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Abstract

:

The outlet pressure box culvert is often used as the drainage building of a pumping station. Because of its compact structure, it produces transverse flow velocity and then forms poor flow patterns, such as bias flow, reflux, and flow separation, which affect the discharge efficiency of the pumping station. Based on the combination of a physical model test and numerical simulation, the hydraulic characteristics of an eccentric tapering outlet pressure box culvert were analyzed. Focusing on the poor flow pattern in the box culvert, different optimization schemes were proposed to adjust the flow pattern. The flow pattern, transverse velocity distribution ratio (which represents the proportion of transverse velocity in velocity), average angle of the axial velocity, axial velocity uniformity, and pressure distribution of each scheme were compared to obtain the best scheme. The results show that the combination scheme of “diversion pier position and angle with deflecting flow baseplate” has the best optimization effect on the flow pattern. This scheme can effectively improve the bad flow pattern, significantly reduce the transverse velocity distribution ratio, and make the pressure distribution on both sides of the long diversion pier uniform. The axial velocity uniformity was increased by 17.45%, and the average angle of the axial velocity was increased by 8.23°.
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1. Introduction


The pressure box culvert is often used as the drainage building of a drainage pumping station. Compared with the open outlet pool, the pressure outlet box culvert has the advantages of small size and reduced engineering requirements. However, with the rise in global temperature, frequent flood disasters have put pressure on the operation of many current pumping stations. In an actual project, the current pumping stations cannot meet the requirements of the pumping flow; therefore, they need to be expanded and renovated. However, the expansion of a pumping station is restricted by the project site; consequently, the eccentric tapering outlet pressure box culvert with a smaller footprint is used as the drainage building. The internal structure of the eccentric tapering outlet pressure box culvert is compact, and the number of pressure ducts is less than the number of pumping station units. The phenomenon of inconsistent confluence occurs in the culvert, resulting in a poor flow pattern in the box culvert and affecting the efficiency of the pumping station outflow. Therefore, it is of great importance to improve the outflow efficiency of the pumping station by analyzing the hydraulic characteristics of the eccentric tapering outlet pressure box culvert and by adopting the appropriate optimization schemes to eliminate the bad flow pattern.



In the past, the study of the hydraulic characteristics of the inlet and outlet structures of the pumping station mainly relied on physical model tests. The flow velocity data of the feature points were collected by a flow meter, or the flow field data were collected by digital particle image velocimetry (DPIV). In recent years, computational fluid dynamics (CFD) technology has gradually matured and has become an important means of studying the flow pattern in hydraulic engineering [1,2,3,4,5,6,7,8,9]. Recently, using CFD technology, scholars have studied the hydraulic characteristics and rectification measures of the inlet and outlet structures of the pumping station. Luo et al. [10,11] proposed a rectification scheme based on computational fluid dynamics to optimize the flow pattern of the forebay. Kadam et al. [12] used a combination of physical model and numerical simulation to study the flow field of the inlet building of a pumping station. It was found that the large diffusion angle of the forebay and the small submergence depth were the causes of the poor flow pattern. Zhao et al. [13] adopted the combined rectification scheme of a diversion wall and vertical column; with the scheme, they were able to eliminate the recirculation zone in the forebay and to improve the axial velocity uniformity. Using the realizable k-ε model, Zhang et al. [14] studied the flow pattern of a lateral pumping station. Chen et al. [15] used the finite volume method to solve the control equation and carried out a numerical simulation and experiment on a multi-inlet pumping station. They found that the numerical simulation results were consistent with the physical experiment results. Xia et al. [16] found that a single row of a vertical column arranged in the front middle of the forebay could effectively improve the flow pattern of the forebay. In the field of fluid machinery optimization, CFD technology is also used as a common means [17,18].



Previous studies have focused on the study of the flow pattern and rectification measures of the forebay and inlet pool of the pumping station. However, there are few studies on the eccentric tapering outlet pressure box culvert. Therefore, in this paper, the numerical model and the physical model test are combined to optimize the flow pattern of the eccentric tapering outlet pressure box culvert in the original scheme. The combined optimization scheme for the internal structure of the box culvert is discussed, and the hydraulic characteristics of each scheme are studied [19,20,21,22,23]. The analysis process is shown in Figure 1.



