, where the flow velocity is low due to
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the rotation of the impeller, the lower and middle water flow velocity is fast, making the
formation parallel to the direction of the water flow back vortex.

The local flow field at the outlet of the pump gate is taken out, and the streamline and
pressure distribution clouds at the outlet of the pump gate of the open outflow channel
under different flow conditions in the section are drawn, as shown in Figure 11.

Pressure [N I - Pressure

84,840 86,513.5 88.187 89.860.5 91,534 93207.5 94,881 96,5545 98,228 99.901.5 101575 84,840 86,5135 88.187 89.860.5 91534 93207.5 94,881 96,5545 98,228 99,9015 (01,575

() Q=8.5L/s (0.74 Qi) (b) Q=9.5L/s (0.83 Qu)
Pressure [N I L | Pressure [N |
84,840 86,513.5 88,187 89,860.5 91,534 93207.5 94.881 96.554.5 98,228 99.901.5 101575 84.840 86.513.5 88,187 89.860.5 91,534 93,207.5 94,881 96,554.5 98,228 99,901.5 101.5875

(c) Q=10.5L/s (0.91 Qu)  (@)Q=115L/5(Q)
| | Pressure

84,840 86,513.5 88,187 89.860.5 91534 93.207.5 94,881 96,554.5 98,228 99,9015 101,575 84,840 86,513.5 88,187 89,860.5 91,534 93,207.5 94,881 96,554.5 98,228 99,901.5 1M.575

Pressure

(&) Q=12.5L/s (1.09 Qi) (f) Q=13.5L/s (1.17 Qi)

Pressure [N [
84840 865135 88,187 $9.8605 91,534 932075 04881 965545 98228 99,9015 1057

(g) Q=145 L/s (1.26 Qu)

Figure 11. Streamline and pressure distribution at the pump gate outlet under different flow conditions.

As can be seen from Figure 11, at different flow rates, there is a backflow vortex
above the pump gate outlet. With the increase of flow rate, the size of the vortex area also
increases, and the center of the backflow vortex also shifted to the outlet of the outflow
channel. Under the action of gravity, the fluid flows as a whole to the bottom of the pool to
do offset flow, and due to the existence of vortex, the pressure at the outlet is low, and with
the increase of vortex, the low pressure area also increases; pump gate outlet is 5~9 D at the
bottom of the pool, and there is a semicircular piece of high pressure area, and due to the
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A-1

slope of the outflow channel, the pressure returns to normal level, and the streamline also
began to level off.

3.3.2. Hydraulic Loss of Outlet Channel

According to the Formula (3) to calculate the hydraulic loss of the outflow channel,
draw the hydraulic loss curve of the outflow channel under different flow conditions, as
shown in Figure 12.

—=— Qutflow Channel

Hydraulic loss /,(m)

—_
(=]
T

8 9 10 11 12 13 14 15

0O (L/s)

Figure 12. Hydraulic loss curve of outlet channel under different working conditions.

As can be seen from Figure 12, the hydraulic loss of the open outlet channel under
different flow conditions is approximately parabolic with an open upward distribution,
reaching a minimum value of 1.121 m at an inlet flow rate of 9.5 L/s (0.83 Q). With
the increase of the inlet flow rate, the hydraulic loss also gradually increases, reaching a
maximum value of 1.933 m at an inlet flow rate of 14.5 L/s (1.26 Q;).

3.4. Three-Dimensional Flow Regime Analysis

3.4.1. Integrated Pump Gate Three-Dimensional Streamline and Characteristic
Cross-Sectional Flow Rate

The characteristic section is shown schematically in Figure 13, the specific location is
shown in Table 3, and the pump gate impeller diameter D = 60 mm.

A-2 A-3 A-4 A-5 A-6
| 1 |

FLOW
- =

il 4

B-1 B-2 B-3 B-4 B-5 B-6

Figure 13. Schematic diagram of the characteristic cross section.

