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Abstract

:

A double-volute centrifugal pump is a very important pump type; the internal flow field of a centrifugal pump will change drastically during the transition process of power failure, which will affect the safety and stability of the pump’s operation. In this paper, the CFD numerical simulation method is used, and the UDF procedure is developed to realize the continuous update of the impeller speed at each time step. The working parameters, such as the torque and flow rate at the instantaneous moment, are obtained through the sequential iteration of each small step, and a numerical simulation of the power-off transient is carried out on a double-volute centrifugal pump; additionally, the changes in the external characteristic parameters and the internal flow field of the centrifugal pump are analyzed in detail. The results show that the double-volute centrifugal pump experienced four different modes after power failure, namely pump mode, braking mode, turbine mode, and runaway mode, and the absolute values of the runaway speed and runaway flow rate are 1.465 times and 1.21 times the initial values, respectively. Through the analysis of the flow field in different regions, the change processes of the generation, development, and disappearance of the vortex at each position of the centrifugal pump are obtained, and the change and development processes of the internal velocity gradient of the centrifugal pump are obtained. In addition, it is found that the high-speed area located in the second volute runner is larger than that of the first volute runner because the second volute runner is shorter and narrower than the first volute runner.
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1. Introduction


A double-volute centrifugal pump is a very important pump type, which uses a splitter to divide the traditional single volute runner into two volute runners, so it has better hydraulic efficiency and head, it can better balance the radial force on the impeller, and it can effectively suppress pressure pulsation [1,2]. Li Q et al. [3] investigated the entropy generation of single and double-volute molten salt pumps, and they discovered that the double-volute molten salt pump experiences a less radial hydraulic force. In general, the double-volute scheme reduces energy loss and ensures better structural stability. Shim H S et al. [4,5] numerically calculated the hydraulic efficiency and radial force of double-volute centrifugal pumps with different volute geometries and found that a reasonable double-volute structure can effectively reduce the radial force on the impeller. Khalifa A E et al. [6] found that there is a relationship between pressure fluctuation and vibration in a double-volute centrifugal pump and found an effective way to reduce the vibration in the double-volute pump. Xiao R et al. [7] found that adding a reasonable splitter structure in a single-volute double-suction pump can make the double-volute double-suction pump maintain its original hydraulic performance and reduce the radial force of the impeller. Yang J et al. [8] calculated and analyzed the transient flow during the start-up process of the double-volute centrifugal pump and found that the pressure fluctuation on the outside of the splitter was relatively stable relative to the inside of the splitter. Yang M et al. [9] numerically simulated the pressure pulsation characteristics and radial force of the impeller of the double-volute centrifugal pump and found that there was obvious pressure pulsation in the double-volute pump.



In the process of power failure and during the shutdown and start-up of the pump, the internal flow field will change drastically, which will affect the safety and stability of the pump’s operation. At present, some progress has been made in the internal transient flow of centrifugal pumps under transient operating conditions. In the 1980s, Tsukamoto et al. [10,11] systematically studied the transient transition process of a small volute centrifugal pump during the rapid start-up and shutdown process, and they found that because of the existence of pulsating pressure, the dimensionless head coefficient was much higher than the calculated value under a quasi-steady state. Chalghoum I et al. [12] theorized transient flow during centrifugal pump start-up. The effects of the start-up time, impeller diameter, number of blades, and blade height on pressurization were analyzed. The numerical results show that the pressure increment is inversely proportional to the start-up time. Tanaka T et al. [13] conducted experiments and CFD studies on the transient characteristics of centrifugal pumps during rapid start-up, and the results showed that the transient characteristics in the experiment were greater than the quasi-steady state change at the beginning of the transient period and then gradually approached the quasi-steady state change. Zhou D et al. [14] revealed variations in parameters such as the speed, flow, torque, and pressure at the measuring point with time through the numerical simulation of the axial flow pump device model during runaway caused from power failure. Wang W et al. [15] analyzed the unsteady internal flow characteristics and time-frequency characteristics of pressure fluctuation of a pump turbine in turbine mode (PAT) during power failure, and the results showed that the flow field between the blades was extremely unstable under braking conditions, and the main frequency of volute pressure fluctuation was related to the rotation speed, which was mainly caused by dynamic and static interaction. Wang W [16] et al. studied the pressure pulsation characteristics of a mixed-flow pump under turbine and runaway modes on an open test bench and analyzed the frequency domain characteristics of pressure pulsation based on FFT (Fourier Frequency Transform), and they found that in order to avoid pressure pulsation under runaway mode, the mixed-flow pump is best operated under small flow conditions such as those in a hydraulic turbine. Feng J et al. [17] simulated the power-off process of the centrifugal pump, and the results showed that the characteristic curves and runaway parameters of the pump predicted by the numerical simulation were in good agreement with the experimental results. The transient process after power failure mainly goes through four working modes: pump, brake, turbine, and runaway. Dong W et al. [18] studied the internal flow characteristics of centrifugal pumps under two linear start-up schemes, 0.1 s and 0.3 s, and found that the vorticity distribution of the 0.3 s start-up scheme was more regular, and the slender high-vorticity region was only distributed near the blade side. Zhang Y L et al. [19] established a closed-loop pipeline system including a centrifugal pump to achieve self-coupling solving, which revealed the transient characteristics of the centrifugal pump during shutdown and provided a good reference for the transient behavior of other impeller machinery.