The innovation of the research lies in the combination of numerical calculation and a model test, and some new evaluation indexes are proposed to evaluate the optimization effect of each scheme. For example, in view of the transverse bias flow in the box culvert, an evaluation index of the transverse velocity distribution ratio is proposed to quantitatively describe the transverse bias flow. According to the distribution of pressure on both sides of the long diversion pier, the rationality of the structural arrangement in the box culvert is evaluated. Finally, the best scheme is selected by combining the above indexes with the axial velocity uniformity, the average angle of the axial velocity, and the flow pattern of the characteristic section. The research results of this paper can provide a reference for the design of a similar pressure box culvert.




2. Physical Model Test and Numerical Simulation


2.1. Project Overview


In this paper, a pumping station project was taken as the research background. Due to the insufficient pumping and discharging capacity of the current pumping station, the right side of the current pumping station was expanded and reconstructed to meet the pumping and discharging needs. The expanded pumping station has four units numbered 1#~4#. The design flow of each unit is 12.25 m3/s, and the total design flow of the expanded pumping station is 49.00 m3/s. A pressure box culvert is used as a drainage building in the current pumping station. Due to the limitations of the project land, an eccentric tapering outlet pressure box culvert is used as a drainage building at the side of the expanded pumping station. The length of the eccentric tapering outlet pressure box culvert along the flow direction is 28.20 m, and the length of the pressure culvert along the flow direction is 18.80 m. The elevation of the top of the box culvert was obliquely reduced from 14.60 m to 11.00 m. The elevation of the deflecting flow baseplate is 9.50 m, and the elevation of the box culvert floor is 6.00 m. Figure 2 shows the schematic diagram of the project plane and the layout of the eccentric tapering outlet pressure box culvert section.




2.2. Physical Model


2.2.1. Similarity Criterion


In order to ensure that the test model results and prototype results fit each other, certain similarity conditions and similarity criteria must be observed in the model tests. In the case of turbulence, the velocity of the water flow and the fluctuation of the water surface are strongly affected by gravity. In this case, the force that played a decisive role was gravity, and it was possible to satisfy the test requirements with a design made according to the gravity similarity criterion. According to the size and layout of the pumping station, the geometric scale of the model was determined as    L r  = 40   [24,25]. According to the similarity criterion, we obtain the following:



Velocity scale


  Velocity   scale :    V r  =  L r     0.5   = 6.32 ;  










  Quantity   scale :    Q r  =  L r     2.5   = 10 , 119.29 ;  










  Roughness   scale :    n r  =  L r     1 / 6   = 1.85 .  











In order to ensure that the roughness of each part of the model is similar to that of the prototype, different model materials should be used to make the model. The prototype outlet pressure box culvert was made of reinforced concrete, and its roughness was 0.016; therefore, the corresponding model roughness was 0.0086. The model outlet pressure box culvert was made of transparent organic glass plate, which met the roughness requirements and facilitated the observation of the water flow pattern in the pressure box culvert.




2.2.2. Model Layout


The physical model included the forebay, outlet pressure box culvert, eccentric tapering outlet pressure box culvert, electromagnetic flowmeter, circulating pump, outlet sump, and so on. Figure 3 shows the layout of the test model.



The physical model adopted the internal circulation water flow system. In order to control and measure the flow rate of each unit, the inlet and outlet conduits were separated, and the valves, electromagnetic flow meters, and circulating power pumps were connected in turn with pipes of the same diameter as the inlet and outlet water conduits, forming an independent control and flow measurement system for each unit to meet the needs of the test. In the physical model experiment, an LGY-III multi-functional intelligent flowmeter was used to measure the flow velocity of the feature points. It was able to synchronously measure eight flow velocities to achieve a multi-point synchronous measurement of flow and to reduce the effect of measurement errors. The velocity can be calculated by Equation (1).


  V =  λ v  × ( K × N / T + C )  



(1)




where V is the velocity, cm/s;    λ v    is the velocity scale; K and C are the calibration coefficients of the flow rate sensor; N is the number of sensors spinning pulses during the sampling time; and T is the sampling time, s.




