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The structure of the guide vane centrifugal pump as turbine is complex, and the internal flow characteristics directly affect the energy loss distribution. The numerical method and entropy generation theory are used to analyze the energy loss distribution of each flow component of the guide vane centrifugal pump as turbine at different flow conditions. And the transient fluctuation law of hydraulic loss of passage component is also studied. The results show that the loss in the impeller accounts for 54%–58% under small flow conditions, and the loss in the guide vane accounts for 50%–61% under large flow conditions. The hydraulic loss of the impeller and guide vane is affected by the interaction between the impeller and guide vane, volute. And there are five obvious peaks and troughs in the 1/6 period. The primary and secondary frequencies of impeller hydraulic loss change with the flow rate. At the 0.57QBEP condition, the primary and secondary frequency of the impeller loss is blade frequency and 5 times blade frequency respectively, while the frequencies under the condition of 1.43QBEP are opposite. The primary and secondary frequencies of guide vane hydraulic loss are different under different flow conditions. The hydraulic loss of volute is mainly affected by the interference between the impeller and volute under various flow conditions, and the primary frequency is blade frequency.
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1 INTRODUCTION
In the petrochemical industry, seawater desalination, iron and steel metallurgy, and other industrial processes will produce a large number of high-pressure fluids that are directly discharged (Orchard and Klos, 2009; Puleo et al., 2014; De Marchis et al., 2016). With the establishment of the “double-carbon” target, more and more attention has been paid to the recycling of high-pressure fluid energy. The centrifugal pump can convert the pressure energy of the high-pressure fluid into mechanical energy and then into the shaft power output energy (Wang et al., 2013; Wang et al., 2014). At the same time, it is widely used in residual pressure recovery (Miao et al., 2018) in the industrial process because of its advantages of reliable operation, low cost, and simple structure. The geometry of a centrifugal pump as a turbine is relatively complex, and its internal flow is prone to complex turbulence phenomena such as jet and eddy current, which leads to various hydraulic losses caused by flow phenomena and reduces the energy recovery efficiency of high-pressure fluid.
At present, domestic and foreign scholars have conducted some studies on the energy loss characteristics of centrifugal pump as turbine. In order to improve the efficiency of centrifugal pump as turbine, Yang Sunsheng et al. (Yang et al., 2016) designed two types of impeller, front and back bend. The results show that the power loss of the impeller is mainly due to the unsteady flow inside the impeller. Wang Tao et al. (Wang et al., 2015) used numerical method to study the influence of different blade placement Angle on the performance of centrifugal pump as turbine, indicating that different blade placement Angle obviously affects the internal flow field of the impeller, and the maximum loss area appeared in the tail edge of the impeller. Yang Junhu et al. (Yang et al., 2010) used numerical method to deeply explore the turbine outlet slip coefficient and energy loss characteristics of the centrifugal pump at different specific rotation numbers, indicating that the change of impeller geometric parameters has little influence on the slip coefficient, and the appropriate blade outlet diameter and placement Angle can effectively improve the power of the impeller shaft. Shi Guangtai et al. (Shi and Peng, 2019) used experimental and numerical methods to study the energy loss mechanism of the part of the liquid centrifugal pump as turbine. The results showed that the energy loss of liquid turbine increases with the increase of gas content, and the gas content has a more obvious impact on the energy loss of the volute. LI et al. (Li, 2015), Abazariyan et al. (Abazariyan et al., 2018) used test and numerical simulation methods to study the influence of centrifugal pumpas turbine under different fluid viscosity. The results show that the energy loss of each overcurrent component increases with the increase of viscosity. Shi et al. (Shi et al., 2013) used a numerical method to investigate the relationship between hydraulic turbine efficiency and rotation speed, and found that with the increase of impeller rotation speed, the change trend of energy loss is to increase first and then decrease. Lintong et al. (Lin et al., 2021) deeply analyzed the energy conversion and influx characteristics under the turbine condition of centrifugal pump, and found that the impeller loss in the small flow condition was mainly caused by the import impact, and the unstable flow of the rotating channel in the large flow condition.
