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Abstract:



The maintenance of the performance of sump pumps is important to mitigate flood damage in urban areas and lowlands. However, the air-entraining vortex in the sump leads to undesirable performance degradation. Thus, in this study, the newly designed floating anti-vortex device (F-AVD) was employed in the intake pipe to enhance the efficiency of water intake in the sump by decreasing the surface vortex. The performance of the F-AVD was evaluated from the model experiments, in which the sump model was designed to represent the pump station that operates in Korea. The flow in the sump was measured using the particle image velocimetry (PIV) technique, and the velocity and vorticity distributions were compared both with and without the adoption of the F-AVD. The experimental results indicated that the vortex structures behind the intake pipe were effectively mitigated by installing the F-AVD. The vorticity magnitude behind the intake pipe was reduced in range of 24.8–52.5% after the installation of the F-AVD. However, in the case of a flow rate increase, the efficiency of the F-AVD decreased because of the strong vortex. Thus, an additional anti-vortex device (AVD), which is attached to the backwall or the floor in the sump, is required to prevent the air entrainment in conditions with high flow rates.
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1. Introduction


The pump station is an important facility to control floods in urban areas and lowlands during the flood season. The rainwater collected from urban areas flows into the pump station, and the intake pump in the sump then drains the water into the rivers. Thus, the enhancement of pump station performance is one of the major objectives to mitigate urban flood damages. In the sump, however, a free-surface vortex accompanying the air entrainment can cause a discharge capacity reduction and the failure of a pump [1,2]. For these reasons, countermeasures are necessary in order to secure the stable management of the pump station by minimizing the vortex in the sump.



The flow characteristics in the sump have been presented from experimental and numerical studies. The vortices in the sump are categorized by wall-attached vortices and free-surface vortices [3]. The wall-attached vortices are related to boundary roughness and the existence of vorticity at upstream locations [4]. In the case of the free-surface vortices, the depressed pressure—due to withdrawal water—leads to the occurrence of the surface vortices, and the swirl on the water surface develops into a full air core in the intake pipe [5]. Furthermore, it is possible for the air-entraining vortex to increase under conditions of a low submerged depth of the intake pipe and a high flow rate [6]. The complex flow patterns in the sump were investigated using the particle image velocimetry (PIV) technique [7,8]. From the numerical simulations, Guo et al. [9] reported the mechanisms of air entrainment using the helicity density in the sump pump.



Several studies have been conducted in an attempt to reduce the undesirable performance decrease by adopting the anti-vortex device (AVD). The AVD has the role of preventing the sub-surface vortices through the mitigation of flow separation and turbulence [10]. The conventional designs of the AVD are described in Figure 1, and the AVD is attached to the floor or back wall of the sump. Recently, the performance of the AVD has been evaluated not only by experimental tests, but also by numerical simulations, according to the enhancement of computing performance. Kang et al. [11] presented experimental results, in which the cavitation in the intake pump was effectively reduced by adopting the floor splitter AVD, and recommended a trapezoidal section for the shape of the floor splitter plate. Norizan et al. [12] also reported simulation results to find an efficient design for the floor splitter plate. Kim et al. [13] tested the performance of the splitter-type and fillet-type AVDs from the numerical simulation results and suggested that the efficient height of the AVD is 20% of the intake pipe’s diameter. Although the AVD presented in Figure 1 is efficient in reducing the sub-surface vortices, these AVDs are not appropriate for reducing the free-surface vortex. Therefore, Claxton et al. [14] suggested modifications to the intake structure—such as vertical curtain walls and horizontal gratings. However, the structure design modifications that are required to apply the method in operating facilities involve a large cost. Thus, the new design of the AVD is necessary in order to mitigate the free-surface vortex.


Figure 1. Designs of the anti-vortex device (AVD) to reduce sub-surface vortices: (a) Floor cone; (b) corner fillet; (c) wall splitter plate; and (d) floor splitter plate.
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In this study, the model experiments were conducted to investigate the performance of the newly designed AVD, which was developed to mitigate the surface vortex. The experiment channel was designed to reproduce the flow characteristics in the sump pump, in which air entrainment occurred by the surface vortex. The flow patterns in the sump were measured using the PIV technique in order to minimize the interferences by the measuring equipment. Using the experimental results, the flow patterns in the sump were compared to the results from the cases both with and without the AVD. Furthermore, the efficiency of the AVD was evaluated by the vorticity magnitude near the water surface.