2.2.3. Flow Pattern Study


It is necessary for the outflow from unit 1 and unit 2 to enter the No.1 pressure duct and for the outflow from unit 3 and unit 4 to enter the No.2 pressure duct. If the unit outflow cannot enter the corresponding pressure duct, it will lead to different shunt volumes on both sides of the long diversion pier, resulting in a pressure difference on both sides. In order to study the flow distribution of the unit outflow at the inlet end of the long diversion pier, the tracer liquid was uniformly applied in the box culvert to characterize it. In Figure 4a, it can be clearly seen that the outflow of unit 3 is diverting at the inlet end of the long diversion pier. This is because the arrangement of the long diversion pier is unreasonable. The outflow of unit 3 cannot enter the No.2 pressure duct in a completely straight manner. It diverges at the inlet end of the long diversion pier, and part of the water flows into the No.1 pressure duct. Red silk lines were arranged at the bottom of the box culvert. The red silk lines swing with the flow of water, and the direction of the swing represents the flow direction of the water at the bottom of the box culvert. As shown in Figure 4b, the water backflow occurs at the bottom of the pressure box culvert and under the deflecting flow baseplate, and the experimental observation shows that the oscillating velocity of the silk line at the bottom of the deflecting flow baseplate is obviously slower than that at the bottom of the box culvert.





2.3. Numerical Simulation


With the physical model, it was difficult to collect the data of the specific section, and the experiment was also limited by the model size and scale effect. Therefore, the research needed to be supplemented by numerical simulation. Numerical simulation has the advantages of low cost and convenient data collection, making it convenient for the comparison and selection of multi-optimization schemes, but its simulation results need to be verified by physical model tests. The combination of the two allows a more comprehensive and accurate study of the hydraulic characteristics of the eccentric tapering outlet pressure box culvert.



2.3.1. Geometric Model


Firstly, it was necessary to model the research object. UG 12.0 software was used to establish a three-dimensional entity model of the eccentric tapering outlet pressure box culvert, whose structure is shown in Figure 5.



After the model was established, the accuracy of the boundary conditions was an important factor affecting the numerical simulation results. The setting of boundary conditions is referred to in the literature [26]. The velocity inlet condition was adopted as the inlet boundary at the outlets of the outlet conduits of the four units from No.1 to No.4; the outlet boundary was set at the pressure duct outlet for the outflow, and the outlet pressure box culvert side walls and bottom were set as fixed boundaries with no-slip wall surfaces. The solver is the pressure-based solver, which belongs to the commercial software Fluent. The velocity formulation selects the absolute velocity, and the time type is steady state. The SIMPLEC algorithm and the second-order upwind scheme were used to simulate the flow pattern in the box culvert [27].




2.3.2. Governing Equations and Turbulent Flow Models


The laws of fluid motion comply with the laws of physical conservation. The conservation laws consist mainly of the law of conservation of energy, the law of conservation of momentum, and the law of conservation of mass. Considering that the heat exchange of the fluid over a short time period has a minimal effect on the model flow regime, the heat exchange of the model was not considered. The continuity equation is described as Equation (2).


    ∂  u i    ∂  x i    = 0  



(2)







The momentum equation is also called the N-S equation; it can be presented as Equation (3).


    ∂   ρ  u i      ∂ t   +   ∂   ρ  u i   u j      ∂  x j    = −   ∂ p   ∂  x i    +  ∂  ∂  x j       μ  e f f       ∂  u i    ∂  x j    +   ∂  u j    ∂  x i        + ρ  g i   



(3)




where    u i    and    u j    are the velocity vector in all directions;    x i    and    x j    represent each coordinate axis;  ρ  is the density of the fluid;  t  is time;  p  is the static pressure of turbulent kinetic energy;    μ  e f f     is the effective viscosity coefficient of the fluid;   ρ  g i    is the gravity component in the  i  direction.



The k-ε model and the k-w model are the most widely used two-equation models. When simulating the flow pattern in the box culvert, the k-ε model was usually used. The turbulent k-ε model assumes that eddy viscosity is related to turbulent kinetic energy and dissipation rate, and it introduces turbulent kinetic energy k and dissipation rate ε to solve the turbulent viscosity coefficient. The realizable k-ε model constrains the Reynolds stress to ensure the consistency between the Reynolds stress and the real turbulence, and it has higher accuracy for the simulation of large flow changes and flow separation problems. In the physical model experiment, it was observed that the water flow in the pressure box culvert changed greatly and that there was a backflow phenomenon. The realizable k-ε model has a good calculation performance in this kind of calculation [28]. Therefore, the realizable k-ε model was used in this paper.