Centrifugal pump turbine loss can be calculated using a variety of techniques, including entropy production (Herwig and Kock, 2007), total pressure loss (Li et al., 2017), and (Liu et al., 2019), which rely on both theoretical and empirical calculations, and energy dissipation, which uses the energy transfer equation. Due to its versatility and ease of use, the entropy production calculation method is gradually becoming more and more popular for calculating the loss of pumps as turbine overflow components. In order to calculate turbulent heat transfer, either directly or indirectly, Kock et al. (Kock and Herwig, 2004) proposed the entropy production method of computational hydrodynamics. They also divided the method into four parts based on the reasons for entropy increase, provided an indirect solution for turbulent entropy production, and established the relationship between local entropy generation rate and energy loss. By applying the entropy production calculation to the mixed-flow turbine loss, Gong et al. (2013) showed that the entropy production approach is capable of analyzing the energy loss value in each component in addition to locating high energy loss locations. The energy loss mechanism of each flow component under various flow conditions is examined in this paper using the entropy production theory. The loss area of each flow component and the factors influencing it are also discussed. The theoretical underpinnings and references for the optimization design of the guide vane centrifugal pump as a turbine are also provided. Energy dissipation in the main stream region is the main reason for the variation of hydraulic performance. The energy loss distribution in the volute and guide vane is less affected by the flow rate, and has a greater correlation with the circumference of the guide vane. The loss in volute under different flow conditions is mainly affected by the impeller-volute dynamic and static interference.
2 COMPUTATIONAL MODEL
The analytical object in this work is a guide vane centrifugal pump as turbine with a particular speed of ns = 55. The geometric design parameters of each overcurrent component are displayed in Table 1. The model pump’s basic design parameters are flow Q of 40 m3/h, head H of 55 m, and speed n of 2,900 rpm. As seen in Figure 1, geometric design parameters of components, including the impeller, guide vane, and volute, are carried out using the 3D program Proe and the meshing software ICEM.
TABLE 1 | Geometric design parameters of components.
[image: Table 1][image: Figure 1]FIGURE 1 | Models and grids.
In order to verify the numerical simulation results and select a suitable turbulence model, the external characteristics of the hydraulic turbine model were tested, as shown in Figure 3. Both the impeller and volute are made of plexiglass. The experimental model is shown in Figure 3. The flow is measured by Yokogawa AE215 electromagnetic flowmeter with an error of ±0.5%. The JN338 torque sensor is used to measure the torque with an error of ±0.2%, and the EJA510A pressure sensor is used to measure the pressure at the inlet and outlet with an error of ±0.1%. The measured flow rate, torque, and inlet and outlet pressure are used to obtain the water head and efficiency.
The guide vane centrifugal pump as turbine is analyzed using CFX numerical software. The primary boundary conditions encompass the total pressure inlet boundary condition, the mass flow outlet, and the no-sliding wall. The constant value result is initially set to the unconstant value. The time step is 5.747 × 10-5s, which corresponds to impeller rotation 1°. There are a total of six cycles, and the latest phase is chosen for flow field analysis. To guarantee the precision of calculating the energy loss due to entropy creation along the wall, the wall of each overflow section is encrypted locally to ensure that its y + value is less than 100 (Yang et al., 2021) (as depicted in Figure 2). The turbine in Figure 2B, which has a flow rate of Q = 56 m3/h, demonstrates that when the total grid number exceeds 6.57 million, the rate of change for head and efficiency is minimal, with a difference of less than 3%. This corrects the numerical calculation error due to the grid number. Therefore, when considering the cost of numerical calculation, each component of the overflow component is calculated as follows: 2.14 million for the impeller, 1.54 million for the guide vane, 2.11 million for the volute, and 570,000 for import and export.
[image: Figure 2]FIGURE 2 | Grid independence research. (A) y+ and (B) Grid-independent validation.
To ensure the accuracy of numerical simulations, four turbulence models, namely, k-ε, RNG k-ε, k-ω, and SST k-ω, were employed for analysis and experimental validation, as shown in Figure 3. It can be observed from the figure that the head and efficiency errors of each turbulence model are both below 4.61% and 9.26%, respectively. From the flow-head curve, it is evident that the k-ω and SST k-ω turbulence models exhibit small calculation errors, with errors of 0.8% and 2.06% at a flow rate of 72 m3/h, while the k-ε and RNG k-ε turbulence models show larger calculation errors of 4.61% and 4.44%, respectively. Regarding the flow-efficiency curve, the maximum efficiency errors for the k-ε, k-ω, and SST k-ω turbulence models are 3.50%, 1.24%, and 3.91%, respectively, whereas the RNG k-ε turbulence model has an error of 9.26%. Considering the accuracy of turbulence model numerical calculations, the SST k-ω turbulence model was selected for the numerical analysis in this study.
[image: Figure 3]FIGURE 3 | Comparison of the experimental data and numerical results. (A) experiment table and (B) The result contrast.
