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Centrifugal pumps are frequently utilized in general machinery, but they have issues with low efficiency, unstable operation, and high-power consumption in actual engineering, making performance improvements necessary. In this paper, the particle swarm algorithm is utilized to find the optimal solution among the Pareto front solutions and obtain the most suitable impeller for the centrifugal pump with the lowest entropy generation and highest efficiency as the optimization objectives. Based on the entropy generation theory, the energy losses of the original model and the optimized model are compared and analyzed. The results show that the centrifugal pump impeller and volute are the two areas with the largest entropy generation ratio, the optimized centrifugal pump entropy generation decreases by 5.41%, and the efficiency increases by 3.89%. Turbulent entropy generation and wall entropy generation are the important causes of hydraulic losses. Most of the losses within the impeller occur mainly at leading edge and trailing edge of blade. As the flow rate increases, the closer the distribution of the high entropy generation rate at the front cover of the impeller, the more serious the flow losses. This paper can provide a theoretical reference for the performance optimization of centrifugal pumps.
Keywords: centrifugal pump, particle swarm algorithm, entropy generation analysis, numerical calculation, optimization
1 INTRODUCTION
As a general fluid machinery and equipment, centrifugal pumps are widely utilized in petrochemical, nuclear power, irrigation, urban water supply, heating systems, and other fields. With the deepening research in the field of blade pumps, the optimization and numerical calculation of blade pumps such as mixed-flow pumps and centrifugal pumps have become a key direction of current research (Li et al., 2016a; Li et al., 2021; Li et al., 2020; Ji et al., 2021; Jaluria, 2009). At present, centrifugal pumps generally have low efficiency, unsafe operation, high power consumption, and other problems. Therefore, improving centrifugal pumps’ operational stability, efficiency, and service life is of great importance to energy efficiency and response to global carbon neutrality targets (Cong et al., 2015; Pei, Yi, Yuan, Wang, Wang, 2017).
In recent years, many researchers have devoted themselves to studying the relationship between energy loss and entropy generation in the internal flow of fluid machinery and have obtained specific research results (Jiang et al., 2011; Fan et al., 2022; Lai et al., 2022; Zhang and Tang, 2022). Entropy generation theory is a method of calculating energy loss in a practical process based on the second law of thermodynamics, which is combined with heat transfer theory and fluid mechanics (Saha and Mahanta, 2001; Chen, 2012). Gong et al. (2013) analyzed the energy loss in hydraulic turbines and found that the entropy generation analysis method has the advantage of determining the amount of energy dissipation and the location of dissipation. Li et al. (2016b) combined the velocity distribution and entropy generation theory to study the hydraulic loss distribution in centrifugal pumps and found that the entropy generation rate changed with the decrease in flow rate. Ahmed et al. (2016) conducted a numerical study of incompressible viscous flow around the blades to investigate the entropy generation characteristics of turbine blades under oscillatory flow conditions. Hou et al. (2016) investigated the magnitude and location of irreversible energy losses in a two-stage LNG cryogenic submersible pump based on the entropy generation theory to find that the entropy generation theory is advantageous for evaluating the energy characteristics of LNG pumps. Li et al. (2017) utilized the entropy generation theory to obtain the variation law of hydraulic loss distribution and entropy generation of hydraulic turbines in pump mode. Li et al. (2018) utilized the local flow analysis method to study the relationship between the vacuole distribution and entropy generation. Ji et al. (Ji et al., 2020a; Ji et al., 2020b) utilized the entropy generation theory to study the relationship between internal energy loss and the size of the impeller clearance in mixed-flow pumps. The results show that the increase in the impeller tip clearance may cause an increase in the energy loss within the impeller. Zhang et al. (2018) found that the losses by direct dissipation were much smaller than by turbulent dissipation within a single-stage side-runner pump based on the entropy generation theory. Yang et al. (2019) utilized entropy generation theory to correct for wall effects in turbine pumps and to evaluate energy losses in pumps as well as entropy generation analysis of