2.3.3. Grid Independence Analysis


The grid is the basis of the spatial discretization of the governing equations. There are two common types of grid: the structured grid and the unstructured grid. The unstructured grid has no regular topology structure and has the advantage of strong self-adaptation. For the pressure outlet box culvert model with a complex structure, the calculation grid uses the unstructured grids. In the process of dividing the grid, the numerical solution gradually approaches the true solution as the number of grids is continuously increased. However, with the increasing number of grids, the numerical solutions do not vary much from the numerical simulations and are close to the true solutions. At this point, the time consumed by the further refinement of the grid increases greatly, but the computational accuracy does not change much; therefore, the number of grids can be considered irrelevant to the solution results after the error between the numerical solution and the true solution is less than a certain error. The hydraulic loss of the calculation model is used to verify the independence of the grid, and the changes in the hydraulic loss under different numbers of grids are compared [29]. The hydraulic loss is calculated by Equation (4).


   h f  =    p  i n   −  p  o u t     ρ g    



(4)




where    p  i n     is the total pressure at the inlet of the inlet conduit, Pa;    p  o u t     is the total pressure at the inlet of the pressure outlet, Pa;  ρ  is the water density,   1 ×   10  3    kg /  m 3  ;   and  g  is gravitational acceleration,   9.8      m   2  / s  . As shown in Figure 6, it was found that the head loss in the calculation area did not change much when the number of grids exceeded 162 w. The number of mesh in this calculation is determined to be 1,628,496, and the grid nodes are 301,410. It can be considered that the grid calculation results were independent of the density of the grid division; other models with the same density are calculated in this paper.




2.3.4. Convergence of Grid


In order to reduce the influence of the computational grid on the numerical simulation results, the grid convergence index (GCI) method based on the Richardson extrapolation method was used to evaluate the truncation error and computational accuracy caused by the computational grid [30]. When using the GCI for judgment, the number of grid groups should be greater than or equal to three [31,32]. In this paper, three grid schemes were simulated. The number of grids was 563,013, 843,844, and 1,628,496, respectively. The encryption factors    r  21     and    r  32     of grid scheme 1 were about 1.25 and 1.33, respectively, when compared with those of grid scheme 2 and grid scheme 3. The extrapolated relative errors of section velocity  v  were 1.013% and 0.639%, respectively, and the GCI was also less than 5%. It can be seen from Table 1 that with the mesh encryption, the GCI values gradually decreased, and all of them were less than 5%, indicating that the grid in this scheme had smaller discrete errors and that it could be used as a grid for the numerical calculation.





2.4. Numerical Simulation Reliability Verification


In order to analyze the reliability of the numerical simulation, it was carried out under the original scheme, and the numerical simulation results were compared with the model test results. According to the flow pattern analysis of the characteristic section of the box culvert by numerical simulation, it could be seen that the water flow would reflux at the bottom of the box culvert and below the deflecting flow baseplate and that the water flow would shunt at the front end of the long diversion pier. The results are in agreement with the model test results, indicating that the established numerical model can accurately simulate the flow pattern of the eccentric tapering outlet pressure box culvert.



In order to further quantitatively analyze the reliability of the numerical simulation, the same section was selected from the numerical model as that from the model test, and the accuracy of the numerical model was analyzed by comparing the axial velocity of the measuring points. In this paper, the axial velocity of the measuring point was taken as the control index, and the measuring vertical lines 1–6 were evenly arranged at the water outlets of the two pressure ducts. Each measuring line was arranged with three measuring points, i.e., 0.3 h, 0.6 h, and 0.9 h, respectively, where h was the water depth. The positions of the measuring vertical lines are shown in Figure 7.



The LGY-III multi-functional intelligent flowmeter was used to calculate and convert the flow velocity of the measuring points on the measuring line, and the average flow velocity of each measuring point was obtained. By comparing the velocity data collected by the physical model with those obtained by the numerical simulation, it can be seen from Figure 8 that the experimental data of the physical model and the results of the numerical simulation were in good agreement, which indicates that the numerical simulation conclusions in this paper are credible.





