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In order to explore the transient characteristics of the large-scale vertical siphon axial flow pumping station during the start-up and exhaust process, numerical simulations were carried out on the start-up process of the axial flow pumping station under the two starting modes of pre-opening the vacuum breaking valve and keeping the vacuum breaking valve closed. The calculation results show that during the start-up phase of the unit, the flow separation phenomenon of the impeller channel of the pump device with the vacuum breaking valve closed is serious, the large-scale vortex in the guide vane blocks the flow channel, and the instantaneous impact on the blade surface is strong. The flow field of the pump device with pre-open vacuum failure valve is obviously less affected by the instantaneous impact characteristics during the start-up of the pump. The range of high entropy production area in the impeller channel is reduced, the duration of high entropy production area is significantly shortened, and the instantaneous impact on the blade surface is weak. Under the two starting modes, the internal flow field of the pump device is similar in the evolutionary law. The unstable flow phenomenon of the pump device is most prominent in the weir flow stage. The maximum instantaneous impact on the blade surface also mainly occurs in the weir flow stage. A very small part of the remaining gas in the siphon formation stage is difficult to discharge and takes a long time. After the pump device is exhausted and enters a stable operation state, the external characteristic parameters are in good agreement with the test results. Compared with the starting method in which the vacuum breaking valve is kept closed, the method of pre-opening the vacuum breaking valve reduces the maximum starting head by 20% and the exhaust time by 43%. The pre-open vacuum breaking valve effectively avoids the system instability caused by the start-up and exhaust of the pump device.
Keywords: pumping station, start-up process, transient characteristics, gas-liquid two-phase flow, three-dimensional numerical simulation, siphon outlet channel
INTRODUCTION
Pumping stations are widely used in urban drainage, inter-basin water transfer and agricultural irrigation (Wang et al., 2010; Xie et al., 2018; Intriago Zambrano et al., 2019). Due to the convenience and reliability of the siphon outlet channel, the siphon outlet channel is often selected in the large and medium-sized vertical axial flow pumping stations in my country. With the development and application of pumping stations, the transient characteristics in the transition process of pumping stations have attracted more and more attention and become an important factor restricting the safe and stable operation of pumping stations.
In recent years, domestic and foreign scholars have done a lot of research on the transient characteristics of hydraulic machinery. At present, there are many methods to study the transient process of hydraulic machinery, including experimental test, one-dimensional characteristic method and three-dimensional computational fluid dynamics simulation (Jintao et al., 2013; Zhou et al., 2017; Li et al., 2019; Yang et al., 2020; Zhang et al., 2021). Among the three methods, experiment is the most direct way to obtain data. However, it often requires a lot of manpower and material resources, and most of the transient processes are dangerous. Tsukamoto and Ohashi (Tsukamoto and Ohashi, 1982) theoretically deduced and experimentally verified the transient characteristics of centrifugal pump in the process from static to acceleration to stability. The evolution law of dynamic characteristics during turbine pump starting process is revealed. They pointed out that the impact pressure around the impeller blade causes the deviation of the dynamic and quasi-steady characteristics of the turbine pump during the acceleration process. Li et al. (2011) studied the transient characteristics of centrifugal pump start-up acceleration by using two-dimensional image particle velocity measurement technology and sliding mesh method. It was found that the transient vortex between centrifugal pump blades over time was the main reason for the transient head coefficient of the pump being lower than the steady value during the start-up process. Lefebvre and Barker (1995) studied the transient hydraulic performance of centrifugal pump through experiments and compared it with the quasi-steady state assumption. They found that the overall performance of the impeller had a significant transient effect, and proved that the quasi-steady state assumption was not suitable for the impeller running under high transient conditions. Zhang et al. (2020) studied the transient hydraulic performance of self-priming clear water pump under fast and slow start-up conditions. They found that the similarity law of the pump is particularly not suitable for the first half of the startup process when the steady-state flow is small, nor for the second half of the startup process when the steady-state flow is large.
