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Mixed-flow pumps have been extensively employed in daily life, improving their energy characteristics contribute to the reduction of energy consumption worldwide. In this study, to overcome the decrease of optimization upper limit caused by using a single type of parameter as the design parameter, a typical mixed-flow pump was chosen for study, and its impeller was parameterized by five geometric and eight hydrodynamic parameters. With head and efficiency as the constraint and optimization objective respectively, 27 schemes were constructed by the Taguchi method. The influence of design factors to the objective and constraint was analyzed based on range and regression analysis. The optimization mechanism was elucidated using the entropy production method. The result reveals that the geometric and hydrodynamic parameters have a significantly impact on the mixed-flow pump’s energy characteristics. The optimized model head is 12.43m, which meets the constraints, while the efficiency increases by 3.2%–88.51%. Therefore, considering both geometric and hydrodynamic parameters in the mixed-flow pump optimization is workable and necessary. This paper can provide practical instructions on the optimal design of different turbomachines.
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1 INTRODUCTION
As a general-purpose machine, pumps have been extensively employed in daily life, especially mixed-flow pumps with moderate head and large flow rates, which are highly sought after (Kim et al., 2019; Wang et al., 2021a). However, the energy consumption of pumps is also staggering, with recent studies showing that their share of total energy consumption exceeds 22%, and is set to increase further to over 30% in the next decade (Gu et al., 2022a). Hence, improving the energy conversion efficiency of mixed-flow pumps is very important.
Among the many in-depth studies on turbomachinery design optimization, Zangeneh (1991) creatively proposed the circulation method, which uses hydrodynamic parameters (circulation, pressure and loading, etc) as design parameters in the blade parameterization. The greatest advantage of the circulation method is the close connection between parameters and hydraulic performance (Lu et al., 2018; Zhang and Zhao, 2020), as well as easier access to innovative solutions (Yin and Wang, 2014; Fallah-Ardeshir et al., 2020). More importantly, the design results obtained by the circulation method represents the optimal flow field distribution rather than the best combination of geometric parameters, which can provide designers with more valuable references in future optimization studies (Leguizamon and Avellan, 2020; Gu et al., 2022b).
The effectiveness of the circulation method was extensively demonstrated in previous study. Zangeneh et al. (1996) successfully suppressed the secondary flow within a mixed flow pump using the circulation method in an optimization study. In subsequent work, Goto et al., 1996) verified the validity of this work through experiments. Huang et al. (2015) using blade loading as design parameters carried out a parametric optimization for the impeller of a mixed-flow pump, and found that changing the position of the first loading point can effectively inhibit the blade suction surface flow separation. Bonaiuti et al. (2010) investigated the effectiveness of the circulation method in mixed-flow water-jet pumps by varying impeller outlet circulation distribution. They found that the hydraulic mixing losses near the diffuser outlet and the secondary flow losses in the diffuser can be effectively balanced by adjusting the value of the diffuser outlet residual circulation. In another study (Bonaiuti and Zangeneh, 2009), they investigated the compressor diffuser and impeller coupling optimization by changing the loading pattern at the hub and shroud. Ma et al. (2019) performed a performance improvement for a turbine runner by circulation method, and investigated the effect of several key hydrodynamic factors on the Francis turbine runner by model comparison. Yang and Xiao (2014) conducted a similar study on a Pump-Turbine impeller and successfully improved the model’s efficiency in both turbine and pump mode. Lee et al. (2008) optimized an axial fan using the Taguchi method with blade leading edge loading and loading pattern as design parameters. According to the idea of Taguchi’s method, Yang et al. (2017) investigated the impact of loading distribution to a submersible axial flow pump. Wang et al. (2022) compared the advantages and disadvantages of three different circulation distributions in mixed-flow pump design optimization by coupling Taguchi and circulation method.
An obvious similarity between the above studies is that only hydrodynamic parameters were used as design parameters. However, some studies have shown that geometric parameters also greatly influence the performance of turbomachinery. Using the control parameters of the meridional plane as design parameters, a mixed-flow pump overall performance have been successfully improved by Suh et al. (2019). By modifying the position of the shroud, the effect of overflow area on the impeller energy characteristics was investigated by Bing et al. (2013). Shim et al. (2018) improved a mixed-flow pump flow recirculation and cavitation performance by modifying the position of the blade inlet, as well as the hub and shroud profile. Si et al. (2020) completed the optimization of an automotive electronic pump with inlet and outlet diameter as design parameters, as well as blade number. Taking the arc radius and angle of the hub and shroud as design parameters, the cooling water pump used in nuclear plants was improved in its operational efficiency by Pei et al. (2016). Overall, it is necessary to take into account the presence of geometrical parameters in the optimized design, as they can effectively affect the turbomachinery’s performance.
