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Abstract

:

In order to improve the hydraulic performance of the integrated pump gate, the flow pattern of the inlet and outlet of the pump gate is improved. This paper adopts the SST k-ω turbulence model to numerically calculate the initial scheme of the integrated pump gate, verifies its internal flow pattern through experiments, then adds and optimizes the design of the inlet and outlet horn pipes of the integrated pump gate through orthogonal optimization. The research results conclude that the hydraulic performance of the integrated pump gate is significantly improved after adding the inlet and outlet horn. Under the design flow condition (Qd = 11.5 L/s), the efficiency of the pump gate increased from 60.50% to 67.19%, the head increased from 2.7569 m to 3.1178 m, the hydraulic loss in the inlet channel decreased from 0.064 m to 0.027 m, and the hydraulic loss in the outlet channel decreased from 1.337 m to 1.027 m. The optimized trumpet pipe can improve the inlet conditions of the pump while weakening the vortices in the outlet channel, thus improving the efficiency and safety of the integrated pump gate. The research results of this paper are of reference value for similar projects.
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1. Introduction


In recent years, with the increasing flood control and drainage requirements, pump stations are required not only to achieve energy saving and emission reduction but also to improve their emergency performance, save land resources and high-speed construction. The asymmetric distribution of traditional pumping stations leads to a small cross-sectional area of overflow in the same civil construction area, which reduces the efficiency of land use; the integrated pump gate changes the form of the traditional combination of gate and station and has the characteristics of a small footprint, short construction period and a high degree of automation. It comprises gates, through-flow pumps, clapper gates, water stopping structures, opening and closing mechanisms and inflow structures. The integrated pump gate has been used to a certain extent as it reduces the civil construction investment and, at the same time, has an outstanding flood control and drainage capacity.



However, there are fewer related studies and even fewer directly related to their optimal design. For example, Chen Wei [1] used ANSYS software to investigate the influence of pump form, installation quantity, overhang height, pump spacing and flapper gate angle on the performance of integrated pump gates by using CFD numerical calculation method, taking a local integrated pump gate as the research object, which provided basic data for subsequent pump gate selection, etc. You Wu et al. [2] used RNG k-ε to obtain the influence of different bottom edge structures on the flow pattern as studied by numerical calculation. The results show that only the gate with flat bottom always has a negative pressure zone just below the bottom edge, and there is no obvious negative pressure zone in the other three structures. In addition to the gate structure, the main components of the integrated pump gate are the cross-flow pump and the inlet and outlet guide structures. Some scholars have conducted research on the optimization of the structure of the cross-flow pump [3,4,5,6,7,8,9,10,11,12], which has improved its hydraulic performance and analysed the influence of the structural parameters on its performance. Some researchers analysed the energy characteristics, cavitation characteristics and stall characteristics of the cross-flow pump device [13]. Some scholars also analysed the cross-flow pump’s internal flow and pressure pulsation characteristics, employing pressure fluctuation data [14] and vane passage frequency [15]. Others applied fluid–solid coupling [16] and finite element methods [17] to analyse the structural vibration [18] and dynamic characteristics [19]. For the inlet and outlet horn of the pump unit, scholars have carried out an optimised design to investigate the influence of the horn tube height (H) on the uniformity of the impeller inlet flow rate and the operational stability of the pump unit [20].



At present, the integrated pump gate has been more widely used, but there is a lack of research on the optimization design; this paper reveals the internal flow and energy characteristics of the original scheme of the integrated pump gate and builds a test bench to carry out visualization, this paper reveals the internal flow and energy characteristics of the original scheme of the integrated pump gate, and builds a test bench for visualization and verification of the flow pattern, and then optimizes the design of the integrated pump gate through the orthogonal optimization method expecting to improve its operation flow pattern, enhance the pump gate efficiency, and guarantee the efficient, stable and safe operation of the integrated pump gate.