One-dimensional characteristic method and three-dimensional computational fluid dynamics simulation can simulate and predict the internal flow field of hydraulic machinery. Compared with the one-dimensional characteristic method, the three-dimensional computational fluid dynamics simulation method can obtain more comprehensive and detailed flow field structure and flow information. Therefore, CFD method is currently a better choice for studying the transient flow characteristics of hydraulic machinery. Li et al. (2018) used 3D-CFD method to solve the two-way fluid-solid coupling of the mixed flow pump in the start-up acceleration process. They found that the maximum stress value of the impeller appeared at the outlet edge of the impeller near the hub during the start-up of the mixed-flow pump, and the instantaneous fluid shock at the hub may lead to the sudden fracture of the blade. Fu et al. (2020), Hu et al. (2012) used the dynamic mesh method (DM) to simulate the internal flow field characteristics of centrifugal pump during the start-up process. It was found that the axial vortex in the impeller was born at the outlet pressure side during the start-up process, and moved to the middle channel of the impeller over time. The vortex intensity of the axial vortex increased first and then decreased. Wu et al. (2010) studied the transient characteristics of the nuclear main pump system during the rapid opening of the valve based on the detached eddy simulation (DES) method. It was found that the performance of the pump during the rapid opening of the valve was affected by the fluid acceleration and the instantaneous evolution of the vortex structure, and the Q-H curve of the nuclear main pump system deviated from the steady state value. At the same time, the 3D-CFD method also shows the superiority for the calculation of hydraulic machinery transient process combined with multiphase. Liu et al. (2011) used the fluid volume method (VOF) combined with the dynamic mesh method to numerically study the rapid pump stop process of the pump system. The numerical results are highly consistent with the experimental results. They pointed out that the difference between the transient external characteristics and the steady-state external characteristics in the pump stop process is caused by the evolution of the eddy current in the impeller. Ahn et al. (2017) used two-phase flow numerical model to study the influence of surface vortex on the operation conditions of tidal energy units. It was found that the strong surface vortex in the reservoir and the high gas content in the water caused the fluctuation of the intake flow of the tidal energy units, which was easy to induce the instability of the intake pipeline. In recent years, the use of 3D-CFD to study the transient mechanical transition process has been involved in centrifugal pump and pump turbine, and the study of axial flow pump system is rarely. Fu et al. (2020) conducted numerical simulation and experimental verification of the startup process of axial flow pump system with two fast flap gates by using dynamic mesh technology. It was found that there was a large area of vortex core in the leading edge of the blade and the impeller passage during the startup process of axial flow pump system. The instantaneous impact head of the pump system reached the maximum when the impeller speed reached the rated speed. Kan et al. (2021) used fluid volume method (VOF) and rigid cover hypothesis method (RLH) to predict the transient characteristics of the system during power outage. It was found that VOF method is more accurate in predicting transient characteristics of axial flow pump units under water-air interaction. The maximum runaway speed calculated by numerical method agrees well with the experiment.
It can be seen from the literature presented in the previous section that the current 3D-CFD method is less applied in the transient transition process of pumping stations, and it is mainly concentrated in horizontal axial flow pumping stations. There are few studies on the startup and exhaust transient characteristics of vertical axial flow pump system with siphon outlet channel.
The vertical siphon axial flow pump unit with siphon outlet flow channel will undergo a series of exhaust processes during the start-up process. The internal flow field of the pump device is complex (Minato et al., 2006; Aydin et al., 2015), and the remarkable hydraulic transient phenomenon causes the pump device characteristic parameters to change violently. Before the air in the tube is completely discharged, the pump device is in the state of gas-liquid two-phase flow. When the impeller rotates at high speed, the unstable phenomena such as gas-liquid mixing, time-varying vortex and secondary reflux can easily induce strong vibration of the pump device, and even fail to start. At the same time, whether the siphon and full pipe flow can be formed in the start-up process, and the time of forming siphon and full pipe flow also directly affects the safe and stable operation of the unit. At the same time, the formation time of siphon in the startup process also directly affects the safe and stable operation of the unit.
In order to explore the transient characteristics of the vertical pump system in the start-up and exhaust process, this paper conducts a numerical simulation study on the start-up transition process of the vertical axial flow pump system based on the commercial fluid calculation software ANSYS CFX. The transient characteristics of the start-up process of the pump system unit and the time characteristics of siphon formation were predicted. The differences of flow field evolution in the pump device caused by valve opening and vacuum valve closing were compared in detail.
PUMP MODEL
This paper takes a large vertical axial flow pump station in China as the research object. The vertical fully-regulated axial flow pump is selected in this vertical axial flow pump station, and the designed flow rate of single machine is 12.33 m3/s. The pump station unit is equipped with TL1000-28/2150 synchronous motor, and the unit capacity is about 1,000 kW. The main geometry and performance parameters of the pump device are given in Table 1. The unit is equipped with elbow inlet and siphon outlet, and the vacuum destroy valve is used to break the flow. The main structure of the calculation model is shown in Figure 1, which is mainly composed of Intake channel, Impeller, Guide vane and Outlet channel. The siphon outlet channel can be divided into hump rising section and hump descent section. The detailed geometric parameters of siphon outlet channel are given in Table 2. In order to monitor the pressure change at the top of the hump of the outlet flow channel, a monitoring point is set at the top of the hump.