3. Analysis and Discussion


3.1. Optimization Scheme Design


The physical model test found that the outlet flow of the unit in the original scheme could not be smooth; this caused a large transverse flow velocity, which in turn led to the formation of poor flow patterns such as bias flow, reflux, and flow separation in the box culvert, forming a large head loss. Due to the limited space in the interior layout of the eccentric tapering outlet pressure box culvert, it was difficult to arrange rectification measures in the interior. Therefore, the proposal was to eliminate the bad flow pattern by optimizing the structural arrangement of the box culvert in order to achieve the purpose of improving the outflow efficiency of the pumping station. Two optimization schemes were proposed, and the structural layout of the optimization scheme is shown in Table 2.



Optimization scheme 1 proposes a new combined structural arrangement that optimizes the position and water-facing angle of the diversion pier. The inlet end of the long diversion pier is arranged along the flow direction to meet the streamline requirements, and the short diversion piers with lengths of 2.3 D and 2.4 D are arranged on both sides of the long diversion inlet, where D is the diameter of the outlet pipe. On the basis of optimization scheme 1, optimization scheme 2 optimizes the deflecting flow baseplate under the outlet conduit to make it slope down to the bottom plate of the box culvert.




3.2. Characteristic Section Arrangement


In order to further study the hydraulic characteristics inside the box culvert, the characteristic section shown in Figure 9 was selected for analysis. Z = 3 m was selected as the horizontal section A to analyze the hydraulic characteristics of the middle of the box culvert. X = 3 m was selected as the axial section B to analyze the axial hydraulic characteristics of the box culvert. In order to study the transverse bias flow of the outflow of the four units in the shrinking section of the box culvert, four vertical sections, i.e., C, D, E, and F, were selected at Y = 19 m, and quantitative analysis was carried out by calculation. In order to quantitatively compare the optimization effects of each scheme, two vertical sections, G and H, were taken at the outlet of the pressure duct to quantitatively calculate the axial velocity uniformity and the average angle of the axial velocity.




3.3. Hydraulic Characteristic Analysis


3.3.1. Original Scheme


Figure 10a shows the plane flow field cloud chart of the original scheme outlet box culvert on the horizontal section A. From the flow field diagram, it can be clearly seen that the flow separation will occur at the side wall of the pressure duct and the short diversion pier. This is because the layout of the short diversion pier is unreasonable, and the contraction angle is not consistent with the boundary line required by the flow streamline. Flow separation will occur on the side wall, increasing the transverse flow velocity, resulting in the disorder of the outflow pattern and affecting the outflow efficiency of the pumping station. It can be seen from the streamline diagram that the unit outflow will form a recirculation zone at the front end of the separating pier between unit 3 and unit 4, which will increase the hydraulic loss. The outflow of unit 3 is diverted at the inlet end of the long diversion pier, which cannot completely enter the No.2 pressure duct. Instead, it will be shunted to the right into the No.1 pressure duct, resulting in the imbalance of the flow distribution of the two pressure ducts and forming a pressure difference on both sides of the long diversion pier. When combined with the pressure distribution cloud chart in Figure 10b on the horizontal section A, it was found that there was a large pressure difference on both sides of the inlet end of the long diversion pier and on both sides of the pressure ducts. Figure 10c is the axial flow field cloud diagram of the pressure box culvert under the original scheme. It can be seen from the diagram that the outflow of the unit cannot completely flow downstream and that a recirculation zone will be formed at the bottom of the box culvert and below the deflecting flow baseplate, resulting in a large head loss. This is because of the unreasonable arrangement of the deflecting flow baseplate structure. The outflow of the unit forms a recirculation zone in the lower layer of the deflecting flow baseplate. At the same time, the outflow of the unit will be blocked by the inclined roof of the box culvert, which will further aggravate the formation of the recirculation zone at the bottom of the box culvert.




3.3.2. Optimization Scheme 1


The cloud diagram of the hydraulic characteristics of optimization scheme 1 is shown in Figure 11. It can be seen from Figure 11a that after optimizing the location and angle of the diversion pier, the flow separation phenomenon on the side wall of the pressure ducts and near the short diversion pier is improved. The recirculation zone at the front end of the separating pier between unit 3 and unit 4 disappears. The outflow of unit 3 does not diverge at the entrance of the long diversion pier and can flow into the No.2 pressure duct along the diversion pier, which improves the uneven excess flow on both sides of the pressure duct. When combined with the pressure distribution cloud chart of Figure 11b, it can be clearly seen that the pressure on both sides of the long diversion pier is basically equal, but the pressure distribution in the No.1 pressure duct is uneven. According to the Figure 11c axial flow field cloud diagram, it was found that, compared with the original scheme, there was still a backflow area under the deflecting flow baseplate and that the outflow would form a wider range of backflow area in the bottom plate of the box culvert, which would bring greater head loss.