2. Model Building, Meshing and Calculation Methods


2.1. Pump Gate Model


According to the construction needs of a project for an integrated pump gate, this paper designed the cross-flow pump, gate structure and inlet and outlet structure, etc. It then used SolidWorks to establish the integrated pump gate model and as shown in Figure 1. The Geometry module in ANSYS Workbench software [21] was imported for further adjustment of the model and naming of boundary conditions. In this paper, the impeller diameter of the cross-flow pump is D = 60 mm and the speed n = 6692 r/min.




2.2. Meshing


In the calculation of this paper, the integrated pump gate is a table-hole type; in order to better retain the characteristics of the pump gate surface, the model is meshed with an unstructured grid, and under the design flow condition (Qd = 11.5 L/s), the grid-independent analysis is carried out by changing the number of grids, when the number of grids reaches 3,035,460, the pump gate efficiency basically does not change with the number of grids. Grid-independent efficiency calculation is shown in Table 1. The grid number is determined as 3,035,460 for the subsequent numerical calculation. Grid division is shown in Figure 2.




2.3. Control Equations, Boundary Conditions and Calculation Methods


In this paper, the SST k-ω turbulence model is used to calculate and optimise the internal flow characteristics of the integrated pump gate. The turbulence model combines the advantages of the standard k-ε model [22] and the standard k-ω model [23], and the flow in the boundary layer is better captured by using the automatic functions in the boundary layer. In addition, the finite volume method based on finite elements is used for the solution.



The numerical calculation of the integrated pump gate uses Mass Flow Inlet, mean Static Pressure Outlet, Symmetric Boundary for the free liquid surface, Frozen Rotor method for the dynamic–static intersection, and None for the static–static intersection.



The head of the integrated pump gate is:


   H  n e t   =        ∫  s 2     P 2   u t  d s      ρ Q g     +  H 2  +        ∫  s 2     u 2 2   u  t 2   d s      2 Q g     −        ∫  s 1     P 1   u t  d s      ρ Q g     +  H 1  +        ∫  s 1     u 1 2   u  t 1   d s      2 Q g     ,  



(1)




where: the first term on the right side of the equation is the total pressure at the outlet of the outflow channel, and the second term is the total pressure at the inlet of the inlet channel.



Where Q is the flow rate (m3/s); H1, H2 for the integrated pump gate into the water, the discharge section elevation (m); s1, s2 for the integrated pump gate into the water, the discharge section; u1, u2 for the integrated pump gate into the water, the discharge channel section at each point flow velocity (m/s); ut1, ut2 for the integrated pump gate into the water, the discharge channel section at each point flow velocity normal component (m/s); P1, P2 for the integrated pump gate P1, P2 is the static pressure (Pa) at each point of the inlet and outlet sections; g is the acceleration of gravity (m/s2).



The efficiency of the integrated pump gate is:


  η =   ρ g Q  H  n e t      T p  ω   ,  



(2)




where Tp is the torque (N-m); ω is the rotational angular speed of the impeller. The hydraulic loss hf is calculated by the formula.


   h f  =  E 1  −  E 2  = (    P 1    ρ g   −    P 2    ρ g   ) + (  Z 1  −  Z 2  ) + (    u 1    2    2 g   −    u 2    2    2 g   ) ,  



(3)




where:


    E 1  =    P 1    ρ g   +  Z 1  +    u 1    2    2 g     ,  E 2  =    P 2    ρ g   +  Z 2  +    u 2    2    2 g     



(4)




where E1, E2 for the total energy at the inlet and outlet of the open flow channel; P1, P2 for the static pressure at the inlet and outlet of the open flow channel (Pa); Z1, Z2 for the inlet and outlet of the open flow channel height (m); u1, u2 for the inlet and outlet of the open flow channel water velocity (m/s); ρ for the water density (kg/m3); g for the acceleration of gravity (m/s2).





3. Test Instrumentation


The total length of the pump gate 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 visually show the flow state of the pump gate’s inlet and outlet water channels, the position of the vortex, and the distribution of the bad flow state. The 2D schematic diagram, 3D rendering, and real object of the test bench are shown in Figure 3 and Figure 4, respectively.