TABLE 1 | The main geometric and performance parameters of the pump device.
[image: Table 1][image: Figure 1]FIGURE 1 | Calculation model.
TABLE 2 | Main geometric parameters of siphon outflow channel.
[image: Table 2]NUMERICAL METHOD
Governing Equation
In this paper, the numerical simulation of the pump device is carried out based on the VOF two-phase flow model, and the free surface is characterized by volume function to track the change of gas-liquid two-phase conversion. The flow inside the pump device is regarded as three-dimensional incompressible non-viscous turbulence. The control equation of numerical calculation is as (Shi et al., 2017; Chen et al., 2018; Kan et al., 2019):
Continuity equation:
[image: image]
Momentum equation:
[image: image]
where [image: image] is the velocity; [image: image] is the density; [image: image] is the hybrid viscosity coefficient; [image: image] is the time; [image: image] is the Hamiltonian; [image: image] is the static pressure; [image: image] is the acceleration of gravity; [image: image] is the equivalent volume force form of surface tension.
In the grid control volume, the expression of phase-separated material property parameters is as follows (Karim et al., 2014; Zhou et al., 2019):
[image: image]
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where [image: image] is mixed density; [image: image] is the viscosity coefficient of hybrid power; [image: image] is the gas volume fraction; [image: image] is liquid volume fraction; Subscript [image: image] is the liquid phase, and subscript [image: image] is the gas phase.
Turbulent Flow Model
In this paper, three turbulence models of [image: image], RNG [image: image] and SST [image: image] are used for steady calculation at rated speed. The head is selected as the standard of simulation error, and compared with the converted model test head to analyze the independence of the turbulence model. The external characteristic experiment of the pump device model is carried out on the high precision hydraulic mechanical test bench of the test center of Yangzhou University. Supplementary Figure 1 shows the operation system of the test bench. Supplementary Figure 2 is the physical diagram of the axial flow pump hydraulic model and the vertical axial flow pump device.
The calculation errors of different turbulence models are shown in Table 3. The error of the [image: image] turbulence model is relatively large under different flow conditions, and the error of the head under the rated conditions is higher than 5.00% compared with the test value. The calculated head and efficiency of SST [image: image] and RNG [image: image] turbulence models can keep consistent with the overall trend of the experimental value under different working conditions, and the maximum error between the calculated value and the experimental value is within ±5%. Considering that the start-up and exhaust process of the vertical axial flow pump unit has typical strong swirling characteristics, and the RNG turbulence model has good adaptability to transient flow fields with typical strong swirling characteristics (Shi et al., 2010; Zhan et al., 2012). Therefore, the RNG turbulence model is selected for the numerical calculation in this paper. The comparison between the RNG [image: image] model numerical calculation and the experimental head and efficiency curve is shown in Figure 2. The [image: image] equation and [image: image] equation in the RNG [image: image] turbulence model are:
TABLE 3 | Calculation errors of different turbulence models.
[image: Table 3][image: Figure 2]FIGURE 2 | Comparison of pump head and efficiency curve between numerical calculation and experiment.
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Among them:
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where [image: image] is the turbulent kinetic energy; [image: image] is the dissipation term; [image: image] is the effective mixing viscosity coefficient, [image: image] is the vortex viscosity coefficient; [image: image] and [image: image] are the effective Prandtl numbers, which can be taken as 1.39.
Calculation Model and Boundary Conditions
In this paper, the numerical calculation of keeping the vacuum breaking valve closed is defined as Case 1, and the numerical calculation of pre-opening the vacuum breaking valve is defined as Case 2. The start-up and exhaust process of axial flow pump unit involves air and water. It is necessary to set a certain height of the air domain above the inlet and outlet pools. The water level height of inlet and outlet pool is consistent with the upstream and downstream water level of pumping station design. According to the water level of the upstream and downstream reservoirs, the initial conditions of the integral number of gas and liquid in each part of the pump device are given. According to the water depth of the upstream and downstream reservoirs, the hydrostatic pressure distribution at the inlet and outlet as shown in Supplementary Figure 3 is given. The top of the air domain is set as an open outlet, and the pressure gradient is 0. The entire calculation domain adopts the no-slip assumption, and the flow in the calculation domain is a two-phase flow composed of a mixture of water and air. For upstream and downstream reservoirs, the calculation range includes blue and red areas. The blue region represents the volume of water, and the red region represents the volume of air. The water volume and air volume of the reservoir are tested independently. Considering the calculation amount, the water volume and air volume of the reservoir are determined as shown in Supplementary Figure 4.
