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The efficiency of the pump device is an important parameter to judge the overall dynamic performance of the pumping station. The commonly used method at home and abroad is to carry out model tests of the pump device. The performance parameters of the prototype pump and pump device are obtained by the similarity conversion formula. However, at present, there are not many device model tests for large vertical submersible pumps. Taking a large vertical submersible mixed-flow pumping station in China as an example, research predicted the performance of the pump device through a model test and a submersible pump prototype test. The results show that the model test of the large vertical submersible mixed-flow pump device has a maximum efficiency of approximately 77.8%, and the prototype test conversion device has a maximum efficiency of approximately 80.33%. The device model test and the pump factory prototype test results are compared. It is found that the performance parameters of the pump measured by the prototype test are in good agreement with the device model test under the design conditions, and there is a certain error when the deviation from the design conditions is significant. The device model test and the factory test of the pump are indispensable in the large-scale road of submersible pumps, and a large number of tests are needed to sum up the experience.
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1 INTRODUCTION
A pump is a common type of fluid machinery used in various river basins for socio-economic development (Xu et al., 2022). Pumping stations are an important component of cross-basin water transfer projects, and pumps are the core component of pumping stations (Zhang H. et al., 2023; Jiao et al., 2023). The performance of the pumps directly determines the performance of the pumping stations, and how to evaluate the performance of pumps and pumping stations has always been an important research topic for experts and scholars. At present, the effectiveness evaluation of pumps and pumping stations is mainly based on two methods: computational fluid dynamics (CFD) numerical simulation and experiments (Peng et al., 2021; Han et al., 2022). Compared to numerical simulation, testing the effectiveness of pumps and pumping stations through experiments is more realistic and accurate. Therefore, it is currently more common to use experimental methods to determine the effectiveness of pumps and pumping stations (Xi et al., 2022; Zhang B. et al., 2023).
The vertical submersible pump is an integral pump unit. It has the characteristics of a compact pump unit structure, simple civil structure, convenient installation, and low operation noise (Guan, 2019). At present, there are few studies on high-power vertical submersible pumps. With the deepening of research on submersible motors and the gradual improvement of manufacturing level, the power, flow, and head of submersible pumps in water conservancy projects tend to be large-scale. The efficiency of the pump device (Lu et al., 2012; Li, 2022) is an important parameter to judge the overall dynamic performance of the pumping station. The pump device is composed of three parts: the inlet passage, the pump section, and the outlet passage (Liu, 2003). For drainage pumping stations or pumping stations with small pump sizes, some engineering construction personnel believe that efficiency is not an important consideration index, and in the actual unit operation process, efficiency and water flow stability are closely related (Chen, 2021). The flow of the whole flow channel of the large and medium-sized water pump device is complex, and its efficiency cannot be accurately determined by theory and design calculation (Liu and Li, 1993; Ge et al., 2006). However, there were difficulties and operational risks in establishing a test system in the pumping station to test the energy, cavitation, and hydraulic characteristics of the inlet and outlet channels of the prototype pump, and the test cost was high (Yuan, 2018). The method commonly used at home and abroad was to carry out the model test of the pump device, and the performance parameters of the prototype pump and the pump device were obtained by the similarity conversion formula (Zuo, 1984; Ge, 2006; Qin and Xu, 2022). Domestic scholars have carried out many studies (Xie et al., 2018; Zhu et al., 2019; Zhang and Tang, 2022) on the model test of vertical axial-flow pumps, vertical mixed-flow pumps, inclined shaft pumps, shaft tubular pumps, submersible tubular pumps, and other pump devices, and the pump device with excellent efficiency was beneficial to provide a reference for practical engineering (Yang et al., 2012; Zhang et al., 2022). The structural characteristics of the vertical submersible pump are suitable for the performance test of the pump. Still, the test of the inlet and outlet channels cannot be carried out (Xia et al., 2018; Lu et al., 2020).