The test flow using an electromagnetic flowmeter (brand: KAIFENG CENTRAL CONTROL INSTRUMENT, model: ZEF-DN100, range: 0–120 m3/h, accuracy: ±0.5%, protection level IP65) can be used for the real-time monitoring of the instantaneous flow rate and flow rate of the entire test device with good reliability. The sealing also has a small head loss, strong anti-interference ability and works reliably. The rotational speed using laser tachometer (brand: LOXSON, model: DT-2234C, range: 2.5–99,999 r/min, accuracy: ±0.05%) built-in quartz crystal timer, measurement method using non-contact laser type, the display is accurate, intuitive and portable. The flow pattern using a high-speed camera (brand: JAPAN OLYMPUS, model: OLYMPUS i-SPEED 3, 2000 fps full resolution, up to 150,000 fps, accuracy: ±1μs) with ultra-sensitive sensitivity; the 1 μs full-field exposure electronic shutter can control the depth of focus and focus of the lens, with the highest recording speed at 150,000 fps.



In this test, we first adjusted the integrated pump gate to the rated speed n = 6692 r/min. We then adjusted the flow rate of the integrated pump gate inlet by controlling the booster pump7, adjusted to the design flow rate (Qd = 11.5 L/s) and then took a high-speed camera shot integrated pump gate inlet, and outlet water flow state.




4. Orthogonal Optimization Analysis


4.1. Orthogonal Table


The pump gate inlet and outlet horn pipes are sized by the following parameters: impeller diameter D, horn pipe height HL, horn pipe inlet diameter DL, straight pipe length Ht, where the impeller diameter D = 60 mm, as shown in Figure 5. Therefore, the orthogonal table with four factors and three levels was chosen to be used in this paper, and one column was left as the error column. That is, L9 (34). L9 (34) has a total of nine schemes, including error columns with a total of four columns. Each column has three levels of orthogonal tables.



In this paper, we selected three factors, namely, horn pipe height HL, horn pipe inlet diameter DL, and straight pipe length Ht, to study the influence law of inlet and outlet horn on hydraulic performance and internal flow characteristics of integrated pump gate, and explored the major and minor factors affecting hydraulic performance. The orthogonal optimization was selected from the L9 (34) orthogonal table with four factors and three levels, the factors and levels are shown in Table 2, and the scheme is shown in Table 3, where the factor codes A, B, and C represent the horn pipe height HL, horn pipe inlet diameter DL, straight pipe length Ht, D is the error column, and the pump gate efficiency was selected as the evaluation index.



Based on Table 4, the horn pipe models under nine schemes were established, respectively, as shown in Figure 6, and numerical calculations were performed under the design flow condition (Qd = 11.5 L/s), and the results were extracted and analyzed, as shown in Table 5.




4.2. Results and Analysis


4.2.1. Pump Gate Energy Characteristics and Results Analysis


The pressure and torque are extracted from the result file obtained from the simulation, the pump gate head is calculated according to Equation (1), and the pump gate efficiency is calculated according to Equation (2) to obtain the integrated pump gate energy performance, as shown in Table 5.



In this paper, the results of orthogonal optimization are analyzed using the intuitive analysis method, also known as the extreme difference analysis method, where the extreme difference is the difference between the maximum and minimum values of the mean of the sum of the levels; that is, R = max{k1, k2, k3, k4} − min{k1, k2, k3, k4}. In the intuitive analysis method, the extreme difference reflects the degree of influence of the factor on the efficiency of the integrated pump gate. The larger the value, the greater the influence of the factor on the efficiency of the pump gate. As can be seen from Table 5, the order of influence of the extreme difference of each influencing factor on the efficiency of the integrated pump gate is C > B > A; that is, the straight pipe length Ht is the main factor, the horn pipe inlet diameter DL is the general factor, and the horn pipe height HL is the secondary factor.



