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To improve the efficiency of low-head pump device in the large-discharge and low-head domain, the hydraulic characteristics of vertical axial flow pump devices with different guide vane inlet angles were studied using computational fluid dynamics (CFD) and model test methods. The [image: image] and [image: image] curves of the pump device were obtained for different impeller blade angles when the inlet angle adjustments of the guide vane were 0° and −12°. The resulting hydraulic performance was compared and analyzed. The results showed that the pump device efficiency under low-head and large-discharge conditions was improved when the guide vane inlet angle was rotated in the clockwise direction. The reason for the increased pump device efficiency was analyzed using CFD. When the guide vane inlet angle adjustments were 0° and −12° under low-head working conditions, the vortex in the guide vane was eliminated, the hydraulic loss of the guide vane decreased, and the energy performance of the pump improved. When the operational conditions of the pump device deviate from its high-efficiency zone due to limitations in the pump model or the motor itself, the application of these results could improve its hydraulic performance, which is of great significance to the design and application of low-head pump devices.
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INTRODUCTION
Low-head pumping stations are widely used in fields such as water resource allocation, agriculture irrigation and drainage, urban drainage, and water environment improvement plans. The design heads of many of these pumping stations can be very low—that is, approximately 1.0 m (Qi et al., 2017; Yu et al., 2018). Affected by the pump model and motor, the pump devices used in these pumping stations often operate in low-head and large-discharge areas, which deviate from high-efficiency areas, resulting in the operational efficiency of the pumping stations being low (Wu et al., 2016).
The vertical axial flow pump device is arranged in the vertical direction, having the advantages of a simple structure, excellent heat dissipation, convenient installation and maintenance, and mature design and manufacture (Liu et al., 2008; Zhang et al., 2011); it is also widely applied in low-head pumping stations. It consists of an inlet conduit, impeller, guide vane, and outlet conduit, the hydraulic characteristics of the pump device being determined by these four components and their mutual matching. For example, the guide vane is used to recycle the kinetic energy of the water flow, its hydraulic design impacting the hydraulic performance of the pump and pump device. With a guide vane installed in the pump, water flow from the impeller outlet with tangential velocity is partly eliminated, and the water flow energy is converted into pressure energy, the recyclable rotation kinetic energy of the flow using the guide vane accounting for 10–15.7% of the total energy of the impeller outlet (Tang and Wang, 2006; Li et al., 2009). Compared to an axial flow pump with no guide vane, the efficiency can be improved by 5% when a guide vane is installed in the pump (Hu et al., 2008). The design of the guide vane clearly influences the position of the high-efficiency area for the pump (Zhou and Xu, 2007). Previous studies have shown that the pump device efficiency and discharge with the guide vane were higher than those for a pump device with no guide vane under design working conditions (Feng et al., 2012). To improve the efficiency of the axial flow pump, the influence of the guide vane angle adjustments on the hydraulic performance of the axial flow pump has been studied; the results have shown that the water head and efficiency of the axial flow pump increase when the guide vane is adjusted from the off-design condition, the pump efficiency improving by a maximum of 2.16%, and the stable operating range broadening (Qian et al., 2010; Qian et al., 2013).
The vertical axial flow pump device used in extra-low-head pumping stations usually works in a large-discharge area deviating from the high-efficiency area of the pump device, with the inlet angle of the guide vane not matching the direction of water flow at the impeller outlet. Consequently, the pump device efficiency can be improved by adjusting the inlet angle of the guide vane. Another function of the guide vane is that it can be used to fix the guide bearing in its wheel hub so that only the inlet angle of the guide vane can be adjusted.