At present, there are not many device model tests for vertical submersible pumps. For this reason, Chen (2022) conducted research on the hydraulic model and model test of large vertical submersible pumps and compared the differences and reasons between CFD calculation and device model test results. For the large-scale development of submersible pumps, Chen proposed a standardized vertical submersible pump section model test idea. On this basis, the device model test and pump prototype test results of the vertical submersible pump were further compared and analyzed in this paper, laying a good foundation and accumulated experience for the development of a large-scale vertical submersible pump. There is no series of hydraulic models for vertical submersible axial-flow pumps and submersible mixed-flow pumps in domestic research studies. The guide vane of the large vertical submersible pump must match the unit structure. The innovative aspect of this study is the proposal that its performance must be comprehensively predicted by the pump device model test and the pump factory prototype test.
2 RESEARCH OBJECT
The designed flow rate of a large vertical submersible pumping station is 66 m³/s, with six vertical submersible mixed-flow pump units. The flow rate of the single pump is 11.00 m³/s, the net head is 2.7–9.5 m, the diameter of the impeller is 1,870 mm, the pump rotating speed is 210 r/min, and the motor power is 1,250 kW. As shown in Figure 1, the structural characteristics of large vertical submersible pumps are significantly different from those of conventional vertical pumps. The volume of the submersible pump motor with direct drive or the size of the planetary gearbox with deceleration drive is larger than the inner cylinder of the guide vane of the conventional pump section hydraulic model. Therefore, under the constraints of selecting the target impeller and the given control size, the guide vane was re-matched to match the structure of the guide vane with the structure of the submersible pump. As shown in Figure 2, the pumping station adopts an elbow-shaped inlet conduit, and the pump is connected to a rectangular outlet conduit after the volute outlet.
[image: Figure 1]FIGURE 1 | Structure of the vertical submersible pump.
[image: Figure 2]FIGURE 2 | Water pump device diagram.
3 MODEL TEST OF THE VERTICAL SUBMERSIBLE PUMP DEVICE
3.1 The main test content
The pump device model test was carried out on the hydraulic test bench of Hohai University. Through this model test, the energy characteristics, cavitation characteristics, runaway characteristics, and pressure pulsation characteristics of the large-scale submersible mixed-flow pump device were mastered. The energy test measured the device’s performance with different blade placement angles and determined the relationship between the pump head, shaft power, efficiency, and flow rate. The critical cavitation margin corresponding to each different operating condition was measured by the cavitation test, and the cavitation curve was given. The runaway characteristic test measured the model pump’s runaway speed as the turbine’s working condition reversal. The pressure pulsation test measured the pressure pulsation values of different blade placement angles at the measuring point. The purpose of the model test is to ensure that the pump device can reach the design flow under the design head condition and that the unit can operate safely, stably, and efficiently in the whole operation interval. Meanwhile, the pump would not have harmful cavitation, and the runaway speed of the unit was within the safe range under the fault condition.
3.2 Prototype pump parameter conversion
According to the similarity theory, the model test results were converted into the parameters of the prototype pump. The test was for the actual engineering application service. It was not revised because the efficiency was equal under similar working conditions.
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In the formula,
[image: image]—prototype pump device efficiency (%);
[image: image]—prototype pump efficiency (%);
[image: image]—prototype electric pump efficiency (%);
[image: image]—model pump device efficiency (%);
[image: image]—conduit efficiency (%);
hf —hydraulic loss of the conduit(m);
D—prototype pump impeller diameter (mm);
[image: image]—model pump impeller diameter (mm);
H—prototype pump device head(m);
HP—prototype pump head(m);
HM—model pump device head(m);
n—prototype pump rotating speed (r/min);
[image: image]—model pump rotating speed (r/min);
Q—prototype pump flow rate (m3/s);
QM—model pump flow rate (m3/s);
Pt—prototype pump shaft power (kW);
P1—input power of the prototype pump motor (kW);
PM—model pump shaft power (kW);
[image: image]—specific discharge (m1/2/s);
M—prototype pump torque (Nm);
[image: image]—model pump torque (Nm);
U—voltage (V);
I—current (A).