Setting characteristic sections A-1, A-2, A-3 in order at 10 D intervals from the impeller
inlet. Setting characteristic sections A-4, A-5, A-6 in order at 10 D intervals from the guide
vane outlet. Setting characteristic sections B-1, B-2, B-3 in order at distances 5 D, 3 D and D
from the impeller inlet. Setting characteristic sections B-4, B-5, B-6 in order at distances D,
3 D and 5 D from the guide vane outlet.

The position of 5 D, 3 D, D from the impeller inlet and D, 3 D, 5 D from the guide vane
outlet are selected to make cross sections, and the sections are shown in the characteristic
sections B-1~B-6 in Figure 13, and the three-dimensional streamlines and axial flow ve-
locity distribution of the integrated pump gate in the characteristic sections are shown in
Figures 14-20.
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Table 3. Summary of characteristic selections.

Characteristic Section
Number

Distance from Guide Vane
Outlet L,

Distance from Impeller
Inlet Ly

A-1
A-2
A-3
A-4
A-5
A-6
B-1
B-2
B-3
B-4
B-5
B-6

30D
20D
10D

Velocity 7. I - n

0.18 0.20 0.23 0.26 0.28 0.30 0.33 0.35 0.38

(a) Before the pump gate

Figure 14. Q =8.5L/s (0.74 Qy).

Velocity 7, [ - m

0.18 0.20 0.23 0.26 0.28 0.30 0.33 0.35 0.38

(a) Before the pump gate

Figure 15. Q =9.5L/s (0.83 Qy).

Velocity Z
=0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

(b) After the pump gate

velocity 7 I - n

=050 =0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

(b) After the pump gate
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Velocity 7. [ .

0.18 0.20 0.23 0.26 0,28 0.30 0.33 0.35 0.38

(a) Before the pump gate

Figure 16. Q =10.5L/s (0.91 Q).

Velocity 2 [ n

0.18 0.20 0.23 0.26 0.28 0.30 .33 0.35 0.38

(a) Before the pump gate

Figure 17. Q =11.5L/s (Qy).

Velocity I - n

—0.50 -0.25 0.00 0.25 0.50 0.75 100 1.25 1.50

(b) After the pump gate

Velocity Z
—0.50 —0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

(b) After the pump gate

Velocity 7. IS e

0.18 0.20 0.23 0.26 0.28 0.30 0.33 0.35 0.38

(a) Before the pump gate

Figure 18. Q =12.5L/s (1.09 Q).

—0.50 —0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

Velocity Z

(b) After the pump gate
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(a) Before the pump gate

Velocity 2 [ n Velocity 7, [ - n
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(a) Before the pump gate (b) After the pump gate

Figure 19. Q =13.5L/s (1.17 Q).
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(b) After the pump gate

Figure 20. Q =14.5L/s (1.26 Q).

By comparing Figures 14 and 20, it can be seen that before the impeller inlet of the
pump gate, with the increase of the inlet flow rate, there is no adverse flow pattern in
the inlet channel, and the streamlines are uniformly contracted toward the impeller inlet.
Comparing the axial velocity distribution clouds in the sections at different flow rates, it
can be seen that the axial velocity in the same sections gradually increases with the increase
of the inlet flow rate. At5 D from the impeller inlet, the axial velocity distribution in the
section is more uniform, and the velocity at the side wall is smaller due to the boundary
layer effect. At 3 D from the impeller inlet, the velocity in the section gradually increases
from top to bottom, which is mainly due to the slope that causes the water to collect at the
bottom of the pool. At the impeller inlet D, the axial flow velocity is distributed outward in
a circular pattern, and the high velocity area is located in the lower and middle part of the
slice at the level of the impeller, while the flow velocity in the upper and middle part of the
section is lower.