Computational fluid dynamics (CFD) has been widely used in studies of the axial flow pump (Kan et al., 2021a; Al-Obaidi, 2021), submersible pump (Patil et al., 2019; Wang et al., 2021), centrifugal pump (Gonzalez and Santolaria, 2006; Wang et al., 2020a), the intake of pumping stations (Zhou et al., 2021) and the pump device (Kan et al., 2017), and other aspects (Wang et al., 2020b; Tang et al., 2021; Zawistowski and Kleiber, 2021; Zhang et al., 2021; Zhu et al., 2021), providing a convenient and effective method for their design and performance optimization. This study focuses on the vertical axial flow pump device and examines the influence of adjusting the guide vane inlet angle on energy performance of the pump device using three-dimensional turbulence flow numerical simulations. The results of the study are verified using a pump device model test.
PUMP DEVICE AND METHODS
Parameters of Axial Flow Pump Device
Based on the parameters of a low-head pumping station, the influence of the guide vane inlet angle adjustment on energy performance of a vertical axial flow pump device was investigated. The parameters of the pumping station were as follows: the design head, maximum head, and minimum head were 1.08, 1.5, and 0.11 m respectively; the design discharge of one pump was 6.67 m3/s; the TJ04-ZL-07 pump model, used in the pump test in the same test-bed as for the South-to-North Water Diversion Project, was chosen (Liu et al., 2006); the prototype pump impeller diameter ([image: image]) and prototype pump rotation speed ([image: image]) were 1,460 mm and 247 r/min, respectively, based on the principle that the prototype (nD) and the model (nD) were equal, the model pump impeller diameter ([image: image]) and model pump rotation speed ([image: image]) being 300 mm and 1,200 r/min, respectively. The performance curve of the pump selection for this pumping station is shown in Figure 1. It can be seen that the design operating point is in the large-discharge and low-head area and that the pump efficiency is low.
[image: Figure 1]FIGURE 1 | Comprehensive performance curve of the pump selection.
The elbow inlet and siphon outlet conduits were adopted in the pumping station, a drawing of the vertical axial flow pump device model being shown in Figure 2.
[image: Figure 2]FIGURE 2 | Drawing of the vertical axial-flow pump device. (A) Elevation, (B) Plan.
Adjustment Scheme of Guide Vane Inlet Angle
In the vertical axial flow pump device, the guide vane inlet continues the water flow from the impeller; thus, the inlet shape line design needs to meet the requirement that the stream flows into the guide vane smoothly. The stream then flows into the outlet conduit from the guide vane. Therefore, the outlet shape line design needs to meet the requirement that it efficiently adjusts the flow direction. From a structural design point of view, a guide bearing is installed in the guide vane wheel hub. Thus, the guide vane needs to meet the requirement of securing the guide bearing block.
Based on the guide vane hydraulic design and structure requirements, the guide vane can be divided into three sections—that is, the inlet, middle, and outlet sections, as shown in Figure 3, where [image: image] is the total height of the guide vane and [image: image] is the inlet height of the guide vane. In this study, the middle and outlet sections were fixed, and only the angle of the inlet section could be adjusted. When the total height of guide vane ([image: image]) is a constant value, when the inlet height of the guide vane ([image: image]) is higher, the fixed length of the guide vane is reduced, adversely impacting the function of the fixed guide bearing block. Moreover, when [image: image] is lower, the influence of the guide vane adjustment on the hydraulic performance of the pump is adversely impacted. Consequently, [image: image] was taken to be 0.25⋅[image: image].
[image: Figure 3]FIGURE 3 | Schematic of guide vane subsection.
For an axial flow pump, the guide vane inlet angle ([image: image]) can be determined based on the design condition, the guide vane inlet angle being consistent with the direction of the flow absolute velocity at the impeller outlet based on the design discharge condition (Figure 4A), the stream flowing into the guide vane smoothly. When the pump operates in an off-design condition, the inlet angle does not match the flow direction (Figures 4B,C), flow impact and separation being generated in the guide vane, increasing the hydraulic loss and reducing efficiency. In Figure 4, [image: image], [image: image], [image: image] are the absolute velocity of the flow at impeller outlet under the design condition, smaller discharge condition, and larger discharge condition, respectively; [image: image], [image: image], [image: image] are the relative velocity of the flow at impeller outlet under the design condition, smaller discharge condition, and larger discharge condition, respectively; [image: image] is the transport velocity; [image: image], [image: image], [image: image] are the angle between absolute velocity and transport velocity under the design condition, smaller discharge condition, and larger discharge condition, respectively.