To further analyze the trend of the influence of each influencing factor on improving the efficiency of the integrated pump gate, the trend was plotted using the level of each factor as the horizontal coordinate and the average of the sum of the level results of each factor as the vertical coordinate, as shown in Figure 7.



As can be seen from Figure 7, the effect of each influencing factor on the efficiency is not exactly the same; as the horn pipe height HL increases, the pump gate efficiency increases and then decreases, reaching a maximum at a horn pipe height HL of 46.5 mm (0.75 D); as the horn pipe inlet diameter DL increases, the pump gate efficiency decreases and then increases, reaching a maximum at a horn pipe inlet diameter DL of 105.4 mm (1.7 D). With the increase of the straight pipe length Ht, the pump gate efficiency decreases continuously and reaches the maximum when the straight pipe length Ht is 0 (0 D). Through the analysis, it is determined that the best scheme is Scheme 6, under which the efficiency of the integrated pump gate is 67.19% under the design flow condition. The corresponding head is 3.1178 m, compared with the original scheme before optimization, the efficiency is increased by 6.69%, and the head is increased by 0.3609 m.



Both the direct observation method and the visual analysis method were compared, and Scheme 6 was found to be the best scheme, so the internal flow analysis was carried out with this scheme.




4.2.2. Internal Flow Characteristics Analysis


	
Pump gate inlet channel streamline and axial flow velocity distribution.






Select the pump gate inlet channel inlet to the pump gate inlet in the middle section, and draw the profile before and after the optimization of the pump gate inlet streamline and axial flow velocity distribution clouds, as shown in Figure 8.



Figure 8 shows that the numerical calculation and test before optimization show that the streamline in the inlet channel of the pump gate is smooth. After adding the horn pipe in front of the pump gate, it has less effect on the flow characteristics of the front and middle sections of the inlet channel. The axial flow velocity in the near-wall area of each scheme is still low, but it will change the flow pattern in front of the gate, making the inlet streamline contraction more uniform and the streamline smoother; at the same time, the existence of the horn pipe makes the area of high axial flow velocity at the inlet increase, which obviously improves the pump inlet efficiency. The flow velocity transition is regular and distributed more reasonable.



	2.

	
Streamline and axial velocity distribution of outlet passage of pump gate.







Select the middle section from the outlet of the pump gate to the outlet of the outflow channel, and draw a cloud diagram of the outflow line and axial flow velocity distribution of the pump gate before and after optimization in the section, as shown in Figure 9.



As shown in Figure 9, both numerical calculations and tests before optimization show that the streamlines in the second half of the pump gate outlet channel return to parallel. The existence of the horn pipe makes the high axial flow velocity area at the outlet of the pump gate in the original scheme significantly reduced, and only exists near the side wall of the horn pipe. The existence of the horn pipe makes the huge return vortex at the outlet of the pump gate disperse into two smaller vortices, which are located near the mid-upper and the bottom of the flow channel. In addition, the streamlines return to the parallel state earlier than the original solution. The outlet horn significantly improved in terms of flow characteristics in the outlet channel.



	3.

	
Hydraulic loss of inlet and outlet channels of pump gate.







Based on Bernoulli’s equation, the total energy difference between the inlet section and outlet section of the inlet and outlet channels were extracted after optimization, and the hydraulic losses were calculated according to Equation (3) and compared with those before optimization, as shown in Table 6.



According to the calculation results, it can be seen that under the design flow condition, the horn pipe installed in Scheme 6 reduces the hydraulic loss in the inlet channel and outlet channel compared with the original scheme, and the hydraulic loss in the inlet channel is reduced by 0.037 m. The hydraulic loss in the outlet channel is reduced by 0.31 m, which is because the horn pipe obviously improves the vortex condition in the outlet channel and improves the inlet efficiency to a certain extent, thus reducing the hydraulic loss in the flow channel.



	4.

	
Streamline and pressure distribution at pump gate inlet.