Calculation Grids
In order to ensure the consistency of grid size, the calculation domain is divided into eight blocks by hexahedral structured grid. In order to ensure the accuracy of the numerical calculation results, the boundary layer encryption is performed on the grids at the edge walls of the convection channel, impeller and guide vane. In order to capture the two-phase exchange at the gas-liquid interface and the free surface more accurately, the grids near the outlet wall of the vacuum damage valve and the free surface of the inlet and outlet tank are refined. In the grid parameters, y+ (Ansys, 2013) represents the distance from the first grid node to the wall. The y + values in the calculation domain in this paper are all within 10 to ensure that the first layer of grid nodes are concentrated near the solid wall. This paper has prepared five sets of grid node schemes to study the influence of the number of grids on the numerical calculation results, as shown in Table 4. The results of mesh independence analysis show that when the mesh number is larger than 3.89 million, the performance parameters of the pump device are basically unchanged with the increase of the mesh number. On the basis of comprehensive consideration of calculation accuracy and computing resources, 4.96 million grid elements are selected for this numerical calculation. At the same time, in order to further ensure the credibility of the numerical calculation, the Richardson extrapolation theory of reference (Celik et al., 2008) is used to check the convergence of the selected grid based on GCI. The numerical uncertainty of the grid solution is 2.68%. The calculation grids is shown in Figure 3.
TABLE 4 | Grid independence test.
[image: Table 4][image: Figure 3]FIGURE 3 | Calculation grids.
Numerical Scheme and Solution Method
The calculation of this number of times is performed based on CFD software. The flow control equation is discretized by the finite volume method based on the element center. The second-order upwind scheme is used for the discretization of the agreement term, and the first-order implicit scheme is used for the discretization of the turbulence term. Through the CEL function, the self-defined static pressure distribution of the reference water depth is used for the inlet and outlet boundary conditions, and the pressure distribution of the upstream and downstream water bodies varies with the water depth. The if statement is used to define the gas-liquid interface under the initial conditions. The flow chart of the If function is shown in Figure 4. The part of the pump system below the free surface of the inlet and outlet pools is the water body, the volume fraction of water is 100%, and the volume fraction of air is 0%. The part of the free surface of the pool is gas, the volume fraction of water is 0%, and the volume fraction of air is 100%. The flow chart of the initial conditions for the volume fraction of air and water is shown in Supplementary Figure 5. The volume fraction of each part of the calculation domain is initialized. According to the site data of the pump station, the step function is called to control the starting acceleration of the runner. According to the field data of the pump station, the step function is used to control the start-up acceleration of the runner. The acceleration process of the pump is linear acceleration and the acceleration process is 4 s. The acceleration process of the pump is updated in real time in the iterative calculation. The transient Frozen Rotor slip interface is selected to realize the numerical calculation of the transient process of pump start by using the multiple coordinate system algorithm. In this calculation, considering the calculation accuracy and calculation workload, the total calculation time is selected as 1,000 s, and the time step is set to 0.1 s. The upper iteration limit of each time step is set to 30 times, and the residual convergence benchmark of each time step is set to 10−5. In the numerical calculation of keeping the vacuum break valve closed, the outlet of the vacuum break valve is set to the solid wall. When the flow is filled with the rising section of the flow channel, the boundary condition of the open outlet is changed to the solid wall until the end of the numerical calculation. The numerical calculation was carried out in the Supercomputing Center of the Key Laboratory of Water Conservancy and Power Engineering of Yangzhou University. A total of five computing nodes are used, and each computing node has 32 cores. The calculation time for a single working condition is about 144 h.
[image: Figure 4]FIGURE 4 | Flow chart of If function.
RESULT ANALYSIS
Comparison Between Numerical Simulation and Experiment
In the early stage of this numerical calculation, transient calculation was carried out for the start-up and exhaust processes of the pump device under different upstream and downstream water levels. The comparison between the external characteristic parameters and the steady-state test results of the pump device exhaust is shown in Figure 5. It can be seen from Figure 5 that the external characteristic parameters of the pump device are consistent with the steady-state test values in the overall trend, and the difference is within ±5%. It shows that the use of the CFD numerical format in this paper for the transient calculation of the start-up exhaust process has certain validity and accuracy.