[image: Figure 4]FIGURE 4 | Matching relationships between the guide vane inlet angle and the impeller outlet flow direction. (A) Design discharge condition ([image: image]), (B) Smaller discharge condition ([image: image]), (C) Larger discharge condition ([image: image]).
The guide vane inlet angle ([image: image]) can be determined based on the design working conditions. For ease of expression, the inlet angle adjustment ([image: image]) can be taken to be 0° when the guide vane inlet angle is [image: image], as shown in Figure 5A. To improve the efficiency under the larger discharge condition, based on the flow direction at the impeller outlet, the guide vane inlet angle should be rotated clockwise based on [image: image], as shown in Figure 5B so that the stream can flow smoothly into the guide vane. For the vertical axial flow pump of the pumping station, the inlet angle adjustment ([image: image]) can be taken to be −12°.
[image: Figure 5]FIGURE 5 | Rotation direction for adjusting guide vane inlet angle (A) Inlet angle of guide vane ([image: image] = 0), (B) Clockwise rotation ([image: image] <0).
Numerical Simulation Method
Governing Equations and Turbulence Model
The Reynolds-averaged Navier-Stokes equations can be applied to solve the flow field in a vertical axial flow pump device, as follows:
[image: image]
[image: image]
where [image: image] is the density, [image: image] is time, [image: image] and [image: image] are the mean velocity components, [image: image] is the mean pressure, [image: image] and [image: image] are coordinate directions, [image: image] is the dynamic viscosity, [image: image] is the body force component, [image: image] is the Reynolds stress, and [image: image] and [image: image] are fluctuating velocity components, respectively.
There are many turbulence models for fluid flow simulations (Li et al., 2020; Kan et al., 2021b; Han et al., 2021). The Renormalization Group (RNG) [image: image] turbulence model was chosen to solve the flow in the pump device, because this model is suitable for solving rotating, separated, and vortex flows (Jafarzadeh et al., 2011; Qiao et al., 2018; Jiao et al., 2019; Caruso amd Meskell, 2021). The [image: image] and [image: image] equations of the RNG [image: image] turbulence model can be expressed as follows:
[image: image]
[image: image]
where [image: image] is the turbulence kinetic energy production term, [image: image] is an empirical constant, [image: image] is an empirical constant, [image: image] is the corresponding Prandtl number for the turbulence kinetic energy [image: image], and [image: image] is the corresponding Prandtl number for the turbulence kinetic energy dissipation rate [image: image].
Computational Domain and Mesh Generation
The computational domain of the three-dimensional turbulence flow simulations for the pump device comprises the forebay, inlet conduit, impeller, guide vane, outlet conduit, and outlet sump. The bodies of the inlet conduit, impeller, guide vane, and outlet conduit and the fluid flow within them are complex; thus, an unstructured mesh was adopted. The bodies and fluid flow of the forebay and outlet sump are, however, simple; therefore, a structured mesh was adopted. To obtain the most economical grid number, the grid independence was checked. Figure 6 shows the relationship between the pump device efficiency and grid number under the conditions of a blade angle of 0°, guide vane inlet angle adjustment of 0°, and discharge of 245 L/s. When the gird number exceeds approximately 3,240,000, the pump efficiency changes slightly. Consequently, the number of mesh cells for the vertical axial flow pump device was chosen to be 3,240,000, the grid numbers of each component being listed in Table 1. The value of y + affects the calculation accuracy: in this calculation the y + value of the impeller wall was 14.8. The computational domains and mesh generations for them are shown in Figure 7.
[image: Figure 6]FIGURE 6 | Relationship curve of pump device efficiency and grid number.
TABLE 1 | Grid number of each component of the computational domain of the pump device.
[image: Table 1][image: Figure 7]FIGURE 7 | Computational domains and mesh generations of vertical axial flow pump device. (A) Pump device, (B) Impeller, (C) Guide vane.