2. Model Experiments on the Floating Anti-Vortex Device (F-AVD)


2.1. Experimental Set-Up


The model experiments were conducted to investigate the hydraulic properties in the pump station. For the water intake experiments, the laboratory facility was designed—as described in Figure 2—to reproduce the flow patterns in the pump sump. The design of the pump sump was determined by averaging the rainwater pumping stations that operate in Korea. The model scale was designed to be 1/10 of the real facility. The total length of the channel was 3.5 m, of which the 2.0 m approach channel and the 1.0 m length sump were connected with the 0.5 m length slope to mitigate the inflow velocity, and the width of channel was 0.5 m. The intake pipe, with a diameter of 0.17 m, was 0.2 m apart from the backwall and 0.17 m apart from the floor. The intake pipe had the bell mouth shape (as shown in Figure 2c). The water depth (h) in the sump was maintained constant during the experiment. Although the channel was built to minimize the vortices in the sump, the free-surface vortex could occur. Figure 3 indicates the development of air entrainment—which follows the free-surface vortex classifications following the study of Padmanabhan and Hecker [5]—by the surface vortex behind the pipe because of withdrawal water. As indicated in Figure 3, a surface dimple pulled air into the intake pipe, and the air core extended from the water surface to the inside of the intake pipe (Figure 3d). The air entrained into the intake pipe from the surface vortex and the air bubble damaged the components of the intake pump. Thus, the AVD should be installed to mitigate the vortex in the sump.


Figure 2. Conceptual diagram of the laboratory channel: (a) side view; (b) plan view; and (c) shape of the bell mouth.
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Figure 3. Air entrainment by the surface vortex: (a) surface dimple; (b) vortex pulling; (c) vortex pulling air bubbles to the intake pipe; and (d) full air core to the intake pipe.
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In this study, the floating AVD (F-AVD) was developed to mitigate the free-surface vortex. As indicated in Figure 1, the previously suggested AVDs were mainly installed on the bottom or side wall of the sump to decrease the submerged vortex and swirls. However, the previous models may worsen the flow characteristics in the sump by reducing the flow area in the sump (Kim et al. [13]). The F-AVD that is presented in this study aims to decrease the velocity near the water surface and prevent the creation of the surface vortex without changing the geometry of the sump. Thus, the F-AVD is designed to be placed on the water surface, regardless of the water level change, and to reserve a sufficient flow area in the sump. The F-AVD consisted of four legs and a floating body surrounding the intake pipe (as shown in Figure 4). The length of each leg was designed to be the same length as the intake pipe diameter, and the width of each leg was half of the diameter. In this study, the flow characteristics—with and without the adoption of the F-AVD—were compared to investigate the performance of the F-AVD. The performance of the F-AVD was evaluated from the measurements of the velocity and the vorticity behind the intake pipe, which are related to the air entrainment problems.


Figure 4. Shape of the floating anti-vortex device (F-AVD): (a) plan view and (b) side view.
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2.2. Flow Measurement