From the distribution of streamlines in the outlet section of Figures 14 and 20, it can
be concluded that between 3 D and 5 D from the guide vane outlet, there is separation
and stratification of the fluid caused by vortices, which is due to the opposite axial flow
velocity of the streamlines. The region of high flow velocity within each section is located
in the middle and lower part, and the axial flow velocity of the water in the middle and
upper part is opposite to the flow velocity at the bottom of the flow channel due to the
presence of vortices. At D and 3 D from the guide vane outlet, the axial flow velocity in the
sections is distributed in a circular band, decreasing from the center line of the guide vane
to the top and bottom of the sections. At 5 D from the guide vane outlet, when the flow
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rate is 8.5~13.5 L/s (0.74~1.17 Q;), the axial flow velocity in the sections is approximately
the same, and only the upper part of the sections is slightly lower. When the flow rate is
14.5L/s (1.26 Q;), there is still a circular region of high axial velocity in the section, which
is caused by the fact that as the flow rate increases, the flow rate increases and the high
velocity region also shifts toward the outlet of the outflow channel. At a flow rate of 8.5 L/s
(0.74 Qy), the area of the high flow velocity region in the slice at D from the guide vane
outlet is larger than that in the slice at 3 D from the guide vane outlet, and the area of
the high flow velocity region in the slice at 3 D from the guide vane outlet is larger than
that in the slice at D from the guide vane outlet for the rest of the flow conditions, This
is due to small flow conditions, small flow rate, short distance of high-speed water flow
transmission at the outlet of pump gate, and fast dissipation of kinetic energy.

3.4.2. Uniformity of Axial Flow Velocity Distribution and Velocity-Weighted Average
Angle of Each Characteristic Section under Design Conditions

Through the CFD-post post-processing interface, the velocity components of each unit
in the characteristic section are derived, and the axial velocity components are extracted,
and the axial velocity distribution uniformity and velocity-weighted average angle of each
characteristic section are calculated in turn, according to Formulas (4) and (5), as shown
in Table 4, where the characteristic sections B-4, B-5, and B-6 are closer to the guide vane
outlet, and the water flow is not fully diffused, and their the axial velocity distribution
uniformity and velocity weighted average angle are not very meaningful, so they are not
selected. The axial velocity distribution uniformity and velocity-weighted average angle
curves of each characteristic section under different flow conditions are plotted as shown
in Figure 21.

Table 4. Uniformity of axial flow velocity distribution and velocity-weighted average angle for each
characteristic section under design condition.

Evaluation Section Section Section Section Section Section Section Section Section
Indicators A-1 A-2 A-3 B-1 B-2 B-3 A-4 A-5 A-6
Uniformity of
flow rate 9542 9418 9395 9672 9115 4533 9537 9826 9825
distribution
Viu (%)
Velocity —
weighted average  89.93 89.71 89.54 79.47 75.30 62.01 87.95 89.67 89.96
angle 6(°)
100 [ T T T T T T T T T T T T T T T T T ] 90
90 185
<% 1%
< |1s&
175
= 70 Sa)
~
170
60 I
165
sof i
—_—l— u
460

A-1 A2 A3 B-1_B-2 B3 A-4 A-5 A-6
Section name

Figure 21. The uniformity of axial flow velocity distribution and velocity-weighted average angle
curve of each characteristic section.
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The more uniformity of axial flow velocity distribution is close to 100%, it means that
the more uniform flow velocity in the section, by comparing the uniformity of axial flow
velocity distribution in each characteristic section, it can be seen that the uniformity of axial
flow velocity distribution in section B-2 and section B-3 is slightly lower under the design
working condition. At section B-1, the inlet slope is more reasonable, and the uniformity of
axial flow velocity distribution can reach 96.72%, as section B-2 and section B-3 are close
to the impeller inlet. Influenced by the suction of the pump gate, the high-speed zone
is concentrated in the axial direction of the impeller of the pump gate, the flow velocity
gradually decreases in the axial direction in the shape of a ring around, the axial flow
velocity distribution is first reduced to 91.15% (B-2), and then reduced to 45.33% (B-3), the
closer to the pump gate inlet flow velocity uniformity is lower, from Figures 14-20 can also
find this phenomenon. In the outlet channel, the uniformity of axial velocity distribution
gradually increases, reaching 98.25% at section A-6, which indicates that the water flow
diffusion is reasonable and the flow pattern affected by pump gate recovers quickly.