3.3.3. Optimization Scheme 2


On the basis of optimization scheme 1, optimization scheme 2 optimizes the deflecting flow baseplate to make it move obliquely down to the box culvert bottom plate. It can be seen from the axial flow field cloud diagram in Figure 12c that optimization scheme 2 eliminates the recirculation zone under the deflecting flow baseplate in the original scheme, further reduces the recirculation zone at the bottom of the box culvert, and reduces the head loss. As shown in Figure 12a, when compared with the original scheme, the recirculation zone at the front end of the separating pier between unit 3 and unit 4 disappears. From the streamline diagram, it can be clearly seen that there is no flow separation at the side wall of the pressure ducts and near the short diversion pier and that no large transverse bias will be generated, thus improving the discharge efficiency of the pumping station. The outflow of unit 3 does not have an obvious diversion at the inlet end of the long diversion pier, which improves the phenomenon of uneven overflow in the two pressure ducts. When combined with Figure 12b, it can be seen that that the pressure is relatively uniformly distributed in the two pressure ducts compared to that of the rest of the schemes.





3.4. Quantitative Evaluation of Optimization Effect


3.4.1. Transverse Velocity Distribution Ratio


Because of its special structure, in the study of the hydraulic characteristics of the eccentric tapering outlet pressure box culvert, more attention should be paid to the influence of transverse velocity on the flow pattern. In order to quantitatively evaluate the lateral bias flow of the unit outflow under each scheme, four characteristic sections were taken for analysis.



The locations of the characteristic sections are shown in Figure 9. The transverse velocity distribution ratio was used for comparative analysis. The smaller the value is, the smaller the relative transverse velocity will be and the smaller the transverse bias flow that will be caused. It can be calculated by Equation (5).


  S =    v x   v   



(5)




where    v x    is transverse velocity, m/s;  v  is resultant velocity, m/s.



Figure 13 shows the transverse velocity distribution ratio under each scheme. It can be seen from the figure that both of the optimization schemes can reduce the transverse velocity distribution ratio of the characteristic section. The transverse velocity distribution ratio of the original scheme reached the maximum on the D section, reaching −62.50%. When combined with the streamline of Figure 10a, it can be seen that the outflow has an obvious transverse bias flow in this section. Optimization scheme 2 reduces the transverse velocity distribution ratio of the D section to −18.82%, which is a reduction of 43.68%; thus, the optimization effect is obvious. It can be seen that the optimization scheme has an optimization effect on the transverse bias flow of the characteristic section and that optimization scheme 2 has obvious advantages.




3.4.2. Average Angle of the Axial Velocity and Axial Velocity Uniformity


The weighted average angle of axial velocity is used to reflect the angle between the velocity direction and the vertical section. The smoother the axial velocity is, the closer its value is to 90 degrees. The axial velocity uniformity    v  a u     can reflect the uniformity of the velocity distribution on the section. The larger the value, the better the uniformity of velocity on the section. The average angle of the axial velocity and axial velocity uniformity can be calculated by Equations (6) and (7).


   θ a  =    ∑  i = 1  n   v  a i     90 ° − arctan    v  t i      v  a i          ∑  i = 1  n   v  a i      



(6)






   V  a u   =   1 −      ∑  i = 1  n       v  a i   /  v a  − 1    2     n    × 100 %  



(7)




where    θ a    is the average angle of the axial velocity, °;      v  a u     is the axial velocity uniformity  ;    v  t i     is the transversal velocity of each mesh node, m/s;    v  a i       is the axial velocity of each mesh node, m/s; and  n  is the number of grid nodes.



As shown in Figure 14,    v  x i     and    v  z i     are the velocity of each mesh node in the X and Z directions. The transversal velocity    v  t i     is the square root of the square sum of    v  x i    , and    v i    is the velocity of each mesh node.