components to point out the effect of timing effects on pump performance. Majeed et al. (2019) utilized entropy generation theory to study turbulent dissipation in centrifugal pumps to select the location of optimized losses. Hou et al. (2019) optimize the design of an ultra-low specific speed centrifugal pump based on entropy generation theory and orthogonal design, in which the efficiency is improved and the entropy generation value is reduced. Chang et al. (2019) use entropy generation theory to investigate the type, size, and location of hydraulic losses in centrifugal pumps at different blade thicknesses. Qian et al. (2019) studied the internal flow of centrifugal pumps from energy distribution and entropy generation to find that entropy generation analysis could provide a basis for improving pump efficiency from another perspective. Lu et al. (2019) analyzed the internal flow state by the distribution of entropy generation in the pump-turbine and obtained the vortex generation mechanism. Mohammad et al. (2020) pointed out the advantages of entropy generation theory in determining the exact location and quantity of energy dissipation in PAT. Ren et al. (2021) and Guan et al. (2020) utilized entropy generation theory and the Q-criterion to investigate and analyze the hydraulic losses of over-flow components within centrifugal pumps. The entropy production theory can describe the system work loss, the optimization goal that reduces entropy production is to minimize the system work loss, while the whole system has a maximum working ability. Therefore, it can be used as an indicator and method to evaluate pump performance improvement.
Undeniably, numerous scholars have extensively and deeply investigated pump optimization. However, centrifugal optimization based on entropy generation theory and particle swarm optimization (PSO) still needs further study. Therefore, based on previous research, this paper carried out research on the above-mentioned, and the results can provide a theoretical reference for improving the centrifugal pump stability. The remainder of this paper is organized as follows: in Section 2, numerical models are described. In Section 3, the centrifugal Pump Impeller has been optimized based on entropy generation theory and particle swarm optimization. In Section 4, the energy losses of the original and optimized models are compared and analyzed based on the entropy generation theory.
2 NUMERICAL METHOD
2.1 Configuration of the calculation domain
The research object is the centrifugal pump developed by Jiangsu University. It uses Creo software for 3D modeling and adds inlet extensions and outlet extensions respectively to better match the actual flow conditions. Its components include an inlet pipe, front cavity, impeller, volute, back cavity, and outlet pipe, as shown in Figure 1. The main performance parameters of the model pump are shown in Table 1.
[image: Figure 1]FIGURE 1 | Centrifugal pump 3D model.
TABLE 1 | Essential parameters of the Centrifugal pump
[image: Table 1]2.2 Meshing
The accuracy of the numerical results and the rate of convergence directly depend on the quality of the mesh, the quantity of meshes, and the division of the mesh. Turbogrid is used for the unstructured hexahedral meshing of the impeller, and ICEM is used for the structured hexahedral meshing of the volute, front and rear chambers, and inlet and outlet pipes respectively. In addition, to ensure that the turbulence model has y + requirements for the near-wall surface, the mesh at the near-wall surface of the overflow components is locally encrypted. Finally, each overflow component has then assembled. The components are then assembled. Figure 2 shows the meshing of the centrifugal pump.
[image: Figure 2]FIGURE 2 | Centrifugal pump meshing.(A) Anterior chamber, (B) Back cavity, (C) Impeller, (D) Snail shells
2.3 Turbulence model
SST k-ω model combines the advantages of standard k-ε model and k-ω model to simulate the flow well. The application of k-ω model in the near wall region can well predict the adverse pressure gradient in the boundary layer, and the use of k-ε model in the far field region. SST k-ω model makes the main shortcomings of Wilcox turbulence model to be greatly resolved. It is also recognized as a more accurate model for turbulence simulation in the field of rotating machinery. Its relevant equations are as follows:
[image: image]
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The calculation of Reynolds stresses in the model is based on the Bossiness assumptions:
[image: image]
where the turbulent kinetic energy viscosity vt is defined as
[image: image]
where F1 and F2 are mixing functions; k is the turbulent kinetic energy, m2/s2; [image: image] is the turbulence productivity, W/kg; ω is the turbulence frequency, 1/s.