The flow in the sump was measured using a PIV system for minimizing disturbances caused by using an Acoustic Doppler Velocimetry (ADV). For the PIV system, the continuous laser—which generates a 532 nm green laser—was used to illuminate the particles in water, and the images were captured using a digital camera. The flow patterns were visualized by seeding with 40 μm silver-coated hollow glass spheres. Figure 5 presents the experimental set-up for the aforementioned PIV measurements, in which the laser sheet was formed under the intake pipe. The flow measurements were conducted on x–z and x–y planes for the investigation of the flow characteristics behind and under the pipe (as shown in Figure 6). The velocity fields on x–y plane were measured at z/h = 0.3, 0.7, and 0.9, and the flow on x–z plane was captured at the center of the sump (y/W = 0.5). Figure 7 presents instantaneous images of the flow that was visualized by the PIV system on x–y plane at z/h = 0.7. Large and small vortices at the rear of the intake pipe can be observed in the images. In Figure 7b, however, the vortex behind the pipe is not clearly observed because of the employment of the F-AVD. Table 1 indicates the experimental conditions, in which the flow rate (Q) was adjusted from 0.018 m3/s to 0.026 m3/s, and the magnitude of inflow velocity (U) at the approach channel was within the range of 0.40–0.60 m/s. The water depth (h) in the sump was set to 0.34 m, because the successful generation of the surface vortex in every flow condition was required in order to evaluate the performance of the F-AVD. The Froude number (Fr) in Table 1 was defined as [image: ], where ha, the water depth in the approach channel, was equal to 0.09 m. In these experimental conditions, the flow characteristics—with and without the adoption of the F-AVD—were compared for the mitigation of the vorticity in the sump.


Figure 5. Photos of the experimental set-up for particle image velocimetry (PIV) measurements.
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Figure 6. Descriptions of PIV measurements: (a) x–y plane measurements and (b) x–z plane measurements.
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Figure 7. Instantaneous flow visualization at z/h = 0.7 (flow rate—Q = 0.022 m3/s): (a) without F-AVD and (b) with F-AVD.
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Table 1. Summary of experimental conditions. F-AVD—floating anti-vortex device; Q—flow rate; U—magnitude of inflow velocity; Fr—Froude number; h—water depth; ha—water depth in the approach channel.





	
Case

	
F-AVD

	
Q (m3/s)

	
U (m/s)

	
Fr

	
h (m)

	
ha (m)






	
Q1A0

	
w/o F-AVD

	
0.018

	
0.40

	
0.43

	
0.34

	
0.09




	
Q1A1

	
w/F-AVD




	
Q2A0

	
w/o F-AVD

	
0.022

	
0.49

	
0.52




	
Q2A1

	
w/F-AVD




	
Q3A0

	
w/o F-AVD

	
0.024

	
0.53

	
0.57




	
Q3A1

	
w/F-AVD




	
Q4A0

	
w/o F-AVD

	
0.026

	
0.60

	
0.64




	
Q4A1

	
w/F-AVD










The velocity distributions were calculated using the particle images that are displayed in Figure 7. In this study, the OpenPIV, which is open-source software, was used for the calculation of the velocity distribution [15]. The OpenPIV software calculates the velocity field from the average displacement of the interrogation window between a pair of images. The displacement of the window is determined using the cross-correlation function [16]. Thus, the velocity field is calculated using Equation (1).


[image: ]



(1)




where [image: ] is the velocity vector; [image: ] is the displacement of the interrogation window in pixel; ∆t is a time step between a pair of images; α is the scale factor in m/pixel. Using the OpenPIV software, Figure 8 indicates the velocity distributions of the particle images that are displayed in Figure 7. The calculation results were adequately reproduced for the vortex around the intake pipe (as shown in Figure 7). The instantaneous vector fields, displayed in Figure 8a,c, are inappropriate for analyzing the flow characteristics because of the unstable flow patterns in the sump, which are caused by the wandering of vortices behind the intake pipe. Thus, in this study, the time-averaged velocity fields were used (as shown in Figure 8b,d), of which Figure 8b clearly indicates the clock-wise and counter clock-wise vortex structures in the rear of the intake pipe.


Figure 8. Calculation results of the velocity distributions at z/h = 0.7 (Q = 0.022 m3/s): (a) instantaneous velocity (without F-AVD); (b) time-averaged velocity (without F-AVD); (c) instantaneous velocity (with F-AVD); and (d) time-averaged velocity (with F-AVD).
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3. Results and Discussion