The characteristic sections G and H of the pressure pipeline outlet were analyzed. The location of the characteristic section is shown in Figure 9. It can be seen from Table 3 that, compared with the original scheme, the optimized scheme can optimize the axial velocity uniformity and average angle of the axial velocity of the characteristic section, making the flow pattern in the pressure duct stable and improving the discharge efficiency of the pumping station. Among the schemes, optimization scheme 2 has the most obvious optimization effect and can increase the uniformity of the axial velocity by 14.97% and the axial weighted average angle of the axial velocity by 7.39°.




3.4.3. Pressure Distribution


The unreasonable arrangement of the structure in the eccentric tapering outlet pressure box culvert will lead to the problem of different distribution flows on both sides of the pressure duct, resulting in the pressure difference on both sides of the long diversion pier. Therefore, it is necessary to quantitatively analyze the pressure on both sides of the long diversion pier. This paper evaluates the optimization effect of each scheme by comparing the pressures of the specific measuring points. The measurement points are located on both sides of the long diversion pier and arranged on the horizontal section A. The distances in the Y direction are Y = 21 m, Y = 26 m, Y = 31 m, Y = 36 m, and Y = 41 m. In Figure 15, the left and right sides are used to indicate the position of the measuring point on the long diversion pier.



As can be seen from Figure 15, in the original scheme, there was a pressure difference on both sides of the long diversion pier, and the pressure difference reached its maximum at Y = 21 m, which is 1679.51 Pa. However, the pressure on the left side of the long diversion pier was much less than that on the right side, resulting in a pressure difference on both sides of the long diversion pier. Optimization scheme 2 can minimize the pressure difference on both sides of the long diversion pier to 21.21 Pa and make the pressure distribution on both sides more uniform. It can be seen that the optimization scheme has an optimization effect on the uneven pressure distribution on both sides of the long diversion pier and that optimization scheme 2 has the best optimization effect.





3.5. The Best Scheme


Through the above research, it was determined that optimization scheme 2 was the best scheme. In order to further verify the optimization effect of scheme 2, the axial velocity of the measuring point at the exit section was compared with the theoretical average velocity. The theoretical average velocity can be calculated by Equation (8).


   v t  =  Q S   



(8)




where  Q  is the flow rate,    m 3  / s  ;    S   is the characteristic section area,    m 2   .



The results are shown in Figure 16.  X  is the dimensionless number of the relative position of the outlet section,   X =  x D   ;  D  is the diameter of the outlet pipe, m; and  x  is the horizontal distance from the coordinate origin to the measuring point, m.



It can be seen from Figure 16 that the velocity distribution of each measurement point under optimization scheme 2 is more uniform and that the velocity of each measurement point is closer to the theoretical average velocity, which is obviously better than the original scheme, indicating that the velocity uniformity of the measurement point under optimization scheme 2 is better.



In order to quantitatively describe the velocity distribution uniformity of the measuring points, the mean square error of each scheme is calculated, which can be calculated by Equation (9).


  M S E =  1 n    ∑   i = 1  n      v −  v t     2     



(9)




where   M S E   is mean square error; n is the number of measuring points;  v  is the velocity of measuring points,    m 3  / s  ;     v t    is the theoretical average velocity,    m 3  / s  .



The mean square error of scheme 2 is 0.00467, and the mean square error of the original scheme is 0.014. It can be considered that the uniformity of the measuring points of scheme 2 is better.





4. Conclusions


The optimization of the box culvert flow pattern can reduce head loss and improve the discharge efficiency of a pumping station. In this paper, a variety of optimization schemes were proposed, including schemes that optimized the position and angle of the diversion pier and optimized the structure of the deflecting flow baseplate. After the accuracy of the numerical simulation was verified by the model test, the flow pattern, transverse velocity distribution ratio, pressure distribution, average angle of the axial velocity, and axial velocity uniformity of each scheme were obtained by numerical simulation calculation. When combined with each evaluation index, the optimization effect of each optimization scheme on the flow pattern was compared, and the following conclusions could be drawn:




	(1)

	
In the absence of optimization measures, there are adverse flow patterns, such as bias flow, reflux, and flow separation, inside the eccentric tapering outlet pressure box culvert, which will increase the head loss and affect the outlet efficiency of the pumping station;




	(2)