2.4 Boundary condition
The calculation area in the numerical calculation is divided into two settings: stationary area and rotating domain, the rotating domain is set for the impeller domain of the centrifugal pump, the other over-flow components are stationary domain, the interface of the volute and the inlet and outlet sections connected to the impeller is set for the dynamic static interface, the rest interface is static-static interface. The boundary conditions of the wall are an adiabatic and non-slip wall. The calculation domain reference pressure is set to 1 atm, the inlet boundary condition is the mass flow inlet with a value of 27.7278 kg/s and the outlet boundary condition is the pressure outlet. Considering the accuracy of the results, the convergence accuracy is set to 10–5 and the number of iteration steps is 1000.
2.5 Grid independence verification
In addition to the grid quality, the overall grid amount also significantly affects the calculation’s speed and accuracy. The right grid amount must be chosen for numerical calculations since a bigger grid quantity would lengthen calculation times and cost more in calculation resources while increasing calculation accuracy. Under the condition that the quality of the grid remains unchanged, five structural grid calculation schemes with different grid quantities are obtained by adjusting the number of grid nodes of the same topology. The same calculation conditions are set for the five different numbers of calculated model meshes and the pump head and efficiency are used as reference standards for comparison, and the results are shown in Figure 3. When the overall grid number of the model is greater than 3.35 million, the calculated head and efficiency do not vary much and tend to be stable, and the calculation error is less than 1%, which meets the requirements of the grid irrelevance test. Therefore, considering the calculation accuracy and the limitation of calculation resources, the overall grid number of 3.35 million is chosen for the subsequent numerical calculation.
[image: Figure 3]FIGURE 3 | Grid independence verification.
2.6 Validation
To verify the accuracy of the numerical results, the prototype centrifugal pump is tested under the same flow conditions, and the test diagram is shown in Figure 4. The parameters of the measuring instrument are: power less than or equal to 400kW, pressure range from −0.1 MPa to 6.8 MPa, flow rate range from 0 m3/h to 10000 m3/h and total uncertainty of the measured value is 0.68%.
[image: Figure 4]FIGURE 4 | Real scenery of the performance test.
Figure 5 shows the comparison of the results obtained by the simulation and the experiment. As can be seen from the figure, the numerically calculated head and efficiency are slightly lower than the experimental values, with a maximum error of 3.89% and a minimum error of 1.65% for the head and a maximum error of 3.46% and a minimum error of 0.63% for the efficiency, both of which are within 5% of the error range, and the numerical simulation results are in high agreement with the experimental results.
[image: Figure 5]FIGURE 5 | Comparison between numerical calculation value and test value.
3 ENTROPY GENERATION THEORY AND PARTICLE SWARM ARITHMETIC
3.1 Mathematical model of entropy generation theory
The entropy generation theory based on the second law of thermodynamics can be used to evaluate the energy loss in centrifugal pumps, including the direct dissipation entropy generation [image: image] W/(m3·K) caused by the average velocity, the turbulent dissipation entropy generation [image: image] W/(m3·K) caused by the fluctuating velocity and the wall entropy generation [image: image] W/(m2·K) caused by the wall shear stress. The expression is as follows.
Direct dissipation entropy generation:
[image: image]
Turbulent dissipative entropy generation:
[image: image]
Wall entropy generation:
[image: image]
Where [image: image], [image: image], [image: image] are the mean velocity components in the x, y, and z directions, m/s; μ is the dynamic viscosity, Pa·s; the empirical coefficient β = 0.09, ω is the turbulent vortex frequency; k is the turbulent kinetic energy, m2/s2; τw is the wall shear stress, Pa; up is the mean velocity vector at the center of the first grid layer near the wall, m/s.