3.3 Energy characteristic test results and analysis
The pump device model’s characteristic head energy performance curve is shown in Figure 3, and the test data are shown in Table 1.
[image: Figure 3]FIGURE 3 | Model test conversion of the pump device performance curve for the prototype pump.
TABLE 1 | Test model and prototype device characteristic head energy test data.
[image: Table 1]The energy test of the pump device model at five blade angles was carried out respectively. It can be seen from Table 1 that the maximum device efficiency of the model is 77.79%, the corresponding blade placement angle is −4°, the corresponding device head is 6.11 m, the model flow rate is 277.44 L/s, and the converted prototype flow rate is 9.48 m³/s. Under the design head of 6.90 m, the prototype flow meets the design flow of 11.08 m³/s, and the blade placement angles are 0°, +2°, and +4°. When the blade angle is 0°, the maximum shaft power of the highest head is 1,017 kW, the highest efficiency of the pump device is approximately 76.72%, the corresponding flow rate is 11.91 m³/s, and the device head is approximately 6.22 m.
4 VERTICAL SUBMERSIBLE PUMP FACTORY PROTOTYPE TEST
4.1 The main test content
The hydraulic performance test of the product before leaving the factory was carried out on the prototype test platform of the large submersible electric pump in the pump factory. The hydraulic performance parameters were measured by the reliability test (including head-flow rate curve, input power-flow rate curve, and pump efficiency-flow rate curve). The electromagnetic test device carried out air tightness, temperature rise, current, no-load, and load full performance tests on the submersible motor and drew the performance curve.
4.2 Test performance of the prototype test
The data on the hydraulic characteristics of the pump are shown in Figure 4 and Table 2. The placement angle of the pump blade is the same as the 0° angle of the device model test. The maximum efficiency of the submersible pump is 86.99%, the corresponding pump head is 7.98 m, the flow rate is 11.59 m³/s, the active power of the motor is 1,042 kW, the load rate is 83%, and the efficiency of the unit (including the motor) is 80.78%. As the head decreases, the flow rate gradually increases, and the shaft power decreases.
[image: Figure 4]FIGURE 4 | Hydraulic performance curve of the pump factory prototype test.
TABLE 2 | Hydraulic performance data on the pump factory prototype test.
[image: Table 2]5 COMPARATIVE ANALYSIS OF THE DEVICE MODEL TEST AND FACTORY PROTOTYPE TEST
5.1 The difference of the test systems
5.1.1 Device model test bench
5.1.1.1 Composition of the model test bench
The pump device model test bench is a vertical, closed circulation system with a total capacity of 50 m3. The main equipment is composed of the tail water tank, pressure water tank, electromagnetic flowmeter, water supply pump (or auxiliary pump), electric gate valve, manual butterfly valve, and Φ500 pipeline. The pump device model includes an inlet flow channel, a guide vane, an impeller section, and an outlet flow channel. The impeller diameter of the model pump is 320 mm, and the flow channel size of the model pump is completely similar to that of the prototype pump. The flow measurement method is the pipeline electromagnetic flowmeter measurement. The main parameters of the test include pump head H, flow rate Q, torque M, and rotating speed n. The cross section of the circulating pipeline system of the test bench is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Model test bench and test bench circulation pipeline system.
5.1.1.2 Uncertainty analysis of the model test bench
The experimental uncertainty is divided into two parts: systematic uncertainty and random uncertainty.
5.1.1.2.1 System uncertainty ([image: image]). System uncertainty refers to the uncertainty that follows a certain deterministic law without compensation, and it mainly depends on the uncertainty of the measuring instrument.