This work aims to research the impact of hydrodynamic and geometric parameters on mixed-flow pump performance in a bid to improve its performance further. Optimization based on the Taguchi method was adopted to improve the energy characteristics of the impeller by coupling its geometric and hydrodynamic parameters. The parameters’ main and secondary effect were then determined by range analysis, and the equations between design parameters and objectives were established by regression variance analysis. Finally, the flow loss visualization technique was employed to clarify the optimization mechanism.
2 METHODOLOGY
2.1 Calculation setup and validation
2.1.1 Original model and geometric parameter definition
The original model chosen for this investigation is a mixed-flow pump used in coastal pumping stations. Figure 1 is the impeller meridional plane, where the X-axis indicates the rotation axis, and the intersection of the Y-axis and X-axis is the circle center of the shroud and hub profile. Ls and Lh are the distances from the intersection of the blade leading edge with shroud and hub to the Y-axis, respectively. Similarly, Ts and Th are the distances from the intersection of the blade trailing edge with shroud and hub to the Y-axis, respectively. Table 1 lists the model’s major design parameters.
[image: Figure 1]FIGURE 1 | Meridional plane of the original model impeller.
TABLE 1 | Original model design parameters.
[image: Table 1]2.1.2 Original model and geometric parameter definition
A calculation domain (Figure 2), consisting of four components—the output elbow, diffuser, impeller and inlet pipe—was constructed to ensure that the numerical simulation accurately reflects the experimental condition. To improve the computational convergence and accuracy, structured meshes with O-type topology were used to mesh the outlet elbow and inlet pipe in ANSYS-ICEM, and hexahedral structured meshes with H/C-type and O-type topologies were used to mesh the impeller and diffuser in ANSYS-Turbogrid. For the same purpose, all the meshes near the walls were refined.
[image: Figure 2]FIGURE 2 | Mesh division.
The mesh-independence analysis results are presented in Table 2. When the number of grids is greater than 4.6 million, the calculated values of head and efficiency almost not change with the number of grids. Therefore, after taking into account the cost and accuracy of the calculation, scheme 3 was adopted for meshing the computational domain in this study, and the maximum Y+ near the wall is 46.
TABLE 2 | Mesh-independence analysis results.
[image: Table 2]2.1.3 Original model and geometric parameter definition
The commercial software ANSYS-CFX was employed in this study to perform the full-channel numerical simulation of mixed-flow pumps with the help of k–ω shear stress transport turbulence model. “Opening” and “Mass flow rate” were employed in the outlet and inlet, respectively. The interface between the rotating and fixing parts is “Frozen rotor”. The convective term was discretized by “High resolution”. “Automatic wall function” and “No slip wall” were employed for all walls (Menter, 1994; Menter et al., 2003; Hieninger et al., 2021). The number of iterative steps was set to 1,000 and the convergence criterion was set to 10−5.
2.1.4 Experimental verification
A closed test stands at Jiangsu University (Figure 3) with comprehensive uncertainty of 0.28% was used to test the performance of the original model to check the numerical simulation accuracy. The following is the description of the main equipments and their accuracy: EJA intelligent differential pressure transmitters with 0.1% accuracy, JCL1 intelligent torque-speed sensor with 0.1% accuracy, OPTIFLUX 2000F intelligent electromagnetic flowmeter with 0.2% accuracy, CY200 pressure sensors with 0.1% accuracy.
[image: Figure 3]FIGURE 3 | Test bench.
Figure 4 gives the comparison of the original model prediction results with the experimental results. The predicted performance can be seen highly consistent with the experimental performance in the range of 0.5Qdes to 1.3Qdes, and the largest error between them does not exceed 2.5%. Hence, it can be considered that the numerical simulation has adequate precision to guarantee the credibility of this study.
[image: Figure 4]FIGURE 4 | Comparison between experimental and predicted performance.
2.2 Circulation method and validity verification
2.2.1 Governing equation
The proved circulation method based on the inviscid assumption was adopted to parameterize the blade (Zangeneh et al., 1998). To save space, only a brief description of the core computation was given here; for more details, please refer to the original literature (Zangeneh, 1991). In flow field calculation, velocity was divided into circumferential average and periodic velocity, which can be calculated by the following equations.
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[image: image]
where [image: image] represents the stream function; [image: image] represents the potential function; [image: image] represents the axial coordinate; [image: image] represents the radial coordinate; [image: image] represents the imaginary unit; [image: image] represents the wrap angle; [image: image] represents the number of Fourier expansion terms; [image: image] represents the blade number; [image: image] represents the blocking factor; [image: image] represents the circumferential-averaged tangential velocity.