Therefore, the entropy generation in the mainstream zone is:
[image: image]
Integral of each entropy generation in the corresponding region:
[image: image]
As a result, the total entropy generation in the computational domain is:
[image: image]
3.2 Particle swarm algorithms
Researchers solve multi-objective optimization problems mainly by transforming multi-objective optimization problems into single-objective optimization problems. However, when setting the weight of a single objective, it is often the weight set by the researchers themselves, which cannot accurately describe the optimization objectives. Therefore, many intelligent optimization algorithms have emerged for multi-objective optimization problems. At present, PSO (Bashiri et al., 2019) and genetic algorithm (GA) (Şahin et al., 2011; Zhou et al., 2012) are widely used. Because the search of each bird in PSO is directional, and the mutation in GA is random. To some extent, PSO is more efficient than GA. Therefore, this paper selects the PSO algorithm as the research.
Eberhart and Kennedy et al. (1995) proposed the PSO algorithm based on the evolutionary algorithm, and it is a simplified model inspired by the predatory behavior of bird flocks. The basic idea of PSO is that individuals in a swarm pass information to each other, collaborate, and then find the optimal solution through iteration. Each individual in the solution space is referred to as a particle, and the individual is the solution in each optimization problem (Jordehi, 2015; Tang et al., 2021; Jain et al., 2022). The particle is given two properties: position and velocity. Moreover, the velocity and position of the particle are updated in the solution space according to the following equations.
[image: image]
[image: image]
where i = 1, 2, …, N, N is the total number of particles; ω is the inertia factor, taking the value of 0.9; vi is the particle velocity; rand () is a random number between 0 and 1; xi is the current particle position; c1, c2 are the learning factors, taking the value of 2.
3.3 Definition of objective functions
In engineering application problems, there are often two or more objectives to be optimized, and in most cases, it is difficult to optimize all sub-objectives. Due to the contradictory relationship between each objective, when dealing with multi-objective optimization problems, it is necessary to make appropriate ' concessions ' for each sub-objective, to achieve overall consideration. A multi-objective optimization problem can be defined as:
[image: image]
Let D be the feasible region of the above multi-objective optimization problem:
[image: image]
In this paper, the first optimization objective of multi-objective optimization is to reduce the entropy production rate, and the second objective is to improve the efficiency of the centrifugal pump and meet the head as a constraint condition.
3.4 Optimization results
The multi-objective optimization of the approximate model is carried out by the particle swarm algorithm. The final Pareto solution set is obtained as shown in Figure 6. The figure depicts the efficiency as the horizontal coordinate and the entropy generation value as the vertical coordinate, corresponding to the maximum efficiency and the minimum entropy generation value of the optimization target. Respectively, and the points in the figure represent each optimization sample, and the points on the red line are the Pareto front distribution. The minimum entropy generation value. From this line, an optimization sample is selected as the final optimization solution, and the optimization model is determined.
[image: Figure 6]FIGURE 6 | Pareto solution set.
After optimization by the particle swarm algorithm, a solution is found in the Pareto front solution that satisfied the head constraint, had a reduced entropy generation value, and had an increased efficiency value. The comparison of the parameters before and after optimization is shown in Table 2. As shown in the table, the optimized blades have no significant change in the blade inlet angle at the back cover (θ1), the blade outlet angle at the back cover (θ2) is increasing, the blade inlet angle at the back cover (θ3) has increased the most, the blade outlet angle at the front cover (θ4) has decreased and the wrap angle value (wrap) has decreased. Overall, the entropy value of the optimized centrifugal pump has decreased by 5.41% and the efficiency value has increased by 3.89%. The blade model of the centrifugal pump before and after optimization is shown in Figure 7.
TABLE 2 | Comparison of parameters before and after optimization.
[image: Table 2][image: Figure 7]FIGURE 7 | 3D drawing of impeller before and after optimization.