The system uncertainty of efficiency in the model experiments can be calculated using the following equation:
[image: image]
where [image: image] is the system uncertainty of efficiency in model experiments, %; [image: image] is the system uncertainty in flow measurement, %; [image: image] is the system uncertainty in head measurement, %; [image: image] is the system uncertainty in speed measurement, %; and [image: image] is the system uncertainty in torque measurement, %.
According to the experimental equipment, the system uncertainty of the test bench is as follows:
System uncertainty in flow measurement: [image: image] = [image: image] 0.2%; system uncertainty in head measurement: [image: image] = [image: image] 0.1%; system uncertainty in speed measurement: [image: image] = [image: image] 0.1%; system uncertainty in torque measurement: [image: image] = [image: image] 0.1%.
The system uncertainty of the efficiency measurement in model experiments can be obtained from Equation 9: [image: image] = 0.265%.
5.1.1.2.2 Random uncertainty ([image: image]). Random uncertainty is an uncertainty that follows statistical laws and has compensatory properties. Probability and statistical methods are commonly used to handle it, and the uncertainty follows a t-distribution. Its standard deviation is calculated by the following equation:
[image: image]
where [image: image] is the standard deviation, [image: image] is each of the measurement value, [image: image] is the arithmetic mean of the measured values, and [image: image] is the measurement frequency, which is taken as 9.
At the designed head of 6.64 m, when the blade placement angle is 0°, the pump device continuously collects and reads nine repeated test data, as shown in Table 3 below.
TABLE 3 | Data for nine repeated trials.
[image: Table 3]The random uncertainty is represented by relative uncertainty ([image: image]), and its value is calculated using the following equation:
[image: image]
where [image: image] is the relative uncertainty, %.
tn−1 is the confidence coefficient, generally using a 95% confidence probability, can be calculated by looking up a table.
The random uncertainty of efficiency is expressed as follows:
[image: image]
where [image: image] is the random uncertainty of efficiency in model experiments, %; [image: image] is the random uncertainty in flow measurement, %; [image: image] is the random uncertainty in head measurement, %; [image: image] is the random uncertainty in speed measurement, %; and [image: image] is the random uncertainty in torque measurement, %.
The calculation results of standard deviation [image: image] and random uncertainty [image: image] are shown in Table 8-1 above.
5.1.1.2.3 Total uncertainty of efficiency ([image: image]). The total uncertainty of the efficiency of the experiment is expressed as follows:
[image: image]
where [image: image] is the total uncertainty of efficiency in model experiments, %.
According to Equation 13, the total uncertainty of the efficiency of the test can be calculated as [image: image] = ± 0.272%, which meets the requirements of the test procedure.
5.1.2 Prototype test system
The test platform of a large submersible pump is an open test circulation system, as shown in Figure 6. The water storage volume of the large submersible pump test bench in a pumping plant is 6,000 m³, which is divided into 3,600 m³ of the lower pool and 2,400 m³ of the upper pool. The excavation depth is −11 m, and the water level is −7.5 m. The test device includes an upper and lower tank, a submersible pump, and an outlet open channel. The flow measurement method is a full-width weir measurement. It was verified by the National Industrial Pump Quality Supervision and Inspection Center that the test circuit and test system meet the first-level accuracy requirements of the GB/T 12785-2014 ‘Submersible Pump Test Method’ and GB/T 3216-2016 ′Rotary Power Pump Hydraulic Performance Acceptance Test Level 1, Level 2, and Level 3′ standards.
[image: Figure 6]FIGURE 6 | Submersible pump test bench.