[image: Figure 5]FIGURE 5 | Comparison of test value and simulation value of head and torque.
Changes in External Characteristic Parameters
According to the changes of water level and pressure in the flow channel, the start-up transition process from start-up to stable operation is divided into four stages, as shown in Figure 6. The water flow over the hump from the start-up of the unit to the rising of the hump is defined as the hydraulic gas drive stage. The water level over the hump to the bottom of the hump is defined as the weir flow stage. The water level over the bottom of the hump to the top of the hump before exhausting is defined as the siphon formation stage. The air exhausting in the pump device and the formation of full pipe flow are defined as the stable operation stage.
[image: Figure 6]FIGURE 6 | Stage division in the exhaust process.
Figure 7 shows the changes of pressure, torque, and axial force at the monitoring point at the top of the hump during the start of the pump device over time. After the pumping station unit is started up and running, the impeller speed increases linearly, the head and torque of the pump system gradually increase, and the pump reaches the rated speed in 4 s. As the exhaust process progresses, the bubbles in the flow channel are transported and collapsed, and the characteristic parameters of the pump device fluctuate to a certain extent. When the exhaust is gradually completed, the fluctuation range of the characteristic parameters decreases and tends to be stable.
[image: Figure 7]FIGURE 7 | Time history curve of dynamic parameters of pump in exhaust process.
In Case 1, the starting head of the pump device reaches the maximum value in the hydraulic gas drive stage, and the transient impact head reaches 7.96 m, which is 1.69 times of the rated head. There is still a large fluctuation of head in weir flow stage and a secondary peak of head appears. As the water level rises, the water flow compresses the air, and the pressure value at the monitoring point at the top of the hump gradually rises from zero. When t = 10 s, the pump device is in the weir flow stage, and the maximum pressure at the top of the hump is 31.49 kPa. Subsequently, the pressure at the monitoring point continued to drop. When t = 225 s, a negative pressure appeared at the top of the hump. When t = 700 s, the pump device entered a stable operation stage. The exhaust process ended, and the pressure at the top of the hump was −14.67 kPa.
In case 2, the maximum starting head of the pump device also appeared in the hydraulic drive stage, and the instantaneous impact head reached 6.35 m, which was 1.35 times the rated head. Then the head gradually decreased, and the overall trend tended to be flat. The maximum pressure of the monitoring point at the top of the hump appears at t = 12 s, and the pump device is in the weir flow stage. At this time, the pressure at the top of the hump is 7.97 kPa, and then the pressure at the monitoring point continues to drop. When t = 64 s, the top of the hump When t = 400 s, the pump device enters a stable operation stage, and the pressure at the top of the hump is -14.66 kPa.
Compared with the characteristic parameters in the start-up process of case 1 and case 2, the fluctuation and oscillation phenomenon of characteristic parameters in case 1 is obviously stronger than that in case 2. The maximum starting head of Case 1 is 1.25 times that of Case 2, and the maximum pressure at the peak is 3.95 times that of Case 2. It indicates that there is a strong unstable flow phenomenon in Case 1 compared with Case 2. After the pump device enters the stable operation stage, the head, torque and negative pressure at the top of the hump in cases 1 and 2 are relatively close, and they are highly consistent with the experimental data under the rated working conditions of the pump station.
Internal Flow Field Evolution
In order to further study the transient characteristics of the internal flow field during the startup of the pump device, the instantaneous velocity streamline of the pump device at a typical time in the operation phase is selected, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Instantaneous velocity streamlines.