When the pump unit is shut down due to sudden power failure or maloperation, it will eventually enter runaway mode, and when the pump unit is running in runaway mode, some parts of the pump unit may be damaged due to the mass imbalance of the rotating body and the hydraulic instability inside the unit [20]. More and more scholars have begun to conduct experiments and numerical simulation studies on the runaway mode of the pump unit [21,22]. Kan K et al. [23] analyzed in detail the flow characteristics and energy loss of the internal flow field during the runaway process of an axial flow pump unit. Wang G [24] et al. conducted an experimental study on the hydraulic characteristics of the inertial tank after the failure of the pump power and analyzed the influence of structural parameters, including CPD and the transition section, on the hydraulic characteristics of the inertial tank. Yang F et al. [25] conducted runaway characteristic tests on multiple groups of pump systems, and the measurement results showed that the runaway speed of the unit was different under different blade angles and increased with the increase in blade angles.



The accidental shutdown of a pumping station unit caused by power failure is a huge threat to the safe operation of the pumping station. Due to safety, financial, or technical constraints, some pump transient processes cannot be evaluated experimentally. In order to ensure the safe and stable operation of a pump unit in daily life, it is necessary to study the transient flow of the centrifugal pump after power failure. In this paper, the power-off transition process of the double-volute centrifugal pump is simulated by introducing the UDF procedure, and the transient change process of the external characteristics and internal flow field of the double-volute centrifugal pump are analyzed and revealed. This study provides a certain theoretical basis for the safe operation of a pumping station.




2. Numerical Methodology


2.1. Three-Dimensional Modeling of Centrifugal Pump


The centrifugal pump model is mainly composed of the intake pipe, impeller, double volute, and outlet diffusion section, as shown in Figure 1. The design parameters of the double-volute centrifugal pump are shown in Table 1. The specific speed used in this study is defined as follows:


    n   s   =   3.65   N   d      Q   d        H   d   0.75      



(1)




where     n   s    ,     N   d    ,     Q   d    , and     H   d     denote the specific speed, design rotational speed, design flow rate, and design head, respectively.




2.2. Mesh Generation


In order to obtain more accurate numerical simulation results, this paper performs hexahedral structured meshing of each part of the double-volute centrifugal pump and encrypts the local mesh of key parts such as the double-volute tongue and the watershed around the runner blades. A schematic view of the grid of the individual components is shown in Figure 2, and the grid around an impeller blade is shown in Figure 3. Grid independence verification based on head and efficiency parameters is shown in Figure 4. When the number of grids is greater than 8.2 million, the efficiency value and head value tend to be stable. Therefore, the total number of calculated grid cells in the fluid area of the entire centrifugal pump is 8202648, and the number of grid cells for each component is listed in Table 2.




2.3. Setting of Boundary Conditions


In this paper, the transient calculation and analysis of the power-off transition process of a centrifugal pump are carried out based on CFD numerical simulation, and the SST k-ω turbulence model is selected. Compared to the k-ε model, the SST k-ω model can better deal with the transport of turbulent shear stress in the reverse pressure gradient and separation boundary layer. The centrifugal pump unit has a strong reverse pressure gradient, flow separation, reflux, and other abnormal flow phenomena during the shutdown process, so the SST k-ω model is used to calculate the subsequent transition process [26,27].



The inlet is adopted as the pressure inlet boundary condition, and the outlet is adopted as the pressure outlet boundary condition. The impeller is defined as a dynamic grid area. SIMPLEC is used for the pressure and velocity coupling algorithm; the pressure term in the calculation process adopts the second-order format, and the turbulent kinetic energy term and convection term are both in the second-order upwind style. The time step of the transient simulation is set to 4.5 × 10−4 s, which represents the time it takes for the impeller to rotate by 4 degrees. The number of iterations during each time step is set to 20, considering the influence of gravity, and the user-defined function (UDF) is used to calculate and control the angular speed of the impeller area during the entire shutdown process.