Select the inlet of the pump gate in the middle of the profile, and draw the profile before and after the optimization of the open inlet flow channel pump gate inlet streamlines and the pressure distribution cloud map, as shown in Figure 10.



The comparative analysis in Figure 10 shows that the pressure in the flow channel is lower than the original scheme before optimization after the addition of the horn pipe. The pressure transition at the inlet of the pump gate is more uniform and reduced in a gradient. This is because the tubular pump has a good over-water efficiency, which leads to an increase in the flow rate of the inlet water and a decrease in the pressure in the inlet channel. The horn pipe installed in front of the pump gate can also improve the efficiency of the integrated pump gate to a certain extent. Thus, when the conditions allow, it is recommended to install a horn pipe in front of the pump gate to guide the flow and improve the inlet ability of the tubular pump.



	5.

	
Streamline and pressure distribution at pump gate outlet.







The middle section at the outlet of the pump gate is selected, and the streamline and pressure distribution clouds at the outlet of the pump gate of the open outflow channel are drawn before and after optimization in the section, as shown in Figure 11.



The comparison in Figure 11 shows that the presence of the horn pipe can improve the flow characteristics at the outlet of the pump gate. The added horn pipe can significantly improve the pressure distribution at the pump outlet, reducing the semicircular lamellar high-pressure area significantly and almost disappear. At the same time, the huge backflow vortex at the outlet is also dispersed into two small vortexes, wherein the streamlined distribution can also be found. The streamline along the direction of water flow then restores the parallel state. This is due to the diffusion profile of the horn pipe, which causes the water to flow in a radial pattern and enables the energy to be released evenly and buffered to a certain extent. The addition of the horn pipe at the rear of the pump gate not only improves the efficiency of the pump outflow but also significantly improves the flow pattern inside the outlet water channel.



	6.

	
3D streamline of pump gate and axial flow velocity distribution of characteristic section.







Select 5D, 3D, and D positions from the impeller inlet and the D, 3D and 5D positions from the guide vane outlet to make transverse sections and observe the distribution of 3D streamline and axial flow velocity in the characteristic section of the pump gate.



By comparing Figure 12 and Figure 13, it can be seen that the results of the numerical calculation and test streamline before optimization are similar. The inlet streamline shrinks evenly to the inlet, the outlet has large swirl eddies, and the outlet streamline of the pump gate moves against the direction of water flow. It can be seen from the comparison of Figure 12 and Figure 14 that the additional horn pipe has little influence on the axial flow velocity in the 5D section from the impeller inlet, which is similar to the distribution of flow velocity in the section before optimization. The axial flow velocity in the inner wall and the bottom near the wall area of the section is close to 0 m/s, mainly caused by the side wall effect. The axial flow velocity in other areas is about 0.26–0.33 m/s. The difference of axial flow velocity in 3D section from the impeller inlet is increased by the addition of the horn pipe, and the axial flow velocity in the inner side wall and near wall area of the bottom of the section before and after the addition of the horn pipe is low. The axial flow velocity at the bottom of the section was not significantly increased after the addition of the horn pipe, but the area of the high axial flow velocity region was increased to 0.23–0.26 m/s at the middle and lower parts, and the middle and upper parts were reduced to 0.20–0.23 m/s than without the horn pipe, and the flow velocity at the upper part near the top of the liquid surface was even lower at 0.18–0.20 m/s or so. In section D from the impeller inlet, there is a significant difference in the distribution of axial flow velocity before and after optimization. The area of high axial flow velocity is larger when the horn pipe is installed, and the low-speed area near the side wall and bottom surface is also larger. This is due to the existence of the horn pipe wall, which isolates the flow and mainstream at the side wall.



The pump gate outlet and the horn pipe causes different effects at different section.



	
Within D section from the outlet of the guide vane.