Boundary Conditions and Numerical Settings
The inlet boundary was set in the forebay, the velocity being uniformly distributed on the inlet boundary, and the flow direction being perpendicular to it. Because the discharge was known, the velocity inlet boundary condition was adopted. The outlet boundary was set at the outlet sump, far from the outlet section of the outlet conduit. The flow direction was perpendicular to the outlet boundary, the flow being fully developed there so that the outflow boundary condition could be adopted there. The bottom of the forebay and outlet sump, the side walls of the conduit, the surface of the guide vane, and the surface of the impeller blade were solid walls, the impeller blade surfaces being set as a rotation wall. The surfaces of the forebay and outlet sump were free water surfaces, the symmetry boundary being specified on the water surface.
In the numerical simulations, the SIMPLEC algorithm was used to solve the pressure-velocity coupling equations, the first-order upwind differencing scheme was used to solve the governing equations, [image: image] and [image: image] , and the convergence precision was set to 1 × 10–7.
The numerical simulation conditions were as follows: the model pump impeller diameter ([image: image]) and rotation speed ([image: image]) were 300 mm and 1,200 r/min, respectively; the impeller blade angles ([image: image]) were −4°, −2°, and 0°; and the guide vane inlet angle adjustments ([image: image]) were 0° and −12°. Figure 8 shows a perspective view of the vertical axial flow pump with two guide vane inlet angle adjustments.
[image: Figure 8]FIGURE 8 | Perspective view of the model vertical axial flow pump device. (A) Pump Device, (B) Pump Segment ([image: image] = 0°), (C) Pump Segment ([image: image] = −12°)
Model Test Method
The model vertical axial flow pump device included all flow conduits, the model inlet and outlet conduits being made of steel plates. An image of the model vertical axial flow pump device installed on the pumping station test bench at Yangzhou University is shown in Figure 9. The uncertainty of the pump device efficiency test in this experimental study was ±0.36%, the main test instruments of the test bench being listed in Table 2. Consistent with the numerical calculations, the energy performance test of the pump devices with inlet angle adjustments ([image: image]) of 0° and −12° was conducted under 3 impeller blade angles ([image: image]) of −4°, −2°, and 0°, respectively. The head, torque, and rotation speed of the pump device are measured at different flow discharges under each impeller blade angle and inlet angle adjustment of guide vane, and the pump device efficiency is calculated according to the test results. The flow discharge change is regulated by valve.
[image: Figure 9]FIGURE 9 | Image of vertical axial flow pump device model.
TABLE 2 | Main test instruments of test bench.
[image: Table 2]The impeller blade angle was changed by adjusting the blade angle, while the guide vane inlet angle was changed by using two model guide vanes. The guide vane with an inlet angle adjustment ([image: image]) of 0° was the original guide vane of the TJ04-ZL-07 pump model, as shown in Figure 10A. The guide vane with an inlet angle adjustment ([image: image]) of −12° was constructed, as shown in Figure 10B. The model guide vane was divided into two parts—that is, the guide vane shell and the guide vane itself, the guide vane shell being shown in Figure 11A. The two model guide vanes had the same shell; thus, the energy performance of the pump device with two guide vane inlet angles could be tested and compared simply by replacing the guide vane. The assembly of the guide vane and guide vane shell is shown in Figure 11B.
[image: Figure 10]FIGURE 10 | Images of model guide vanes with inlet angle adjustments [image: image] of 0° and −12°, respectively. (A) [image: image] = 0°, (B) [image: image] = −12°.
[image: Figure 11]FIGURE 11 | Images of the model guide vane assembly. (A) Guide vane shell, (B) Assembled guide vane.
RESULTS AND ANALYSIS
Numerical Simulation Results and Analysis
Under the conditions of the impeller blade angles ([image: image]) of −4°, −2°, and 0°, respectively, three-dimensional turbulence flow in the vertical axial flow pump device was calculated when the inlet angle adjustments of the guide vane ([image: image]) were 0° and −12°, respectively. Based on the calculation results, the [image: image] and [image: image] relationship curves of the vertical axial flow pump device are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Numerical calculation results of [image: image] and [image: image] relationship curves of the axial flow pump device with [image: image] of 0° and −12°, respectively. (A) [image: image] = −4°, (B) [image: image] = −2°, (C) [image: image] = 0°.