During power failure, the impeller speed and torque are determined by the angular momentum balance equation [28] represented by Equation (2):


    M   t   −   M   g   = J   d ω   d t    



(2)




where     M   t       is the resultant torque acting on the impeller, N·m;     M   g       is the drag torque, N·m;   J     is the moment of inertia of the impeller of the centrifugal pump, kg·m2; and ω is the angular velocity, rad/s.



When the centrifugal pump is suddenly powered off, the drag torque is quickly reduced to zero,     M   g     = 0, that is, the rotation angular velocity of the impeller at any time is shown in Equation (3):


    ω   i + 1   =   ω   i   +     M   t   i     J   × ∆ t  



(3)




where   ∆ t   is the time step of the simulation calculation, and the angular velocity     ω   i     and torque     M   t   i     at the ith moment can be obtained to iteratively calculate the speed of the next moment so as to realize the continuous update of the impeller speed at each time step. The sequential iteration of each small step is carried out to obtain working parameters such as the torque and flow rate at the instantaneous moment so as to realize the whole process calculation of the power-off transient.




2.4. Validation of Numerical Methods


In order to verify the accuracy of the numerical simulations, tests were carried out on a high-precision test bench, and the characteristic parameters of the pumps were obtained; the test bench is shown in Figure 5. The test process and methods strictly followed the international standard IEC 60193 [29]. By changing the speed of the pump to adjust the flow rate, the test data under multiple sets of pump conditions with different flow rates were measured, and Figure 6 shows the comparison of the simulation and experimental characteristic parameters, including the head (H), efficiency (η), and power (P). From the graph, it can be observed that the calculated value deviates from the experimental value. Under the condition of a small flow rate, the calculated values of the head, power, and efficiency are lower than the experimental values. Under the condition of a large flow rate, the calculated values of the head and power are higher than the experimental values, and the efficiency is lower than the experimental value. The errors are all within 5%, and they could have been caused by subtle geometric differences between the simulated model and the physical test model, including gaps that were overlooked during the simulation. In general, the results of the numerical calculations are basically consistent with the testing data, so the method of numerically simulating the transient power-off process of the centrifugal pump is reliable.





3. Results


3.1. Variation of External Characteristics


In order to more intuitively and clearly observe the variation in each external characteristic parameter of a centrifugal pump with time, the three values of torque, flow rate, and speed are dimensionless. Three relative values are introduced, which are the relative value of torque (    M   r e l    ), the relative value of the flow rate (    Q   r e l    ), and the relative value of speed (    N   r e l    ), where the subscripts t and 0 represent the instantaneous value and the initial value, respectively, as shown in Equation (4):


     M   r e l   =   M   t   /   M   0        Q   r e l   =   Q   t   /   Q   0        N   r e l   =   N   t   /   N   0     



(4)







As shown in Figure 7, the centrifugal pump has experienced four working modes, namely pump, brake, turbine, and runaway, during the power failure process. Under the pump mode (t = 0.212 s), the centrifugal pump is in the steady-state operation state under the design working condition during the 0–0.1 s period. The accident power failure occurs at 0.1 s, the parameters decrease rapidly, the relative value of the speed decreases by about 45%, the torque decreases to about 23.6% of the initial value, and the flow rate drops to 0 at t = 0.212 s. Then, it enters the braking mode, and the braking time is about 0.148 s (t = 0.212–0.36 s), the reverse flow rate begins to appear in the centrifugal pump and increases, the torque reaches the trough at t = 0.237 s, and then it begins to rise gradually. Under the action of reverse flow, the speed decreases faster than that of the pump under the action of reverse flow, and the speed drops to 0 at t = 0.36 s. As the direction of the rotation of the impeller changes, the centrifugal pump enters the turbine mode (t = 0.36–0.886 s), and the torque reaches its peak at t = 0.42 s, at which time     M   r e l     = 1.02. Due to the influence of its own inertia, the flow rate decreases with the increase in speed after t = 0.531 s, and the speed,     N   r e l    , gradually increases from 0 and then decreases slightly, finally reaching runaway speed. At t = 0.732 s, the reverse speed reaches the maximum value, and then because the centrifugal pump has experienced a small fluctuation from the turbine working condition to the hydraulic turbine dynamic condition and then to the hydraulic turbine working mode, the torque has a small fluctuation in a short time near 0. When the torque is stable at about 0 fluctuations, it enters a stable runaway mode (t > 0.886 s). At this time, the torque, flow rate, and rotational speed tend to be stable values. The absolute value of the speed is 1.465 times of the design rotational speed, and the absolute value of the flow rate is 1.21 times of the design flow rate, that is, the runaway speed is −2168.2 r/min, and the runaway flow rate is −0.38841 m3/s.