After the addition of the horn pipe, the high axial flow velocity area in the section is distributed in a more dispersed circular shape, and the flow velocity in the central area of the circle is reduced. There is an obvious transition zone between high and low velocities. Combined with the 3D streamline diagram, it can be found that since the section, the streamline begins to gradually return to parallelism and the flow pattern gradually returns to flatness, which is earlier than the original scheme.



	2.

	
Within 3D section from the outlet of the guide vane.







After the addition of the horn pipe, only three cloud-like high flow velocity areas exist in the lower and middle parts of the section, with a size of about 1 m/s. Compared with the original scheme, the inhomogeneous velocity areas are significantly reduced, and the flow transition is smoother.



	3.

	
Within a 5D section from the outlet of the guide vane.







After adding the horn pipe, the flow velocity in the section is only higher at the bottom, which is about 0.5 m/s, and the flow velocity in the rest of the area is more consistent, approximately 0.25 m/s. Combined with the 3D streamline, this is because at this location, the streamline has returned to a parallel state, and the flow pattern has been more gentle. The flow pattern in this section is better than in the original scheme.



Therefore, installing a horn pipe in front of the pump gate can concentrate the axial streamline in section D from the pump impeller inlet, thus improving the water intake efficiency. The horn pipe installed at the outlet of the guide vane makes the return vortex dispersed into two small vortexes. After D is far from the outlet of the guide vane, the outlet water line gradually returns to parallel, which significantly improves the flow pattern of the outlet water after the pump gate and improves the efficiency and head of the pump gate.




4.2.3. Energy Characteristic Analysis of Pump Gate


The pressure and torque are extracted from the result file of simulation calculation; 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 characteristics data of the integrated pump gate before and after optimization under different flow conditions. The data points with relatively significant changes in head and efficiency are organized as shown in Table 7. The head-efficiency curve of the integrated pump gate before and after optimization is drawn, as shown in Figure 15.



Table 7 and Figure 15 show that when the flow rate is 0.5–16.5 L/s, the pump gate efficiency is approximately distributed in a quadratic function, and the pump gate head gradually decreases from 6.9484 m to 0.2458 m. The efficiency of the pump gate near the original design flow rate (Qd = 11.5 L/s) is 67.19%, the corresponding flow rate is 11.5 L/s, and the head is 3.1178 m. When the flow rate is Q = 12.5 L/s, the optimized pump gate reaches the highest efficiency of 67.60%, the corresponding head is 2.5590 m, and the highest efficiency point is shifted to the high flow rate.



In the range of flow rate Q = 0.5–6.5 L/s, the performance of the pump gate before and after optimization did not change much. In the range of flow rate Q = 6.5–16.5 L/s, the efficiency and head of the pump gate increased, indicating that the influence of the inlet and outlet horn on the hydraulic performance of the large flow rate and design conditions was greater, and the influence of the small flow rate was smaller. After optimization, the hydraulic performance of the integrated pump gate is significantly improved. Under the original design flow rate (Qd = 11.5 L/s) working condition, the efficiency is increased by 6.69%, and the head is increased by 0.3609 m compared with that before optimization.






5. Conclusions


In this paper, the SST k-ω turbulence model is used to numerically calculate the integrated pump gate, the internal flow characteristics are verified through experiments, and finally, its inlet and outlet horn pipes are optimally designed through orthogonal optimization. The main conclusions are as follows:



(1) Before optimization, the efficiency of the integrated pump gate near the design flow condition is 60.50%, the corresponding flow is 11.5 L/s, the head is 2.7569 m, the hydraulic loss of the inlet channel is 0.064 m, and the hydraulic loss of the outlet channel is 1.337 m.



(2) Combining the axial flow velocity distribution cloud diagram, pressure distribution cloud diagram and streamline diagram, it can be seen that the horn tube installed in front of the pump gate can improve the water inlet conditions of the pump, thus improving the pump gate efficiency and head; the horn tube installed at the rear of the pump gate can greatly improve the backflow vortex after the pump gate, thus improving the flow pattern in the outlet water channel.