4 RESULTS AND ANALYSIS
4.1 Distribution of the entropy generation
Table 3 shows the comparison of the entropy generation values of the different types of entropy within the centrifugal pump before and after optimization at rated operating conditions. As can be seen from the table, the total entropy generation value is reduced after optimization by 0.2153 W/K, and the losses are reduced by 2.8%, indicating that the flow performance of the optimized centrifugal pump has been improved. The value of the different types of entropy generation changed before and after the optimization, except for the direct entropy generation utilized by the time-averaged pulsation, which increases after the optimization, the turbulent entropy generation and the wall entropy generation decrease by 0.184 W/K and 0.0451 W/K respectively, and the losses decrease by 6.3% and 6.4% respectively. It can be seen that entropy generation due to turbulent dissipation and entropy generation to wall dissipation are optimized best, with both entropy generation values reduced by more than 6%.
TABLE 3 | Comparison of entropy generation value before and after optimization under rated working conditions.
[image: Table 3]Figure 8 shows the contour of the distribution of the different types of entropy generation on the blade at rated operating conditions. From the figure, it can be seen that the entropy generation values of each type are not in the same order of magnitude, the wall entropy generation level is much smaller than the direct entropy generation and turbulent entropy generation. While the direct entropy generation value is smaller than the turbulent entropy generation, the entropy generation is mainly distributed at the blade’s leading edge and trailing edge, which may be due to impact loss at the inlet and the existence of a jet wake at the outlet. The direct entropy generation is mainly distributed at the blade’s leading edge, and the turbulent entropy generation is mainly distributed at the leading edge against the tip of the blade. Then the wall entropy generation is mainly distributed at the leading and trailing edges of the blade.
[image: Figure 8]FIGURE 8 | Different types of entropy generation cloud map.
To further analyze the trend of irreversible losses in the centrifugal pump before and after optimization, Figure 9 shows the variation of different types of entropy generation values with flow rate. It can be seen from the figure that the direct entropy generation value of the optimized model is larger than before, indicating that parameter optimization is not effective in optimizing the entropy generation of this category, while on the contrary, turbulent entropy generation and wall entropy generation both decrease; Both before and after optimization, the direct entropy generation value is positively proportional to the flow rate, and the entropy generation value increases as the flow rate increases. At low flow rates, the entropy generation due to turbulent dissipation decreases more rapidly and then increases slowly after rated operating conditions; the entropy generation to wall friction decreases slowly and then starts to increase rapidly after rated operating conditions.
[image: Figure 9]FIGURE 9 | Comparison of different types of entropy generation in centrifugal pump before and after optimization.
Figure 10 shows the ratio of the different types of entropy generation to the total entropy generation before and after optimization. The histogram shows more clearly that turbulent losses due to turbulent dissipation in the impeller account for the largest proportion, followed by wall losses due to wall friction. Finally, direct dissipation is due to time averaging. Comparing Figure 10A and Figure 10B, the trend of the different types of entropy generation to total entropy generation ratio before and after optimization is the same. In summary, the turbulent entropy generation and wall entropy generation of the impeller of the centrifugal pump are optimized to a certain extent after the optimization, and the overall pump performance is improved.
[image: Figure 10]FIGURE 10 | Ratio of different types of entropy generation to total entropy generation before and after optimization.(A) before optimization (B) after optimization.
4.2 Distribution of entropy generation in the overflow components
To investigate the relationship between the irreversible losses utilized by entropy generation and the flow rate in the centrifugal pump, CFX simulation software is utilized to numerically simulate the flow conditions from 0.6Qdes to 1.4Qdes, and the total entropy generation value with a flow rate in the centrifugal pump is obtained as shown in Figure 11. As can be seen from the graph, the changing pattern of the relationship graph before and after the optimization is the same, the total entropy output is first falling and then rises when the flow rate from 0.6Qdes to the rated condition 1.0Qdes, the total entropy output value in the pump is rapidly decreasing, when the flow rate from 1.0Qdes to 1.4Qdes, the total entropy output value is increasing. The total entropy output decreases after optimization, especially from the small flow rate to the design condition. Then the total entropy generation value before and after optimization is the smallest at 1.0Qdes, which is consistent with the internal flow field flow of the centrifugal pump and further illustrates that the hydraulic performance of the centrifugal pump is related to the stability of the internal flow field flow.