3.2. Evolution of Internal Flow


3.2.1. Flow State of Intake Pipe


In this section, the flow field inside the inlet pipe is studied by analyzing the streamline and velocity distribution of the intake pipe, as shown in Figure 8.



It is known from Figure 8a that when the flow rate of the centrifugal pump is 0, the streamline in the inlet pipe is relatively stable as a whole. But the streamline in the intake pipe and the inlet area of the impeller begins to rotate, indicating that the flow state in the inlet pipe is about to be unstable. When the speed of the impeller drops to 0, combined with Figure 8b, the straight cone pipe section close to the impeller begins to appear as an unstable vortex. The high flow velocity area is mainly concentrated in the wall surface of the straight cone pipe section. When the impeller reverses and enters the turbine mode, the swirl movement inside the intake pipe gradually increases. As shown in Figure 8c, the vortex of the straight cone section moves towards the elbow section and creates a new vortex in the straight cone section, and the high flow velocity area also moves towards the wall of the elbow section. Then, the maximum reverse flow is reached. As shown in Figure 8d, the original large vortex developed into several small vortices and began to move towards the diffusion pipe section, and the flow velocity of the pipe wall decreased. As shown in Figure 8e, with the continuous increase in the reversal speed, the previous small vortices gradually moved outward and, at the same time, produced new vortices in the straight cone pipe section. The high-speed area at the straight cone pipe wall reappeared. As shown in Figure 8f, in the stable runaway mode, there was a large range of vortices on the inside of the straight cone pipe section and the elbow pipe section, and some large vortices moved to the inlet of the intake pipe.




3.2.2. Flow State of Double Volute and Outlet


In order to better understand the content of this section, Figure 9 marks the locations of the tongue, the splitter, the first volute runner, and the second volute runner.



Figure 10 illustrates the velocity and streamline distribution in the double-volute and outlet diffusion section at various times. As can be seen in Figure 10a, when the flow rate of the centrifugal pump is 0, the centrifugal pump enters the braking mode. The flow regime of the double-volute area and the outlet diffusion section is very complex and disordered, a large number of vortices are located in the outlet diffusion section, and the vortex in the double-volute area is mainly located at the tongue and the tail end of the splitter. Due to the influence of dynamic and static interference, the high-speed area is mainly located at the beginning of the tongue and the splitter, and the speed at the tongue is higher. When the impeller speed drops to 0, it begins to enter the turbine mode; as seen in Figure 10b,c, the flow regime of the double volute area and the outlet diffusion section becomes relatively stable, the vortex disappears, and the high-speed area appears in a small area at the tail of the impeller blade. Because the second volute runner is shorter and narrower than the first volute runner, the area of the high-speed area located in the second volute runner is 30–50% larger than the first volute runner. This is when the maximum value of the reverse flow rate is reached. As shown in Figure 10d, the high-speed area develops from a block-like distribution to a continuous band-like distribution. As shown in Figure 10e,f, the high-speed area develops into a discontinuous band-like distribution divided by blades as the reversal speed increases until it reaches the runaway speed.




3.2.3. Flow State of Impeller


The impeller is the most important component of the centrifugal pump, and the direction of the impeller will change during the transient process of stopping the pump. In order to facilitate the description of the suction surface and pressure surface of the impeller and the inlet and outlet of the impeller during the transition process, the initial pump working conditions are taken as the reference. That is, the interface between the impeller and the intake pipe is defined as the impeller inlet, the interface between the impeller and the volute is defined as the impeller outlet, the convex surface of the blade is the pressure surface, and the concave surface of the blade is the suction surface. Figure 11 shows the velocity and streamline distribution of the central section of the impeller at various times.