(3) In this paper, the orthogonal optimization of the integrated pump gate horn pipe is carried out. After optimization, the efficiency of the pump gate near the original design flow rate (Qd = 11.5 L/s) is 67.19%, the head is 3.1178 m, the hydraulic loss in the inlet channel is 0.027 m, and the hydraulic loss in the outlet channel is 1.027 m at this flow rate. In summary, after orthogonal optimization, the hydraulic performance of the integrated pump gate is significantly improved compared with that before optimization, the efficiency is increased by 6.69%, the head is increased by 0.3609 m, and the hydraulic losses in the inlet and outlet channels are reduced by 0.037 m and 0.31 m, respectively.
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Figure 1. 3D rendering of the gate pump. 
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Figure 2. Grid division diagram. 






Figure 2. Grid division diagram.
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Figure 3. Schematic diagram of the 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. 
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Figure 4. 3D rendering and physical drawing of the integrated pump gate test bench. 
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Figure 5. Schematic diagram of the geometric parameters of the horn pipe. 
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Figure 6. Schematic diagram of the inlet and outlet horn pipes of different Schemes. 
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Figure 7. Trend diagram of influence of various factors on efficiency. 
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Figure 8. Cloud diagram of inlet streamline and axial velocity distribution of pump gate before and after optimization. 
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Figure 9. Cloud diagram of outlet water line and axial velocity distribution of pump gate before and after optimization. 
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Figure 10. Cloud diagram of streamline and pressure distribution at the inlet of pump gate before and after optimization. 
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Figure 11. Cloud diagram of streamline and pressure distribution at pump gate outlet before and after optimization. 
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Figure 12. 3D streamline and axial flow velocity distribution of characteristic section before optimization. 
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Figure 13. High-speed camera test flow pattern before optimization. 






Figure 13. High-speed camera test flow pattern before optimization.



[image: Processes 10 01753 g013]







[image: Processes 10 01753 g014 550] 





Figure 14. Optimized 3D streamline and characteristic section axial flow velocity distribution. 
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Figure 15. Comparison curve of pump gate head-efficiency before and after optimization. 
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Table 1. Grid-independent efficiency calculation table.
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	Serial Number
	Number of Grids
	Efficiency (%)





	1
	441,552
	62.6202



	2
	727,199
	62.5301



	3
	1,127,740
	61.9122



	4
	1,438,930
	61.5366



	5
	1,935,420
	61.3413



	6
	2,230,540
	61.2641



	7
	2,406,070
	61.2127



	8
	3,035,460
	60.4957



	9
	3,511,650
	60.4258



	10
	3,825,000
	60.4077



	11
	4,208,400
	60.4107
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Table 2. Table of orthogonal optimization factor levels.
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Level

	
Factor




	
A (Hornpipe Height) HL/mm

	
B (Horn Pipe Inlet Diameter) DL/mm

	
C (Straight Pipe Length) Ht/mm






	
1

	
0.7 D (43.4)

	
1.5 D (93)

	
0 D




	
2

	
0.75 D (46.5)

	
1.6 D (99.2)

	
0.25 D (15.5)




	
3

	
0.8 D (49.6)

	
1.7 D (105.4)

	
0.5 D (31)
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Table 3. Table of L9 (34) orthogonal optimization scheme.
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	Scheme
	A (Horn Pipe Height HL)
	B (Horn Pipe Inlet Diameter DL)
	C (Straight Pipe Length Ht)
	D (Error Column)





	1
	1
	1
	1
	1



	2
	1
	2
	2
	2



	3
	1
	3
	3
	3



	4
	2
	1
	2
	3



	5
	2
	2
	3
	1



	6
	2
	3
	1
	2



	7
	3
	1
	3
	2



	8
	3
	2
	1
	3



	9
	3
	3
	2
	1
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Table 4. Selection table of orthogonal optimization parameters.
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Scheme

	
Optimization Parameters of the Horn Tube (mm)




	
A (Horn Pipe Height HL)