3.1. Velocity Distributions


The flow patterns in the sump are compared in Figure 9, in which the streamlines were plotted on x–y plane. The streamlines at z/h = 0.3, which is under the intake pipe, show that the flow was heading towards the intake pipe. In Case Q3A0, the streamlines were mainly gathered in some area of the pipe, whereas in Case Q3A1, the flow was heading towards the centerline of the intake pipe. At z/h = 0.7, the flow was passing the intake pipe, thus the clock-wise and counter clock-wise vortex structures were formed behind the intake pipe in Case Q3A0. Although the flow was passing the intake pipe, the streamlines in Case Q3A1 show the weakened symmetric vortex structure, because the surface flow patterns were changed by the F-AVD. Near the water surface (z/h = 0.9), the streamlines definitely show different patterns due to the existence of the F-AVD. In Case Q3A0, the streamlines show the anti-symmetric vortex structure due to the creation and destruction of the surface vortex. Thus, the vortex core was wandering from the left bank to the right bank. In contrast, the vortex was not observed in the streamlines of Case Q3A1 because the legs of the F-AVD prevented the formation of swirls on the water surface. The flow patterns on x–z plane, which were measured at the center of the sump, are compared in Figure 10. In both cases, because of the pump suction, the downward flow was dominant at the front of the intake pipe and behind the intake pipe. In Case Q3A0, the flow patterns under the intake pipe show that the streamlines were gathered at a part of the intake pipe, and some streamlines came from the water surface. This lead to air entrainment. In Case Q3A1, the intake pipe uniformly withdrew water through the entire pipe.


Figure 9. Streamlines by depth under the condition of Q = 0.024 m3/s: (a) Case Q3A0 (z/h = 0.3); (b) Case Q3A1 (z/h = 0.3); (c) Case Q3A0 (z/h = 0.7); (d) Case Q3A1 (z/h = 0.7); (e) Case Q3A0 (z/h = 0.9); and (f) Case Q3A1 (z/h = 0.9).
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Figure 10. Streamlines on x–z plane under the condition of Q = 0.024 m3/s: (a) Case Q3A0 and (b) Case Q3A1.
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Figure 11 indicates the y-direction variations of the velocity components on x–y plane (u, v) behind the intake pipe at z/h = 0.9. Each of the velocity components were normalized by the inflow velocity magnitude (U). In case of the velocity distributions in the pump sump without the adoption of the F-AVD, the u and v velocities behind the intake pipe were affected by the vortex, which generally occurs around the circular pier. Thus, the u velocity indicated a reverse flow near the intake pipe, and the v velocity had a near symmetric distribution with respect to the intake pipe. The flow distributions with the F-AVD indicated that the velocity magnitude decreased when compared with the results without the F-AVD. Although some small vortices were observed between the legs of the F-AVD (Figure 9f), a pair of vortices disappeared from the entire section behind the pipe after installing the F-AVD. These results suggest that the vortex region behind the intake pipe was weakened by employing the F-AVD.


Figure 11. Velocity distributions behind the intake pipe at z/h = 0.9: (a) u-velocity (Q = 0.018 m3/s); (b) v-velocity (Q = 0.018 m3/s); (c) u-velocity (Q = 0.022 m3/s); (d) v-velocity (Q = 0.022 m3/s); (e) u-velocity (Q = 0.027 m3/s); and (f) v-velocity (Q = 0.027 m3/s).
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3.2. Vorticity Distributions


The complex flow patterns in the sump that were displayed in the previous chapter are related to the interaction between the pump suction and the vortex behind the circular pipe. Specifically, the vortex near the water surface was clearly observed in the case without the adoption of the F-AVD, and these flow structures may cause air entrainment to occur. Air entrainment is a complex phenomenon. The interaction of the air and water, and both the velocity and vorticity induced by the pump intake, affect the air entrainment mechanism [9]. Thus, in this section, the vorticity distributions on x–y plane were calculated, and the performance of the F-AVD was investigated with respect to the mitigation of the vorticity magnitude. Figure 12 presents the vorticity distributions, in which the z-direction vortex (ωz) was calculated using Equation (2).