As can be seen in Figure 11a, the speed and flow rate of the centrifugal pump continue to decrease after power failure. When the flow rate of the centrifugal pump is 0, the streamline in the impeller area is relatively stable, and the speed gradient is not obvious. But there is a small high-speed area near the tongue due to the influence of dynamic and static interference, and there is a small low-speed area at the entrance of the impeller, which may be the place where the vortex of the inlet pipe is generated. When the speed of the impeller drops to 0, as seen in Figure 11b, the flow regime in the impeller area changes drastically. It can clearly be seen that there is a large number of vortices at the tail of the impeller suction surface, and the velocity gradient in the impeller area has a drastic difference. There are both high-speed and low-speed areas; the high-speed area is mainly concentrated in the front end of the impeller pressure surface, and the low-speed area is located in the small area of the rear end of the impeller pressure surface and the center of the vortex at the tail of the impeller suction surface. When the impeller begins to reverse into the turbine mode. As shown in Figure 11c, the vortex begins to move towards the front end of the impeller suction surface, the velocity gradient at the front end of the impeller pressure surface decreases significantly, and the low-speed area also moves with the vortex towards the impeller inlet. When the maximum value of reverse flow is reached. As shown in Figure 11d, the vortex in the runner area gradually disappears due to the gradual decrease in the impact of the water flow on the blades. The internal flow regime gradually stabilizes, the velocity gradient is no longer obvious, and only a small low-speed area is located in the runner inlet area. As shown in Figure 11e, with the continuous increase in the reverse speed, the streamline is no longer smooth, and there is a tendency to rotate but no new vortex is formed. The high-speed area reappears, which is located in a leafless zone near the middle of the impeller pressure surface. As shown in Figure 11f, the internal flow regime does not change significantly in the stable runaway mode, and the high-speed area begins to move towards the tail of the impeller suction surface.






4. Conclusions


In this paper, the numerical simulation of the power-off transient of the centrifugal pump is carried out by using the CFD numerical simulation and the UDF procedure that introduces the torque balance equation to control the speed of the centrifugal pump. The changes in the external characteristic parameters and internal flow field of the centrifugal pump are analyzed in detail, and the following conclusions are drawn:




	(1)

	
After the double-volute centrifugal pump is powered off, it experienced four different modes, namely pump mode, braking mode, turbine mode, and runaway mode. The impeller torque, flow rate, and speed of the centrifugal pump underwent drastic changes after power failure and finally became stable under runaway mode. The absolute values of the runaway speed and the runaway flow rate are 1.465 times and 1.21 times the initial values, respectively.




	(2)

	
Due to the huge change in the direction of speed and flow rate in the process of power failure, the flow regime inside the whole centrifugal pump became very complicated, and a large number of unstable flows of secondary flow, reflux, and flow separation were produced in the flow runner. Through the analysis of the flow field in the intake pipe area, the impeller area, the double-volute area, and the outlet diffusion section, we can see the change process of the generation, development, and disappearance of the vortex at each position of the centrifugal pump. We can also see the change and development process of the internal speed gradient of the centrifugal pump.




	(3)

	
For the double-volute centrifugal pump, not only the dynamic and static interference of the tongue, but also the dynamic and static interference at the splitter will cause certain changes in the internal flow regime of the centrifugal pump. Because the second volute runner is shorter and narrower than the first volute runner, the high-speed area located in the second volute runner will be larger than that of the first volute runner.
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Figure 1. Three-dimensional model of double-volute centrifugal pump. 
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Figure 2. Grid view of each component: (a) outlet, (b) double volute, (c) impeller, and (d) intake pipe. 
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Figure 3. The grid around an impeller blade. 
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Figure 4. Grid independence verification diagram. 
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Figure 5. Test bench. 
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Figure 6. Comparison of simulation and experimental characteristic parameters. 
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Figure 7. Pump characteristic parameters during power failure. 
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Figure 8. Streamline and velocity distributions in intake pipe at various times. 
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Figure 9. Locations of the tongue, the splitter, the first volute runner, and the second volute runner. 
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Figure 10. Streamline and velocity distributions in double volute and outlet at various times. 
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Figure 11. Streamline and velocity distributions in impeller at various times. 
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Table 1. Main parameters of centrifugal pump.






Table 1. Main parameters of centrifugal pump.





	Parameter Name
	Numerical Value





	Design flow rate, Qd (m3/s)
	0.321



	Design head, Hd (m)
	40.3



	Design rotational speed, Nd (r/min)
	1480



	Specific speed, ns
	191.3



	Impeller inlet diameter, D1 (mm)
	283.7



	Impeller outlet diameter, D2 (mm)
	399.8



	Number of impeller blades, Z1
	6










 





Table 2. Number of grid cells for each component.






Table 2. Number of grid cells for each component.





	Component Name
	Intake Pipe
	Impeller
	Double Volute
	Outlet Pipe





	Number of grid cells
	921,713
	3,571,714
	3,563,816
	145,405
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