	
B (Horn Pipe Inlet Diameter DL)

	
C (Straight Pipe Length Ht)






	
1

	
0.7 D (43.4)

	
1.5 D (93)

	
0 D




	
2

	
0.7 D (43.4)

	
1.6 D (99.2)

	
0.25 D (15.5)




	
3

	
0.7 D (43.4)

	
1.7 D (105.4)

	
0.5 D (31)




	
4

	
0.75 D (46.5)

	
1.5 D (93)

	
0.25 D (15.5)




	
5

	
0.75 D (46.5)

	
1.6 D (99.2)

	
0.5 D (31)




	
6

	
0.75 D (46.5)

	
1.7 D (105.4)

	
0 D




	
7

	
0.8 D (49.6)

	
1.5 D (93)

	
0.5 D (31)




	
8

	
0.8 D (49.6)

	
1.6 D (99.2)

	
0 D




	
9

	
0.8 D (49.6)

	
1.7 D (105.4)

	
0.25 D (15.5)
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Table 5. Table of orthogonal optimization results.
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Scheme

	
A

	
B

	
C

	
D

	
Efficiency η (%)

	
Head H (m)






	
1

	
1

	
1

	
1

	
1

	
67.09

	
3.1112




	
2

	
1

	
2

	
2

	
2

	
66.68

	
3.0946




	
3

	
1

	
3

	
3

	
3

	
66.57

	
3.0903




	
4

	
2

	
1

	
2

	
3

	
66.67

	
3.0931




	
5

	
2

	
2

	
3

	
1

	
66.50

	
3.0861




	
6

	
2

	
3

	
1

	
2

	
67.19

	
3.1178




	
7

	
3

	
1

	
3

	
2

	
66.52

	
3.0863




	
8

	
3

	
2

	
1

	
3

	
66.94

	
3.1064




	
9

	
3

	
3

	
2

	
1

	
66.69

	
3.0946




	
K1

	
200.34

	
200.28

	
201.22

	
200.28

	
   Τ =   ∑  i = 1  9  η   = 600.85    




	
K2

	
200.36

	
200.12

	
200.04

	
200.39




	
K3

	
200.15

	
200.45

	
199.59

	
200.18




	
k1

	
66.78

	
66.76

	
67.07

	
66.76

	
    η ¯  =  T 9  = 66.76   




	
k2

	
66.79

	
66.71

	
66.68

	
66.80




	
k3

	
66.72

	
66.82

	
66.53

	
66.73




	
Rj

	
0.07

	
0.11

	
0.54

	
0.07








Note: ki is the average of the sum of the efficiencies of the pump gates at level i for the same factor. Rj is the extreme difference in the average efficiency of the same factor at each level.
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Table 6. Hydraulic loss before and after optimization.
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Qd (Q = 11.5 L/s)

	
hf (m)




	
Inlet Channel

	
Outlet Channel






	
Before optimization

	
0.064

	
1.337




	
After optimization (Scheme 6)

	
0.027

	
1.027











[image: Table] 





Table 7. Energy characteristics of integrated pump gate before and after optimization.
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	Flow Rate Q (L/s)
	Head Before Optimization H (m)
	Efficiency before Optimization η (%)
	Head after Optimization H (m)
	Efficiency after Optimization η (%)





	8.5 (0.74 Qd)
	3.4884
	49.83
	3.8522
	56.84



	9.5 (0.83 Qd)
	3.3126
	55.85
	3.5967
	61.20



	10.5 (0.91 Qd)
	3.0206
	59.01
	3.5497
	65.13



	11.5 (1.00 Qd)
	2.7569
	60.50
	3.1178
	67.19



	12.5 (1.09 Qd)
	2.3343
	59.73
	2.5590
	67.60



	13.5 (1.17 Qd)
	1.7245
	54.87
	1.9667
	65.68



	14.5 (1.26 Qd)
	1.0426
	43.58
	1.3708
	60.03
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