[image: ]



(2)






Figure 12. Vorticity distribution comparisons of the cases with and without the F-AVD: (a) Case Q3A0 (z/h = 0.7); (b) Case Q3A1 (z/h = 0.7); (c) Case Q3A0 (z/h = 0.9); and (d) Case Q3A1 (z/h = 0.9).
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Figure 12a,c indicate the vorticity magnitude without the F-AVD. As a result of the creation of a pair of vortices behind the intake pipe, the vorticity at z/h = 0.7 showed a negative value in the region of y/W > 0.5 and a positive value in the region of y/W < 0.5. Furthermore, the results indicate that the vorticity magnitude was further increased near the water surface (z/h = 0.9). On the other hand, in Case Q3A1, the vorticity magnitude decreased when compared with the vorticity magnitude in Case Q3A0. At z/h = 0.9, relatively small vortices were observed at the corner of the sump (as shown in Figure 9a) and thus the vorticity decreased to nearly zero at the rear of the intake pipe.



The y-direction variations of vorticity magnitude at the rear of the intake pipe are compared in Figure 13. In Figure 13, the vorticity magnitude that was obtained near the water surface (z/h = 0.9) was normalized using the inflow velocity and the water depth. The vorticity magnitude tended to decrease near the center of channel (y/W = 0.5) and began to increase around the intake pipe because of the creation of vortices (as shown in Figure 12). The comparison results indicate that the vorticity magnitude decreased when the F-AVD was employed in the intake pipe. However, in Case Q4A1, the vorticity magnitude was not effectively mitigated when compared to the results of Case Q4A0. Figure 14 displays the change of the decrease rate of the vorticity magnitude against the flow rate. By increasing the flow rate, the vorticity magnitude was more efficiently decreased, with the decrease rate changing from 29.5% under the condition of Q = 0.018 m3/s to 52.5% under the condition of Q = 0.018 m3/s. When the flow rate increased to 0.027 m3/s, however, the decrease rate of the vorticity magnitude decreased to 24.8%. These results imply that the efficiency of the F-AVD decreased with the increase of the inflow velocity, which lead to the fully turbulent flows. In the strong turbulent flows, the vortex structure occurred not only on the water surface, but also in the sump. Thus, in the high velocity, it was efficient to use fillet-type or splitter-type AVDs with the F-AVD for the mitigation of the vortex flow.


Figure 13. Comparisons of the vorticity distributions at z/h = 0.9: (a) Q = 0.018 m3/s; (b) Q = 0.022 m3/s; (c) Q = 0.024 m3/s; and (d) Q = 0.027 m3/s.
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Figure 14. Mitigation of the surface vortex using the F-AVD.
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4. Concluding Remarks


In this research, the experimental study was conducted to investigate the performance of the F-AVD. The laboratory experiments were conducted in the 1/10 scaled pump sumps, which were designed according to pump sumps that were actually operating in Korea. In this channel, the F-AVD was installed in the intake pipe to mitigate the vortex region behind the intake pipe and prevent the air entrainment. The F-AVD consisted of four legs and a floating body. The length of each leg was designed to be the same as the diameter of intake pipe, and the width of each leg was half of the diameter. The F-AVD, which is placed on the water surface, was appropriate not only for enhancing the flow characteristics without changing the sump geometry, but also for maintaining the flow area in the sump.



The performance of the F-AVD was evaluated by the vorticity magnitude and the flow patterns behind and under the intake pipe. The experimental results indicated that a pair of vortices appeared behind the intake pipe without the F-AVD. Furthermore, the vorticity magnitude increased near the water surface, and the streamlines on x–z plane formed from the water surface to the intake mouth, which caused the air entrainment. By adopting the F-AVD, the eddies behind the circular pipe were mitigated near the water surface. The vorticity magnitude decreased from 24.8–52.5% behind the intake pipe and the velocity magnitude was also reduced when compared to the case without the installation of the F-AVD. Thus, the intake pipe efficiently withdrew the water without the air entrainment. However, in case of a flow rate increase, the efficiency of the F-AVD had decreased because of the strong vortex, which was induced by the horseshoe vortex behind the circular pipe in the sump. These results indicated that the additional AVD, such as the fillet-type or the splitter-type—which can reduce the vortex from the channel bottom and the back wall—is necessary in order to mitigate both the surface vortex and the vortex in the sump.
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