The closer the velocity-weighted average angle is to 90°, the better the isotropy of
the water flow. By comparing the velocity-weighted average angle of each characteristic
section, it can be seen that the velocity-weighted average angle decreases slightly at section
A-1, section A-2, and section A-3, which is approximately a primary function relationship,
and there is no obvious decrease. The velocity isotropy is better. At sections B-1, B-2, and
B-3 near the impeller inlet, the velocity-weighted average angle decreases to 79.47°, 75.30°,
and 62.01° respectively, and the closer to the pump gate, the smaller the velocity-weighted
average angle is, which is also due to the influence of the high speed rotation of the pump
gate, resulting in the velocity-weighted average angle in the section near the pump gate
impeller is obviously different from other parts of the characteristic section. The velocity-
weighted average angle in the section near the impeller of the pump gate is significantly
different from that in other parts of the characteristic section. In the outflow channel, the
velocity-weighted average angle gradually increases and reaches 89.96° at section A-6,
indicating that the isotropy of the flow has been restored.

4. Internal Flow Characteristics Test Analysis
4.1. Introduction to the Pump Gate Test Rig

The total length of the test bench is about 7.5 m, the total width is about 1.8 m, and the
diameter of the circulating pipe is 0.1 m. The test bench is made of transparent plexiglass,
which can help visually and clearly observe the flow pattern of the inlet and outlet water
channels of the pump gate, the position of the vortex, and the distribution of the bad flow
pattern. The two-dimensional schematic, three-dimensional rendering and real objects
of the test bench are shown in Figures 22 and 23 respectively, and the test measuring
instruments and equipment are shown in Table 5.

1 8 /9 10 A
SRS = L = a e s i —— | i
4 3 2 I

Figure 22. Schematic diagram of test bench: 1. water inlet tank; 2. water inlet channel support part;
3. open inlet and outlet channels; 4. outlet channel support part; 5. outlet water tank; 6. flange
butterfly valve; 7. booster pump; 8. tested integrated pump gate; 9. pipe support; 10. electromagnetic
flowmeter; 11. circulating pipeline.



Water 2022, 14, 2747

17 of 21

(b)

Figure 23. Three-dimensional rendering drawing and physical drawing of integral pump gate test

stand: (a) Three-dimensional rendering drawing of integrated pump gate test stand; (b) physical
drawing of integrated pump gate test stand.

Table 5. Main instruments and equipment for test data acquisition.

Measurement  Name of Measuring

Ttems Equipment Model Scope of Work Accuracy
Flowrate ~ Liectromagnetic flow 7 pp by 0~120 m3/h +0.5%
meters

R"St;fé‘al Laser tachographs DT-2234C 0.1~99,999 r/min +£0.05%
. OLYMPUS 2000 fpsFull

Flow pattern High-speed cameras . resolutionMaximum +1us

i-SPEED 3

15,0000 fps

4.2. Test results and Analysis
4.2.1. Analysis of Flow Characteristics of Open Inlet and Outlet Water Channels

(1) Flow characteristics of open inlet channels

In this paper, the oscillation of the tracer red line is used to reflect the flow characteris-
tics of the inlet channel. The flow patterns at positions A-1, A-2, and A-3 at the design flow
rate Q = 11.5 L/s (Q;) are selected for analysis by means of a high-speed camera, as shown
in Figure 24.

From the tracer red lines in Figure 24, it can be seen that the water flow in the char-
acteristic sections A-1, A-2, and A-3 is smooth, the streamline of the rear side wall of the
characteristic section A-1 is evenly spaced, and the tracer red lines are parallel to each
other, without cross winding. The tracer red line on the bottom rises slightly and floats
upward, which is caused by the slope at the rear of section A-1, similar to the streamline
state obtained in numerical simulation, the results of axial velocity distribution uniformity
and velocity weighted average angle at this position can also show that the flow pattern
here is smooth and the streamline is uniform. There is a horizontal flow passage between
section A-2 and section A-3, and the streamline of this section remains horizontal, and the
tracer red line does not appear disorderly and staggered, which is similar to the streamline
diagram obtained by numerical simulation (Figure 6).