In Case 1, after the start-up of the unit, the flow rate gradually increases, and the water level in the outlet channel rises. The flow pattern in the impeller channel is chaotic and complex, and the backflow and flow separation are serious. A large-scale time-varying vortex appears in the guide vane, blocking the flow passage in the impeller area, and hindering the inflow and outflow of water in the impeller channel. The water flows through the guide vane in a spiral shape, and the hump rising section is filled with spiral water. The flow field of the pump device is significantly affected by the instantaneous impact characteristics during the pump startup. As the exhaust process progresses, the small-scale vortex area of the inlet flow channel moves to the inlet of the inlet flow channel. The turbulence of the water flow in the impeller channel and the blocking of the flow channel by the time-varying vortex in the guide vane are improved. In the weir flow stage, water and air are mixed in the descending section of the outlet flow channel, and the water flow adheres to the wall to form a vortex with air-carrying and exhausting capabilities in the descending section of the hump. Due to the progress of the exhaust process in the outlet pool, the water flow has a relatively strong tumbling and swirling, and a large-scale backflow zone appears. When t = 310 s, the pump device is in the siphon formation stage, and there is still a certain scale of vortex in the inlet channel. The flow pattern in the impeller channel is disordered, and the phenomenon of time-varying vortex blocking through the flow channel in the guide vane disappears. The flow streamline in the rising section of the outlet channel is relatively smooth, and the spiral effluent is obviously improved. The vortex intensity with air-carrying and exhaust capacity in the descending section of outflow channel decreases, and the exhaust capacity decreases. The phenomenon of water flow rolling and gyration caused by exhaust in the outlet pool is weakened, and the range of large-scale recirculation zone is reduced. When t = 700 s, the pump device enters the stable operation stage. The vortex area in the inlet passage disappears, the flow line in the rising section of the outlet passage is smooth, and the spiral effluent disappears. The vortex-carrying area in the descending section of the outflow channel disappeared. The phenomenon of flow rolling and gyrating in the outlet pool disappeared, and the backflow phenomenon further weakened. The pump enters a stable operation state.
Compared with Case 1, the internal flow field of Case 2 is relatively stable at different stages. The streamline in the inlet is smooth without obvious vortex and backflow. There is no obvious backflow and flow separation in the impeller channel. The flow in the guide vane channel is unobstructed, and the phenomenon of time-varying vortex blocking through the flow channel disappears. The water flow through the guide vane is obviously weakened, and the flow field of the pump device is significantly less affected by the instantaneous impact characteristics during the pump startup. The evolution law of internal flow field in Case 2 is close to that in Case 1. Affected by the exhaust velocity, the evolution of internal flow field in Case 1 has obvious hysteresis in time.
The flow chart of the Schematic diagram of the position of the mid-span section is shown in Supplementary Figure 6. Figure 9 shows the streamline distribution at different stages of medium-span section. In the stage of hydraulic drive, the phenomenon of flow separation and vortex appeared in the pump section, and the flow separation was obvious at the guide vane. After the pump device entered the weir flow stage, the unstable flow phenomenon in the pump section was more intense. The large-scale vortex on the back of the guide vane blocked the flow channel. With the exhaust process, the unstable flow phenomenon in the pump section disappeared, and the vortex scale at the guide vane decreased gradually. When the exhaust process is completed, the phenomenon of vortex blocking through the flow passage in the guide vane region disappears. The flow line of medium-span water flow in the pump section is smooth and straight without vortex backflow. Compared with Case 1, the vortex scale in the guide vane area of Case 2 is small at different stages, and the phenomenon of vortex blocking through the flow channel is weak. The internal flow field of the pump device during the start-up transition is relatively stable.
[image: Figure 9]FIGURE 9 | Velocity streamlines of cross-sectional span at different moments.
Entropy Generation Characteristics of the Impeller Zone
In order to analyze the energy dissipation of the pump device during the start-up transition, the entropy production rate (EPR) distribution of the mid-span section at different times is analyzed. It can be seen from Figure 10 that the high-entropy zone of the impeller zone in the weir flow stage is the largest, and the entropy value is significantly higher than that of other stages. At this stage, the unstable flow phenomenon in the impeller zone leads to serious energy dissipation. With the exhaust process, the unstable flow phenomenon in the impeller area gradually disappears, and the range of high entropy production area in the impeller area gradually narrows. After the exhaust of the pump device enters the stable operation stage, the high entropy production area of the impeller area basically disappears. Compared with Case 1, the range of high entropy production area of pump device in Case 2 is small at different stages, and the high entropy production area and entropy value of mid-span section in weir flow stage are significantly reduced. The dissipation of high entropy production area in Case 1 has obvious hysteresis in time.
[image: Figure 10]FIGURE 10 | Distribution of entropy production rate of mid-span section at different times.
Combined with the flow line analysis of the mid-span section in the previous section, it can be seen that the phenomenon of flow shedding and vortex blocking across the flow channel at the guide vane in the weir flow stage is the most obvious. With the exhaust process, the unstable flow phenomenon gradually weakens and disappears, and the flow pattern in the impeller area tends to be stable. The strong unstable flow phenomenon in the impeller area causes large energy dissipation. This is consistent with the evolution law of entropy distribution.