	
All the optimization schemes can improve the flow pattern of the eccentric tapering outlet pressure box culvert. Among them, the combination scheme of “diversion pier position and angle with deflecting flow baseplate” has the best optimization effect, as it significantly improves the bad flow pattern and makes the outlet velocity distribution uniform. The transverse velocity distribution ratio was reduced, especially on the characteristic section D, which was reduced by 43.68%. The axial velocity uniformity and the average angle of the axial velocity were increased by 14.97% and 7.39° on average. The pressure distribution was more uniform, and the minimum pressure difference on both sides of the long diversion pier was reduced to 21.21 Pa;




	(3)

	
It is of great significance to synthesize evaluation indexes for the optimization of hydraulic structure. The evaluation indexes proposed in this paper has guiding significance for the analysis of hydraulic characteristics in hydraulic engineering and the comparison and selection of optimal schemes. In particular, it provides optimization schemes and new evaluation indexes for the optimization of eccentric tapering outlet pressure box culvert in the expanded pumping station. In view of the advantages of the new optimization scheme and evaluation index, it is worth further promotion and consideration;




	(4)

	
Our research illustrates that the combination scheme of “diversion pier position and angle with deflecting flow baseplate” is an effective scheme to improve the bad flow pattern when the four units are running at the same time. However, it should be noted that the current research is only based on limited conditions. In the future, in-depth researches can be carried out for different unit operating conditions to ensure that there will still be no bad flow patterns in the box culvert under wider range of conditions. Therefore, the future research focus should be placed on the size and length of diversion pier and deflecting flow baseplate under multiple working conditions.
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Figure 1. Flowchart for the study process. 






Figure 1. Flowchart for the study process.



[image: Processes 11 01598 g001]







[image: Processes 11 01598 g002 550] 





Figure 2. Engineering schematic diagram: (a) engineering plane diagram; (b) section diagram of box culvert. 
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Figure 3. Test model layout: (a) general layout of the model; (b) local layout of outlet pressure box culvert. 
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Figure 4. Model test of box culvert flow pattern: (a) flow pattern at inlet end of long diversion pier; (b) flow pattern at the bottom of box culvert. 
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Figure 5. Three-dimensional model of the numerical simulation area. 
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Figure 6. Hydraulic loss diagram under different grid conditions. 
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Figure 7. Measurement vertical layout: The numbers 1–6 are measuring vertical lines. 
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Figure 8. Comparison chart of flow velocity at measuring points. 
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Figure 9. Typical section diagram. 
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Figure 10. Cloud chart of hydraulic characteristics of the original scheme: (a) plane flow field cloud chart; (b) pressure distribution cloud chart; (c) axial flow field cloud chart. 
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Figure 11. Cloud chart of hydraulic characteristics of optimization scheme 1: (a) plane flow field cloud chart; (b) pressure distribution cloud chart; (c) axial flow field cloud chart. 
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Figure 12. Cloud chart of hydraulic characteristics of optimization scheme 2: (a) plane flow field cloud chart; (b) pressure distribution cloud chart; (c) axial flow field cloud chart. 
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Figure 13. Transverse velocity distribution ratio of each scheme: The C−F are the vertical sections. 
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Figure 14. Vector diagram of velocity component of grid node. 
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Figure 15. Pressure distribution on both sides of long diversion pier: (a) original scheme; (b) scheme 1; (c) scheme 2. 
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Figure 16. Measurement point velocity distribution diagram. 
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Table 1. GCI calculation result.
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	Total Number of

Grid Points
	    r    D K  /  D  K + 1        
	   v   
	     e a  / %    
	    G C I =   1.25  e a     r p  − 1      





	563,013
	
	0.790
	
	



	843,844
	1.250
	0.782
	1.013
	1.131



	1,628,496
	1.333
	0.777
	0.639
	0.497
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Table 2. Optimization measures in the box culvert.
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Scheme

	
Optimization Measure

	
Dimension






	
0

	
Original scheme
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1

	
Position and angle of diversion pier
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2

	
Deflecting flow baseplate
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Table 3. The axial velocity uniformity and average angle of the axial velocity on the characteristic section of each scheme.
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Scheme

	
Section G

	
Section H




	
     V  a u   / %    

	
     θ a  / °    

	
     V  a u   / %    

	
     θ a  / °    






	
Original scheme

	
69.70

	
78.38

	
68.60

	
80.18




	
Scheme 1

	
79.51

	
84.41

	
80.04

	
81.34




	
Scheme 2

	
87.15

	
86.61

	
81.09

	
86.73
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