5.2 Difference in the shaft power measurement
The measurement of pump shaft power is an important basis for determining the performance parameters of the pump. The large vertical axial-flow pump and mixed-flow pump unit, whether for the device model test or the prototype test, requires that the shaft power measurement be only on the shaft or installed on the shaft end, and the shaft system cannot be disconnected. Therefore, the measurement methods of pump shaft power can usually be divided into torque dynamometer and electrical dynamometer (Wu et al., 2012; Xie et al., 2012). The pump shaft of the model pump is usually extended out of the flow channel to connect the prime mover, and the torque dynamometer method is generally used. The torque and speed of the prime mover are measured by an intelligent torque and speed sensor torque meter to obtain the pump shaft power. Due to the compact connection inside the submersible pump motor shaft, the torque meter is not easy to install on the test system. It is feasible to adopt the electric dynamometer method, but the shaft power measurement of the pump is determined by the input power of the motor with known efficiency. In the GB/T12785-2014 ‘Submersible Electric Pump Test Method” (The state bureau of technical supervision, 2014), the pump shaft power Pt and motor efficiency ηm are calculated by the loss analysis method according to formulas 14 and 15.
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In the formula,
Pt is the prototype pump shaft power (kW);
P1 is the input power of the prototype pump motor (kW);
ηm is the motor efficiency (%);
Pcu1 is the actual loss of the motor stator (at the test temperature) (kW);
Pcu2 is the actual loss of the motor rotor (at the test temperature) (kW);
PFe is the iron loss of the motor (kW);
Pfw is the mechanical loss of the motor (kW);
Ps is the motor load stray loss (kW).
The motor mechanical loss Pfw and iron loss PFe are obtained by the no-load test, and the motor load stray loss Ps is selected according to the recommended value table of the power level and bearing type. Therefore, 'known efficiency' ηm is an approximate estimation. The shaft power measured by the electrical dynamometer method is approximately estimated with a certain measurement deviation. The pump shaft power measured by the torque dynamometer method used in the device model test is more accurate. However, the speed of the pump has an effect on the mechanical efficiency, so when the speed difference is large, the calculation of the power value also has an error.
5.3 Comparative analysis of energy characteristics test
The different error analyses were required for the results of the two experiments before performance conversion. According to the relevant specifications, the measurement uncertainty of pump efficiency is used as the evaluation result of the measurement uncertainty of the test system. The total uncertainty of the model test of the device efficiency is ± 0.272%. The total uncertainty of the prototype test efficiency is ± 0.337%. According to the model test of the device, when the blade angle is 0° and the flow rate is 11 m³/s, the loss of the inlet and outlet flow channel is approximately 0.65 m, and the efficiency of the device flow channel is about 91%. Combined with the hydraulic loss characteristics of the flow channel and the energy characteristic data on the pump prototype test, the energy characteristic parameters of the pump device (including the flow conduit) tested by the “ideal state” prototype pump were estimated, as shown in table 4 below, and the conversion curve was compared with the test results of the device model.
TABLE 4 | Energy characteristic data conversion of the prototype test energy characteristic parameter of the prototype device.
[image: Table 4]As shown in Figure 7, for the performance of the prototype device at the characteristic operating point, the conversion results of the device using the model test were compared with the results converted into the device after the prototype test of the submersible pump. The predicted flow, head, efficiency, and power trends are consistent. The maximum efficiency of the device converted after the prototype test is approximately 80.33%, the corresponding flow rate is 10.87 m³/s, and the device head is approximately 8.41 m.
[image: Figure 7]FIGURE 7 | Performance comparison of the model test and prototype test converted to the prototype device.
When the device head is 6.90 m, the flow rate of the model test converted to the prototype is 11.07 m³/s, the device efficiency is approximately 76.23%, and the shaft power is approximately 983 kW. The test flow rate of the pump is 11.77 m³/s, the conversion device efficiency is approximately 78.31%, and the shaft power is approximately 1,017 kW. The conversion result of the prototype test is approximately 0.7 m³/s larger than that of the device model test to the prototype, and the device efficiency is approximately 2.08% higher.