Pressure Distribution of Impeller Blades
In this paper, the static pressure distribution of the impeller blade surface in different exhaust stages during startup is selected. The left side is the suction surface and the right side is the pressure surface, as shown in Figure 11. In Case 1, after the start-up of the unit, the impeller rotates and accelerates. At the beginning of the impeller acceleration, the static pressure distribution of the impeller suction surface and the pressure surface is basically the same, and the pressure difference is small. When t = 4 s, the pressure difference between the suction surface and the pressure of the impeller increases significantly. Due to the acceleration of the fluid, a small range of low pressure zone appears in the leading edge of the suction surface. The leading edge of the pressure surface is affected by the impact of water flow, and a small high pressure zone appears. With the rise of the water level in the channel, when the pump device enters the weir flow stage, the pressure on the blade surface increases further. There is a significant high pressure zone at the edge of the impeller pressure surface, and the pressure can reach 140 kPa. The pressure distribution on the suction surface is not uniform, and the area of the front low pressure zone on the inlet side of the suction surface expands. When the pump device enters the siphon formation stage, the pressure at the top of the hump gradually becomes negative. The pressure of the impeller is weakened by the influence of bubble transfer and collapse. The pressure on the blade surface gradually decreases, and the pressure distribution tends to be stable. There is no significant high pressure area and low pressure area.
[image: Figure 11]FIGURE 11 | Static pressure contour of impeller blade surface at different time.
The evolution of pressure distribution on blade surface in case 2 is similar to that in case 1. Compared with Case 1, the influence of the instantaneous impact of impeller acceleration on the blade is significantly weaker. In different stages of the startup process, the blade surface pressure distribution of case 2 is more uniform. The maximum pressure on the blade surface is obviously lower, and the range of high pressure zone and low pressure zone on the blade surface is obviously smaller.
Time Characteristics of the Exhaust Process
Figure 12 shows the evolution of water-air interface in the flow channel during exhaust. In Case 1, after the unit was started, the water level in the ascending section of the outlet channel gradually increased. Due to the closure of the vacuum damage valve, the air in the channel was squeezed by the flow in the ascending section, and gradually moved to the descending section of the outlet channel. The water level in the descending section decreased with the passage and extrusion of the air in the channel. When t = 7.6 s, the upwelling flow over the hump. Pump device enters weir flow stage. Weir flow is formed by water adhering to the wall, and the mixing of water and gas is intense in the descending section of the outlet channel. In the descending section of the hump near the exit, a large number of bubbles are carried into and out of the pool with the flow rolling. Bubbles in the pond roll out and the water surface in the pond has obvious shaking. When t = 310 s, the water level in the descending section of the hump overtook the bottom of the hump. The pump device enters the siphon formation stage. At this time, the top of the hump has formed a negative pressure state, and there is only a thin layer of air mass at the top of the hump. With the slow release of gas-liquid mixing, the phenomenon of water-gas rolling in the descending section of outflow channel disappears. The carrying capacity of water flow is obviously reduced. The number of bubbles in the outlet pool was significantly reduced, and the water surface in the outlet pool was stable without obvious fluctuation. When t = 700 s, the air in the pump is completely discharged. Full pipe flow is formed in the outflow channel. The pump device enters the stable operation stage.
[image: Figure 12]FIGURE 12 | Evolution of the water-gas interface.
Compared with Case 1, when the unit starts in Case 2, the vacuum damage valve is opened in advance. The air in the channel is squeezed by the flow in the hump rising section and flows out of the vacuum damage valve. The water flow in the descending section was not squeezed by the air in the channel. The water level in the pond remains basically unchanged. When t = 6.2 s, the flow over the hump, vacuum damage valve closed. Pump device enters weir flow stage. Different from Case 1, in the weir flow stage of Case 2, the exhaust was stable in the hump descent stage. Water and gas mixing degree is low. The phenomenon of bubbles rolling around with water disappears. The fluctuation of water surface in the outlet pool is small, and the bubble rolling phenomenon in the pool disappears. Compared with Case 1, the exhaust time in each stage of Case 2 is significantly shortened. The hydraulic gas drive stage takes 6.2 s, which is shortened by 18.4%. Weir flow stage takes 163.8 s, shortened by 45.83%. The siphon formation stage took 230 s, which was shortened by 41.03%. The total duration from start-up to stable operation is 400 s, which is reduced by 42.86%.