3 APPLICATION AND VERIFICATION OF ENTROPY PRODUCTION THEORY
According to the second law of thermodynamics, the theory of entropy production of an incompressible single-phase fluid is (Hongyu et al., 2021):
[image: image]
It is known from Formula 1 that the entropy production S is related to temperature and pressure. In this paper, the Renault’s time-equalization method is used to analyze the turbine inversion of the guide vane centrifugal pump, so the time-equalization entropy production is as follows:
[image: image]
In the above equation, it is the entropy production of turbulent flow dissipation and the entropy production due to turbulence and heat transfer. In the process of numerical analysis, the temperature change is ignored, so we only need to directly solve the turbulent dissipation entropy production, where the turbulent dissipation is mainly composed of turbulent kinetic energy dissipation and viscosity dissipation (Yang et al., 2019):
[image: image]
In the above equation, the viscosity dissipative entropy production (W/m3), mainly generated by the time-average velocity per unit time, is the turbulent dissipation entropy production (W/m3), mainly generated by the pulsation velocity per unit time. The turbulent dissipation entropy production and the viscosity dissipation entropy production are the Eqs 4, 5 respectively:
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In the above equation: μ is the dynamic viscosity (Pa.s), u, v, w is the velocity component (m/s).
The pulse velocity is difficult to obtain in the Reynolds’ time average numerical method, so solving the turbulent dissipation rate ε for the turbulent dissipation entropy production (Hou et al., 2019):
[image: image]
The entropy production generated by the wall loss occupies a part of the total entropy production. Therefore, the calculation of the wall entropy production adopts the wall friction loss representation (Li et al., 2017):
[image: image]
In the above formula: wall shear stress (Pa); wall velocity (m/s).
Total entropy production per unit time, or energy dissipation, is:
[image: image]
In the above formula, LEP is the total entropy production (W), LEP1 is the viscous dissipative entropy production (W), LEP2 is the turbulent dissipative entropy production (W), LEP, W is the entropy production (W) in the wall area, and LEP, A is the entropy production (W) in the mainstream area.
In order to verify the applicability and accuracy of the above entropy production theory, the differential difference method is used to verify the feasibility of total entropy production.
[image: image]
In the upper formula, Pin and Pout are the inlet and outlet total pressure (Pa) of each overflow component; [image: image] is the mass flow rate (kg/s); Ws is the impeller output shaft power (W).
Figure 4 depicts the relationship between total turbine entropy production, pressure loss, error, and correlation at different flow conditions. It can be observed from the figure that the loss calculated from entropy production follows a similar trend to that calculated by the pressure method; as the flow rate increases, the losses calculated by both methods gradually increase, indicating the feasibility of using entropy production for loss calculation. Moreover, the errors in losses calculated by both methods initially decrease and then increase with increasing flow rate. The maximum error occurs at a flow rate of Q = 24 m3/s, reaching 20.2%, while the minimum error, at 9.0%, is observed at Q = 64 m3/s. This variation is mainly attributed to significant velocity gradients in certain regions caused by phenomena such as wake flow and vortices at low flow rates. To further validate the feasibility of the entropy production calculation method, a correlation analysis was conducted, showing a clear linear relationship between the losses calculated by the two methods. The Pearson correlation coefficient and R2 were both above 0.99, indirectly indicating a high level of credibility in using the entropy production method for turbine energy loss analysis in reverse pump-turbines.
[image: Figure 4]FIGURE 4 | Comparison of entropy production and pressure loss. (A) Loss contrast, (B) Error and (C) Correlation analysis.
4 RESULTS ANALYSIS
4.1 Energy loss analysis
Figure 5 shows the distribution of entropy production energy loss in each overflow component under different flow conditions. As can be seen from the figure, with the increase of flow, the entropy energy loss of each excessive current component gradually increases, in which the entropy energy loss of the import and export pipe section is the minimum, accounting for less than 6% of the total loss. In the flow condition below 0.8 QBEP, the entropy loss in the impeller is the largest, followed by the guide vanes and the volute; in the flow condition greater than 0.8 QBEP, the entropy loss in the volute. Under various flow conditions, it is seen that the impeller and guide vanes demonstrate the greatest amount of loss in overall entropy production. The impeller’s internal entropy production loss ranges from 54% to 68% at low flow conditions, whereas the guide vanes’ internal loss ranges from 24% to 35%. In contrast, in conditions of high flow, the roles of entropy production losses in the impeller and guide vanes are inverted. Specifically, the entropy production loss in the impeller ranges from 20% to 33%, while the entropy production loss in the guide vanes ranges from 50% to 61%. This observation suggests that as the flow rate is increased, there is a steady drop in the proportion of entropy production loss assigned to the impeller, while the proportion attributable to the guide vanes grows. The entropy production loss of the volute casing remains below 17% under all flow circumstances, especially in low flow conditions where it contributes only 2%–5%.