When the device head is 9.50 m, the flow rate of the model test converted to the prototype is 7.44 m³/s, the device efficiency is approximately 64.54%, and the shaft power is approximately 1,074 kW. The test flow rate of the pump is 9.92 m³/s, the conversion device efficiency is approximately 75.68%, and the shaft power is approximately 1222 kW. The conversion result of the prototype test is approximately 2.48 m³/s larger than that of the device model test to the prototype, and the device efficiency is approximately 11.14% higher.
On the whole, the performance of the device converted after the prototype test is steeper than the flow head Q–H curve converted from the device model test to the prototype; in other words, the flow rate changes little with the change of the head. The performance of the device converted after the test of the prototype pump is steeper than the Q–P curve of the flow shaft power converted to the prototype by the device model test, which is also caused by the rapid change of the head. The performance of the device converted after the prototype test is in good agreement with the performance parameters predicted by the device model test conversion at the design condition point, and there is a certain error when the deviation from the design condition is large. This is mainly because the test wellbore of the prototype test bench is larger than the actual device wellbore diameter in order to adapt to different sizes of test pumps. After the water flow diffuses through the submersible pump guide vane body, the water flow in the guide vane outlet area appears as a low-speed backflow, which has different degrees of influence on the flow capacity of the guide vane outlet area. In addition, the difference between the open and closed types also reflects the difference in the test results. Under the maximum head, there is a certain deviation between the maximum shaft power of 1,222 kW in the prototype test and the maximum shaft power of 1,017 kW in the device model test. Because of the error of flow and head, at the same time, the device model test compared with the prototype test did not consider the influence of the reducer on the performance.
The flow rate corresponding to the designed head in the pump prototype test is larger than the design flow rate of 11 m³/s. Therefore, after the test, the angle of the pump blade is adjusted from 0° to −2 °during the actual operation of the pump to ensure that the motor is not overloaded.
6 CONCLUSION

(1) There is no series of hydraulic models for vertical submersible axial-flow pumps and submersible mixed-flow pumps in domestic research. The guide vane of the large vertical submersible pump must match the unit structure, and its performance must be comprehensively predicted by the device model test and the factory prototype test. The device model test can make up for the unadjustable singleness of the blade angle of the prototype test and can also test the matching of the flow channel. The prototype test can make up for the shortcomings of the device model test, which cannot test the performance of the submersible motor and the influence of the reducer on the performance. Both of them are indispensable in the large-scale road of submersible pumps, and several tests are needed to sum up the experience.
(2) The performance of a large vertical submersible pump at 0° blade angle was studied and tested. When the head of the pump device is 6.90 m, for the pump device model test, the flow rate is 11.07 m ³/s, the efficiency is approximately 76.23%, and the shaft power is approximately 983 kW. When the head of the pump device is 6.90 m, for the pump prototype test, the flow rate is 11.77 m³/s, the conversion device efficiency is approximately 78.31%, and the shaft power is approximately 1,017 kW. When the head of the pump device is 9.50 m, for the pump device model test, the flow rate is 7.44 m³/s, the efficiency is approximately 64.54%, and the shaft power is approximately 1,074 kW. When the head of the pump device is 9.50 m, for the pump prototype test, the flow rate is 9.92 m³/s, the conversion device efficiency is approximately 75.68%, and the shaft power is approximately 1,222 kW.
(3) The device model test of a large vertical submersible pump can test and convert the performance of pumps with different blade placement angles as a reference for actual machine manufacturing, installation, testing, and adjustment. When the vertical submersible pump is large-scale, the economy and the capacitance compensation problem at a low load rate should be considered. The power reserve coefficient of the supporting motor is no longer as large as that of the small and medium-sized submersible pump. To compensate for the shortcomings of the model test, the pump factory prototype test is indispensable.
(4) The pump factory prototype test of large vertical submersible pumps not only predicts the hydraulic performance of the submersible pumps but also comprehensively tests the performance of the submersible motor. Therefore, the submersible pump factory prototype test is also a guarantee to ensure that the motor is not overloaded.
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