[image: Figure 11]FIGURE 11 | Total entropy generation value under different flows before and after optimization.(A) before optimization (B) after optimization.
Figure 12 shows the entropy generation values of each overflow component in the centrifugal pump under different operating conditions before and after optimization. It is seen from the figure that the entropy generation in the inlet section, impeller, and volute are relatively large at a low flow rate. In contrast, the entropy generation value for the outlet section is smaller. The value of the inlet section decreases under rated conditions, while the value of the outlet section increases. However, the impeller and volute are always the larger sections, with the entropy generation value of the impeller increasing slowly and the volute entropy generation value decreasing and then increasing. Figure 12B shows the entropy generation generated in each overflow component within the optimized centrifugal pump. Comparing Figure 12A; Figure 12B, the development of entropy generation in each overflow component with operating conditions after optimization is similar to that before optimization. At the rated condition, the optimized impeller entropy generation is smaller, indicating a significant improvement in the optimization effect because of the reduction in turbulence entropy generation and wall entropy generation. The optimized impeller design significantly reduces the entropy generation value within the entire centrifugal pump, thereby reducing the hydraulic losses.
[image: Figure 12]FIGURE 12 | Entropy generation distribution of components under different working conditions.(A) before optimization (B) after optimization.
Figure 13 shows the velocity streamwise in the impeller runners before and after optimization. From the figure, it can be seen that the velocity streamlines in the different runners of the impeller are distributed differently, and the swirls occurring mainly in the middle of the runner before optimization. Under the same conditions, there are fewer swirls in the impeller runners after optimization, which means that the flow losses are smaller. According to existing research (Zhu, 2019), it is known that the vortex has a large turbulent kinetic energy, which leads to an increase in the entropy value utilized by turbulent dissipation in the passage. It can be deduced that where vortices occur, hydraulic losses are generated and that the hydraulic losses in the passage are mainly due to turbulent dissipation.
[image: Figure 13]FIGURE 13 | Velocity streamline diagram in impeller under different working conditions before and after optimization.(A) before optimization (B) after optimization.
Figure 14 shows the contour of the distribution of entropy generation value on the blades of the centrifugal pump before and after optimization under different operating conditions. As seen above, the entropy generation value produced by the impeller and the entropy generation value produced by the volute are similar; both account for a larger proportion of centrifugal pumps. As shown in the figure, the blade on the entropy generation value increases with the flow rate increase. Moreover, the occupied area in the spread, especially the blade suction surface high entropy generation area from the initial blade leading edge to the blade trailing edge development. In the leading edge, there is a high entropy generation area, which may be due to the inlet’s easy to produce a large number of vortex and backflow phenomena, resulting in energy loss, appear a high entropy generation area. As the flow rate increases, the impact loss of the fluid at the leading edge of the blade intensifies, resulting in a further deterioration of the energy loss from the leading edge of the blade to the middle of the blade. Under high flow conditions, the entropy generation loss in the impeller passage is higher under the dual action of high velocity and gravity. A high entropy generation region is formed at the edge of the blade suction surface. Comparing the entropy generation distribution before and after optimization, the high entropy generation region is significantly reduced, indicating that the flow conditions at the impeller inlet and in the runner are effectively improved and the losses are reduced.
[image: Figure 14]FIGURE 14 | Distribution of blade entropy generation under different working conditions before and after optimization.(A) before optimization (B) after optimization.
To further analyze the distribution of entropy generation values in the volute, Figure 15 shows the distribution of entropy generation in the middle section of the volute of the centrifugal pump before and after optimization under different operating conditions. It can be seen from the graph that the entropy generation in the volute is mainly distributed at the volute inlet, the volute outlet, and the volute wall surface. As the flow rate increases from 0.6Qdes to 1.0 Qdes, the entropy generation distribution in the volute gradually decreases. As the flow rate increases from 1.0 Qdes to 1.4 Qdes, the entropy generation distribution in the volute gradually increases. The entropy generation in the volute section is minimized at the design flow rate. It is found that at 1.0 Qdes, the change in entropy generation in the volute is not significant before and after the optimization, because there are no obvious changes at the blade trailing edge. While the distribution of entropy generation of turbulent flow in the volute is reduced at the rest of the flow rate.