(2) Flow characteristics of open outlet channels

The flow characteristics of the water channel are reflected by the oscillating attitude of
the tracer red line. The flow pattern is captured by a high-speed camera and selected for
analysis at positions A-4, A-5, and A-6 at a design flow rate of Q =11.5 L/s (Qj), as shown
in Figure 25.
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Figure 25. Flow pattern in an open outlet channel.
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From the tracer red line in Figure 25, it can be seen that in the outlet channel, the
streamline near the characteristic section A-4 is smooth, and the tracer red line on the wall
and bottom slightly swings upward under the action of the rear slope of section A-4, which
is similar to the phenomenon obtained by numerical simulation. At the characteristic section
A-5, due to the existence of the outlet slope, the tracer red line swings up significantly,
but before reaching the characteristic section A-6, the tracer red line has recovered to the
level, which is similar to the streamline in the numerical simulation (Figure 10). This
phenomenon can also be verified by comparing the weighted average angles of the two
sections in Table 4 and Figure 21.

4.2.2. Analysis of the Flow Characteristics at the Inlet and Outlet of the Pump Gate Impeller

(1) Flow characteristics at the inlet of the pump gate impeller

As shown in Figure 26, by observing the tracer red line at the impeller inlet of the
pump gate design flow Q = 11.5 L/s (Qy), it can be found that the tracer red line converges
to the impeller rotation center under the action of low pressure at the impeller inlet of the
pump gate, gradually shrinks and swings evenly, there is no cross wrapping at the pump
shaft, and the tracer red line at the upper part of the inlet channel faces the pump inlet,
which is similar to the numerical calculation result (Figure 6), the slope of the inlet passage
provides good inlet conditions for the impeller.

Figure 26. Flow pattern at pump gate impeller inlet.

(2) Flow characteristics at the outlet of the pump gate guide vane

As shown in Figure 27, the design flow rate of the pump gate Q = 11.5 L/s (Q,) can be
obtained through the test, and there is an obvious backflow vortex at the outlet of the guide
vane, section B-4, the side wall against the lower and bottom tracer red line swing toward
the outflow channel, the side wall against the upper tracer red line due to the existence
of vortex, swing toward the inlet direction, section B-5, B-6 tracer streamline swing state
similar to section B-4, the tracer red line oscillates upwards in the upper part of the outflow
channel, while the tracer red line oscillates downwards in the outflow channel, and there is
an obvious stratification of the water flow. This phenomenon can also be found through the
previous numerical simulation results, which is due to the formation of backflow vortex
caused by the opposite axial velocity of the water flow on the upper and lower side of the
outlet channel of the pump gate.
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Figure 27. Flow pattern at the outlet of the pump gate guide vane.

5. Conclusions

In this paper, the SST k-w turbulence model is used to numerically simulate the
integrated pump gate and verify its flow characteristics through experiments, the main
conclusions are as follows.

(1) The numerical calculation results show that the efficiency of the integrated pump
gate is 60.50% near the designed flow condition, the corresponding flow rate is 11.5 L/s,
the head is 2.7569 m, the hydraulic loss of the intake channel is 0.064 m, and that of the
outlet channel is 1.337 m.

(2) In this paper, through the axial velocity distribution and streamline of the inlet and
outlet channels, combined with the pressure distribution at the inlet and outlet of the pump
gate, the flow pattern of the integrated pump gate was analyzed, and it was concluded that
the inlet flow pattern of the pump gate was uniform, and there was a large backflow vortex
at the outlet of the pump gate. With the increase of the inlet flow, the vortex area increases
and the center moves back.

(3) Integrated pump gate test results show that the streamline in the open inlet channel
is smooth, parallel to each other, with no cross entanglement phenomenon. Impeller near
the inlet, the tracer red line gradually converge to the impeller inlet, gradually contracted,
uniform swing, no obvious bad flow pattern, vortex exists at the outlet of guide vane. In
the middle and rear section of open outlet channel, the tracer red line gradually returns to
parallel, and the streamline near the wall slightly swings upward at the outlet slope. The
experimental phenomenon is similar to the numerical calculation result.
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