Select the typical cross section shown in Figure 13 to further analyze the bubble transport process in the flow channel. Figure 14 is the distribution of gas volume fraction in weir flow and siphon formation stages. It can be seen from Figure 12 that the mixing of water and gas is severe in the weir flow stage. The gas distribution in each section of the hump descent section is wide, and the gas diving depth is deep. The phenomenon of water and gas mixing is weak in the siphon formation stage. The gas proportion of each section in the hump descending section is relatively small. The air mass is concentrated in the upper and middle parts of the section, and the air mass at the bottom of the section is less. There is no obvious law of gas volume distribution in each section during the exhaust process. In the siphon formation stage, the air mass with a certain volume proportion still moves and discharges in each section of the hump descent section. Compared with case 1, case 2 pump device water gas mixing phenomenon is weak. The gas volume of each section in the hump descending section is relatively small.
[image: Figure 13]FIGURE 13 | Schematic diagram of section position.
[image: Figure 14]FIGURE 14 | Water vapor evolution of typical cross section.
The gas volume in the outlet channel is monitored and the monitoring data is processed. The average exhaust rate is introduced to approximately represent the average exhaust rate in a period of time, the expression is:
[image: image]
where is the time spent in each exhaust stage, and is the volume of gas discharged in each stage The gas volume fraction in outlet channel is shown in Figure 15. The time characteristics of the exhaust process is shown in Table 5.
[image: Figure 15]FIGURE 15 | Gas volume fraction in outlet channel.
TABLE 5 | Time characteristics of the exhaust process.
[image: Table 5]Due to the vacuum failure valve in case 1 remained closed, the gas volume fraction in the flow channel remained basically unchanged by about 37%. When the pump device enters the weir flow stage, the gas volume fraction of the pump device begins to decrease. The decline trend of gas volume fraction in the early stage of this stage remained stable. When the water level rises gradually, the slope of the gas volume fraction curve decreases with time, and the exhaust rate decreases gradually. The average exhaust rate in the weir flow stage is 0.165 m3/s.
When t = 310 s, the pump device enters the siphon formation stage. At this time, the gas volume fraction in the flow channel is only 6.11%. Since the slope of the gas volume fraction curve decreases sharply with time and further decreases, the average exhaust rate is 0.158 times that of the weir flow stage. The exhaust rate at siphon formation stage is about 0.026 m3/s. This stage takes the longest time in the exhaust process.
Compared with case 1, case 2 pre-opens the vacuum damage valve. The gas volume fraction in the hydraulic drive stage decreases rapidly. The exhaust rate is fast and maintains a stable value. The average exhaust rate in the hydraulic drive stage is 5.53 mm3/s. When t = 6.2 s, the flow over the hump, vacuum damage valve closed, the gas volume fraction of 26.34%. The air in the flow channel cannot flow out from the vacuum damage valve, and gradually moves to the descending section of the outflow channel. When t = 11 s, water and gas are mixed in the descending section of hump. The gas in the channel continues to escape through the outlet pool, and the gas volume fraction continues to decline. When t = 170 s, the pump device enters the siphon formation stage. The average exhaust rate at this stage is 0.042 m3/s. Compared with Case 1, the exhaust rate of Case 2 is significantly faster.
CONCLUSION
In order to explore the transient characteristics of the start-up and exhaust process of the vertical siphon axial flow pump unit, this paper conducts a numerical simulation study on the whole system of the pumping station. The transient characteristics and the time characteristics of siphon formation in the transition process of the pump device are predicted. The differences in the flow field evolution between the pre-opening valve startup and the closing valve startup were compared in detail. The main conclusions are as follows:
1) There is a serious instability in the internal flow field of the pump device where the vacuum failure valve is kept closed. The blade surface bears strong instantaneous impact. The flow field of the pump device that pre-opens the vacuum damage valve is significantly less affected by the instantaneous impact characteristics during the pump startup. The range of high entropy production area in impeller channel is small. The duration of high entropy production area is significantly shortened. The instantaneous impact on the blade surface is weak.
2) There is a similarity in the evolution law of the internal flow field in the pump device where the vacuum failure valve is kept closed and pre-opened. In the exhaust process, the unsteady flow in weir flow stage is the most significant. The maximum instantaneous impact on the blade surface also occurs mainly in the weir flow stage. The very few remaining gas in the siphon formation stage is difficult to discharge and takes a long time.
3) The external characteristic parameters of the pump device under the two starting modes are in good agreement with the test results. Compared with the start-up mode of vacuum damage valve keeping closed, the maximum start-up head is reduced by 17% and the exhaust time is shortened by 45% by pre-opening the vacuum damage valve. The pre-open vacuum breaking valve effectively avoids the system instability caused by the start-up and exhaust of the pump device.
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