[image: Figure 5]FIGURE 5 | The change in entropy production of each component. (A) Change in the loss value and (B) Proportion of the loss.
Figure 6 displays the dissipation of energy and the dispersion of the flow field in the volute and guide vane under different flow conditions. Based on the diagram, the entropy generation in the volute and guide vane rises in proportion to the increase in flow. The region of greatest entropy production in the guide vane is primarily limited to the leading edge, tail edge, and suction surface of the guide leaf and blade, respectively. The guide vane blade (GV1), which is positioned in close proximity to the diaphragm of the volute, exhibits the highest level of loss. As the flow rate increases, the loss area gradually facilitates the expansion of the leaf flow channel. The primary source of entropy loss in the volute is mostly concentrated in the vicinity of the diaphragm and the wall. The primary cause of the aforementioned phenomenon in the worm tongue is the significant reflux and flow turbulence caused by the downstream fluid blade. This results in the separation of the leading leaf blade, GV1, leading to the highest local entropy loss. On the other hand, the leading edge and tail edge structure of the other guide leaf blade leads to substantial local entropy production in the front flow and tail flow separation.
[image: Figure 6]FIGURE 6 | Local velocity field and vortex core distribution of the volute and guide vane. (A) Energy dissipation distribution in the volute and guide vane, (B) Velocity distribution and (C) Distribution of the vortex nuclei.
The energy dissipation and streamline distribution of various impeller blades, specifically those located near the rear cover, span, and near the front cover (Span0.1, Span0.5, and Span0.9), are depicted in Figure 7. From the figure, it is evident that under the 0.57 QBEP flow condition, the impeller experiences the most loss of entropy production along its front and tail edges. Furthermore, the entropy production loss at the impeller intake is considerably greater than that at the outlet. The primary cause of this phenomenon can be attributed to the presence of a substantial stall vortex in close proximity to the impeller pressure surface. The obstruction of this vortex serves to enhance the energy exchange within the inlet region. The entropy production loss exhibits an upward trend as one moves downstream along the leaf height. At a flow condition of 1.0 QBEP, the blade inlet’s flow angle closely matches the placement angle of the intended inlet, resulting in a smooth, streamline distribution and a significant improvement in the eddy current phenomenon at the impeller inlet. The loss is small, particularly in the impeller inlet area, as compared to the flow conditions of 0.57 QBEP and 1.43 QBEP. The presence of wake flow causes noticeable flow separation in the posterior part of the leaves, resulting in a loss of entropy generation in that area. The way energy loss is spread out in entropy production is similar to how it is spread out in 1.0 QBEP when 1.43 QBEP is flowing, but the reasons for this loss are different. The primary factor contributing to the loss of import entropy production is the presence of a vortex on the pressure surface of the blade. However, in the flow condition of 1.43 QBEP, the vortex also affects the inlet suction surface, resulting in significant flow separation downstream. This separation further exacerbates the turbulent kinetic energy in the mainstream region.
[image: Figure 7]FIGURE 7 | Energy dissipation and streamline of impeller. (A) 0.57QBEP Energy dissipation and streamlines, (B) 1.0QBEP Energy dissipation and streamlines and (C) 1.43QBEP Energy dissipation and streamlines.
4.2 Analysis of the transient hydraulic performance
The transient distribution of hydraulic turbine head, efficiency, and shaft power of the guide vane centrifugal pump is depicted in Figure 8. Based on the figure, it can be observed that the interference, transient head, efficiency, and axial power exhibit periodic fluctuations. As the flow increases, the fluctuation becomes increasingly noticeable. For instance, in the 0.57 QBEP flow condition, the transient head, efficiency, and axial power demonstrate poor periodicity. This phenomenon can be attributed to the violent internal turbulence in each flow part under small flow conditions. The efficiency and fluctuation of axial power in each flow condition exhibit superior performance compared to the water head. Specifically, the frequency of violent five peaks or troughs (equivalent to the number of guide blades) in 1/6 cycles is significantly higher. This suggests that the interference of the impeller and the guide vane has a more pronounced impact on the efficiency and axial power fluctuations. The phenomena of violent five wave peaks or troughs gradually becomes more pronounced in the 1/6 cycle as the instantaneous efficiency fluctuation grows with the flow rate. To examine the factors behind the occurrence of five peaks and trough phenomena in 1/6 cycles, we evaluate the temporary variation in axis power in 1/6 cycles (as depicted in Figure 9). The peak and trough times, denoted as tHi and tLi (i = 1,2, … , 5), are considered. Based on the provided figure, it can be observed that the impeller experiences a peak or trough every rotation of 6°as a result of the impact exerted by the impeller wake flow and jet. At time tH1, the axial power reaches its maximum position, and the wake flow has a lesser impact on the tail edge of the impeller and the leading edge. During time tL1, the axial power is observed to be at its lowest point. The rotation of the impeller results in the elongation of the entire wake region, so expanding the range of impact exerted by the wake. This expansion leads to an increase in momentum exchange and a drop in hydraulic performance.