From Figure 10, it can be seen that there is an intersection point (O) between the two [image: image] curves with inlet angle adjustments ([image: image]) of 0° and −12°, respectively. On the left side of point O, the pump device efficiency ([image: image]) at an inlet angle adjustment ([image: image]) of 0° is higher than that at an inlet angle adjustment ([image: image]) of −12°; on the right side of point O, the pump device efficiency ([image: image]) at an inlet angle adjustment ([image: image]) of 0° is lower than that at an inlet angle adjustment ([image: image]) of −12°. That is, the farther away from point O one gets, the larger the difference between the efficiency of the two pump devices. Compared with the pump device with an inlet angle adjustment ([image: image]) of 0°, the optimal efficiency of the pump device with an inlet angle adjustment ([image: image]) of −12° is reduced by approximately 2%.
To analyze the influence of the guide vane inlet angle adjustment, based on the composition of the pump, the relationship between the pump device efficiency ([image: image]), impeller efficiency ([image: image]), vane efficiency ([image: image]), and conduit efficiency ([image: image]) can be expressed as follows:
[image: image]
where [image: image] is the pump device efficiency, [image: image] is the acceleration of gravity, [image: image] is the discharge, [image: image] is the pump head, [image: image] is the pump shaft power, [image: image] is the pump segment efficiency, [image: image] is the impeller efficiency, and [image: image] is the impeller head.
The pump segment efficiency ([image: image]), impeller efficiency ([image: image]), guide vane efficiency ([image: image]), and conduit efficiency ([image: image]) can be expressed as follows:
[image: image]
[image: image]
[image: image]
[image: image]
where [image: image] is the pump segment head, [image: image] is the impeller head, [image: image] is the guide vane hydraulic loss, and [image: image] is the conduit hydraulic loss.
The three-dimensional turbulence flow in the pump device with a guide vane inlet angle adjustment ([image: image]) of 0° and −12° were simulated when the impeller blade angle ([image: image]) was 0° and the discharge ([image: image]) was 0.33 m3/s, the flow fields of the two pumps being shown in Figure 13. It can be seen that the flow fields in the conduits of the pump device are the same when the inlet angles of the guide vane differ, the flow velocity of the water in the inlet conduit gradually increases, the flow decreases smoothly and evenly, and the water flow in the outlet conduit diffuses smoothly without poor flow patterns. Based on the calculated hydraulic loss of each part, the relationships between [image: image] and [image: image], [image: image], and [image: image] were analyzed, and the influence of [image: image] on the vertical axial flow pump device efficiency was examined. The main energy performance parameters of the pump device with inlet angle adjustments ([image: image]) of 0° and −12° under the chosen working conditions are listed in Table 3.
[image: Figure 13]FIGURE 13 | Pump device flow fields with [image: image] of 0° and −12°, respectively. (A) [image: image] = 0°, (B) [image: image] = −12°.
TABLE 3 | Comparison of energy performance parameters of pump devices with [image: image] of 0° and −12°.
[image: Table 3]It can be seen that when [image: image] is adjusted from 0° to −12° for the vertical axial flow pump device, the impeller heads ([image: image]) and impeller efficiencies ([image: image]) are the same, the conduit hydraulic losses ([image: image]) change a little, and the conduit flow fields remain the same. However, the guide vane hydraulic loss ([image: image]) decreases from 0.211 to 0.138 m; thus, the guide vane efficiency ([image: image]) increases from 87.0 to 91.6%, the pump segment efficiency ([image: image]) increases from 67.1 to 70.8%, and the pump device efficiency increases from 38.5 to 42.6%.