[image: Figure 15]FIGURE 15 | Entropy generation of volute cross-section at different working conditions before and after optimization.(A) before optimization (B) after optimization.
4.3 Entropy generation of impellers with different blade heights
As can be seen from the previous section, the over-flow component with the high entropy generation within the centrifugal pump is the impeller and the main over-flow component to be optimized is also the impeller, so an in-depth analysis of this component is necessary to determine the main cause of irreversible losses within the pump passage. Figure 16 shows the display of different cross-sections of the impeller. Three different cross-sections within the impeller runner are defined in the post-processing step, span 0.1 near the back cover plate, span 0.5 in the middle runner section of the impeller, and span 0.9 near the front cover plate.
[image: Figure 16]FIGURE 16 | Different section display.
Figure 17 shows the contour of total entropy yield distribution for each section of the impeller before and after optimization. Figure 17A shows the cross-section near the rear cover plate, where the high entropy generation is distributed in the middle and rear part of the blade suction surface at low flow rate conditions and moves towards the trailing edge of the blade as the flow rate increases until it disappears. At a flow rate of 1.0Qdes, comparing the entropy generation distribution on the span0.1 cross-section before and after optimization, the entropy generation after optimization is significantly lower than that before optimization, indicating that the flow condition in the impeller runner after optimization has improved and the hydraulic loss has been reduced. As seen from the contour of the entropy generation distribution in the middle section of the impeller in Figure 17B, the high entropy generation is mainly distributed at the impeller inlet, blade suction surface, and impeller outlet, and the loss in the impeller runner decreases as the flow rate increases. The optimized total entropy generation is the smallest at the nominal operating condition of 1.0 Qdes. Figure 17C shows the cross-section near the front cover of the impeller where the entropy generation increases with increasing flow rate. At low flow rates, the high entropy generations are mainly at the impeller inlet and the impeller outlet, and as the flow rate increases, the entropy generations spread from the blade pressure into the impeller outlet. In general, the closer to the front cover the higher the distribution of high entropy generation, and the more serious the flow losses.
[image: Figure 17]FIGURE 17 | Entropy generation clouds of different sections before and after optimization.(A) Span0.1, (B) Span0.5, (C) Span0.9.
5 CONCLUSION
In the present paper, the centrifugal pump impeller carries out optimization by combining entropy generation theory and particle swarm optimization. The energy losses of the original and optimized models are compared and analyzed. The following major conclusions have been drawn from the present study.
1) The result of optimization indicates that the entropy generation of the centrifugal pump is reduced by 5.41%, and the efficiency is increased by 3.89%. The numerical calculation value and experimental value of centrifugal pump performance are within the error range, indicating that the numerical simulation can well reflect the real flow of the internal flow field of the centrifugal pump.
2) Comparing the different types of entropy generation before and after optimization, it is found that the entropy generation utilized by turbulent dissipation and the entropy generation utilized by wall dissipation are optimized to be the most effective, with both entropy generation values reduced by more than 6%. Turbulent entropy generation and wall entropy generation are the important causes of hydraulic losses. Most of the losses within the impeller occur mainly at the blade’s leading edge and the blade’s trailing edge.
3) The total entropy generation value at the rated operating condition is the smallest, which further illustrates that the centrifugal pump operating away from the design conditions will lead to increased fluid instability in the pump, resulting in a decline in hydraulic performance. Optimizing the impeller of the centrifugal pump significantly reduces the internal flow loss and improves its efficiency of the centrifugal pump.
4) At low flow rates, the high entropy generations are mainly at the impeller inlet and the impeller outlet. The closer to the front cover the higher the distribution of high entropy generation, and the more serious the flow losses. The optimization content studied in this article can provide support for the optimization theory of centrifugal pump. At the same time, it provides a new idea for the optimization of rotating machinery such as the mixed-flow pump.
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