[image: Figure 8]FIGURE 8 | Transient change of external characteristics of PAT.
[image: Figure 9]FIGURE 9 | The change of shaft power in 1/6 period under design flow rate.
Figure 10 displays the distribution of hydraulic loss in the impeller, guide vane, and volute in both the time domain and frequency domain for each flow condition. The figure illustrates the impact of interference from the impeller-vane and impeller-volute on the hydraulic loss of the impeller and vane. It reveals six periodic fluctuations, with five peaks or valleys observed in each small cycle. The hydraulic loss of the volute is clearly influenced by the interference between the impeller and the volute, resulting in noticeable fluctuations every six cycles. On the other hand, the impact of the interference between the impeller and the guide leaf is minimal, and the intensity of the fluctuations in each small period is considerably lower compared to the loss caused by the impeller and the guide leaf. Under the 1.0 QBEP flow condition, the impeller exhibits the highest loss fluctuation amplitude, measuring 400W, followed by the guide vane with an amplitude of 300W, and the volute has the lowest fluctuation amplitude, measuring 220W. Based on the analysis of the loss distribution in the frequency domain, it can be observed that under flow conditions of 1.0 QBEP and 1.43 QBEP, the main frequency of volute loss is blade frequency, there is no amplitude at 5 times blade frequency, the impeller main frequency is 5 times blade frequency, the second frequency is blade frequency. This shows that the volute loss is mainly affected by the impeller-volute interference, while the impeller loss is affected by both the impeller-guide interference and the impeller-volute interference, but the influence of the impeller-guide interference is significantly stronger than that of the impeller-volute interference. With the increase of flow, the main frequency of guide vane loss is changing. In the 1.0 QBEP flow condition, the frequency at which the guide vane experiences loss is five times more than the main frequency, with an amplitude of 78.94 W. The secondary frequency corresponds to the blade frequency. At 1.43 QBEP, the guide vane main frequency is the blade frequency with an amplitude of 206.18W. In the flow condition of 0.57 QBEP, the main frequency of each overcurrent component is low frequency, its amplitude gradually increases from 55.91W to 289.20W along the volute to the impeller, the second frequency is 5 times the blade frequency, and the second frequency amplitude is much higher than that of the volute and guide vane. The main reason for the above phenomenon is the large scale vortex in the blade rotation channel, and the large number of vortex attached to the pressure surface of the impeller rotates with the whole channel inlet. At the same time, due to the influence of the trail, the vortex near the tail edge of the vane produces large turbulent kinetic energy. For example, compared with θ = 60°, at θ = 150°, there is less eddy current near the rotation channel and the inlet, and the hydraulic loss is small (as shown in Figure 11).
[image: Figure 10]FIGURE 10 | Frequency and time domain analysis of hydraulic loss in each flow passage component.
[image: Figure 11]FIGURE 11 | At 0.57 QBEP flow rate, the vortex distribution in the impeller at different times.
5 CONCLUSION
This paper uses the entropy production theory to study the energy loss distribution of the guide vane centrifugal pump as turbine under different flow conditions, and the fluctuation law and influencing factors of transient performance are analyzed. The main conclusions are as follows:
(1) The energy loss in the impeller is dominant in the low flow condition, while the energy loss in the guide vane plays a major role in the high flow condition.
(2) The energy loss distribution in volute and guide vane is less affected by the flow rate, which is the main factor affecting the loss in impeller. Under the condition of low flow, the transient performance is affected by more intense turbulence and is destroyed periodically.
(3) The periodic changes in the wake region of the guide vane cause the transient performance to fluctuate in 1/6 period. The main and secondary frequencies of the loss in the impeller under low flow condition are blade frequency and 5 times blade frequency respectively, and the opposite is true under other conditions.
(4) The inner loss of guide vane is affected by the dynamic and static interference of impeller-guide vane and impeller-volute, and the frequency of loss changes under different flow conditions under the influence of internal flow field.
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