Under the conditions of an impeller angle of 0° and a discharge of 0.33 m3/s, the flow fields of the outer, middle, and inner rings of the guide vane when [image: image] is 0° are shown in Figure 14A, the flow fields when [image: image] is −12° being shown in Figure 14B. It can be seen that when [image: image] is 0°, the direction of water flow entering the guide vane does not match the guide vane inlet angle; therefore, the separation flow and vortex are at the front of the guide vane, as shown in Figure 14A. Conversely, when [image: image] is −12°, the direction of water flow entering the guide vane matches the guide vane inlet angle. Thus, there is no vortex in the guide vane, as shown in Figure 14B, and the guide vane hydraulic loss decreases.
[image: Figure 14]FIGURE 14 | Guide vane flow fields with [image: image] of 0° and −12°, respectively. (A) [image: image] = 0°, (B) [image: image] = −12°.
Model Test Results and Analysis
A model test for the vertical axial flow pump device was conducted to verify the numerical computational results. Based on the test results, the [image: image] and [image: image] curves of the model pump device with inlet angle adjustments ([image: image]) of 0° and −12°, respectively, under different impeller blade angles are shown in Figure 15. The energy performance parameters of the main working conditions for the model vertical axial flow pump device with [image: image] of 0° and −12° are listed in Table 4.
[image: Figure 15]FIGURE 15 | Model test results of [image: image] and [image: image] relationship curves of the axial flow pump device with [image: image] of 0° and −12°, respectively. (A) [image: image] = −4°, (B) [image: image] = −2°, (C) [image: image] = 0°.
TABLE 4 | Comparison of performance parameters at main operating points of the pump devices.
[image: Table 4]From the pump device model test results, it can be concluded that
1) There is an intersection point O between the two [image: image] curves of the pump device with two inlet angle adjustments of 0° and −12°. The discharge and pump device efficiency are 258.6 L/s and 67.5%, respectively, when the impeller blade angle is −4°, the discharge and pump device efficiency are 278.7 L/s and 67.1%, respectively, when the impeller blade angle is −2°, and the flow discharge and pump device efficiency are 301.9 L/s and 65.3%, respectively, when the impeller blade angle ([image: image]) is 0°.
2) When [image: image] is adjusted from 0° to −12°, the pump device efficiency is reduced. For the pump impeller blade angles of −4°, −2°, and 0°, the pump device efficiency decreases by 1.4, 1.1, and 2.5%, respectively.
3) When [image: image] is adjusted from 0° to −12°, in the large-discharge area—which is on the right-hand side of point O—the pump device efficiency with a [image: image] of −12° is higher than with a [image: image] of 0°. Consequently, the lower the head and the greater the discharge, the greater the difference in pump efficiency.
A comparison between the numerical simulation and model test results of the pump device energy performance with an impeller blade angle ([image: image]) of 0° is shown in Figure 16. The maximum difference in the pump device efficiency (between numerical simulation and model test results) is approximately 3%, the maximum difference of the pump device head being approximately 0.2 m. In short, the numerical calculations are consistent with the model test results.
[image: Figure 16]FIGURE 16 | Comparison of model test and numerical calculation results of energy performance of the pump device with [image: image] of 0°. (A) [image: image] = 0°, (B) [image: image] = −12°.
CONCLUSION

1) The guide vane inlet angle had a significant impact on the energy performance of vertical axial flow pump device. When the guide vane inlet angle was adjusted in a clockwise direction, the pump device efficiency was reduced at the pump device optimal operating point, but its efficiency improved in low-head and large-discharge areas.
2) When the guide vane inlet angle did not match the direction of flow from the impeller outlet in the axial flow pump device, flow separation and a vortex were generated in the guide vane. By adjusting the guide vane inlet angle, the flow field could be significantly improved, the hydraulic loss of guide vane decreasing, and the energy performance of the axial flow pump device improving.
3) When the operating conditions of the low-head pump device are frequently in the large-discharge and low-head areas that deviate from the high-efficiency area due to limitations of the pump model or motor itself, these research results could be used to improve the energy performance of pump device in the low-head area.
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