The blade shape was calculated by Eq. 3
[image: image]
where [image: image] represents the angular velocity; [image: image] represents the periodic velocity; [image: image] represents the circumferential-averaged velocity.
2.2.2 Hydrodynamic parameter definition
From the control equation, it is clear that the parameter [image: image] has a decisive influence on the calculation results of the circulation method. Hawthorne et al. (1984) and Nahon et al. (2021) pointed out that [image: image] and blade pressure were related by Eq. 4:
[image: image]
where [image: image] represents the relative velocity on the meridional plane; [image: image] represents the suction surface static pressure; [image: image] represents the pressure surface static pressure.
Therefore, to facilitate the blade pressure control, blade loading ([image: image]) at shroud and hub was controlled by the segmented curve in the circulation method (Figure 5), where LE denotes the preloading, ND denotes the second loading point, NC denotes the first loading point, K denotes the straight line slope. It should be noted that only the blade loading at the hub and shroud was controlled by the above segmented curve, while the blade loading at other positions on the meridional plane was obtained by linear interpolation.
[image: Figure 5]FIGURE 5 | Hydrodynamic parameters definition schematic.
3 OPTIMIZATION DESIGN BASED ON TAGUCHI METHOD
3.1 Optimization targets and test factors
To make the optimized mixed-flow pump have better energy characteristics and similar head, the head and efficiency at 1.0Qdes were taken as the constraint and optimization target in this study.
The hub ratio was maintained during the optimization process to provide a better match between the diffuser and the optimized impeller (Wang et al., 2021b). Thus, in the parameterization of the impeller, the geometric parameters Lh, Ls, Th and Ts shown in Figure 1 were used for the parametrization of the meridional plane, and the hydrodynamic parameters LEh, NCh, NDh, Kh, LEs, NCs, NDs and Ks shown in Figure 5 were used for the blade parametrization. Zhu et al. (2018) indicated that the inclination angle at blade trailing edge (ST) has a large influence on the calculation results of the circulation method; therefore, ST was also selected as a test factor in this study. To facilitate the subsequent range analysis, the level of each factor was set to 3, as shown in Table 3.
TABLE 3 | Relationship between the test factors true value and level.
[image: Table 3]3.2 Experimental scheme and calculation result
Taguchi method (Yang et al., 2021; Bai et al., 2022) has the advantages of reasonable experimental arrangement, short cycle and low cost, making it wise to be used for the experimental scheme construction in this study. From the above analysis, the number of factors and their levels were 13 and 3 respectively, therefore, the L27 (313) standard orthogonal table was employed for the construction of the experimental scheme, and a total of 27 different schemes were created.
Table 4 is the factors and targets of each scheme. In contrast to the original model efficiency (85.31%) and head (12.42 m), there were 21 schemes with improved efficiency, 16 schemes with the required head, and 15 schemes with both head and efficiency. Furthermore, scheme 4 has the highest head of 13.38 m, while scheme 3 has the highest efficiency of 87.96%.
TABLE 4 | Experimental scheme and calculation results.
[image: Table 4]3.3 Range analysis
The influence order of factors on the target, and the trend of the target with the level of factors is defined by extreme analysis (Ahmad and Prakash, 2021). The range R* was calculated by the following equations:
[image: image]
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where [image: image] is the level; Yij is the target value of a factor with level i; Ki is the sum of the Yij.
Table 5 is the efficiency and head range analysis results. The effect order of factors on efficiency is Ls, Kh, Lh, LEh, LEs, ST, NDs, NCh, Ts, NCs, Ks, Th and NDh, while the effect order of factors on head is NDh, Kh, NCs, ST, Ks, NDs, LEs, Ts, Ls, Lh, NCh, LEh and Th. Therefore, both hydrodynamic and geometric parameters should be considered simultaneously in the mixed-flow pump optimization design to maximize the energy characteristics improvement, since both of them have a large influence on the efficiency. To show the trend of the target with the level of factors more intuitively, geometric and hydrodynamic parameters’ main effects on the target were plotted in Figure 6 according to Table 5.
TABLE 5 | Range analysis results.
[image: Table 5][image: Figure 6]FIGURE 6 | Main effect of hydrodynamic and geometric parameters on the objectives: (A) Efficiency; (B) Head.
3.4 Regression analysis of variance
To obtain the response relationship between the factors and the objectives, the data in Table 4 were subjected to a regression analysis of variance (Chiranjeevi et al., 2022). It is generally accepted that the correlation between the test factors and the optimization objectives is statistically significant when the p-value is less than 0.05. Therefore, according to the results of variance analysis in Table 6, parameters Ls, Kh, Lh, LEh and LEs were significant factors for efficiency, and parameters NDh, Kh, NCs, Ks, NDs and LEs were significant factors for head. The results of the p-value analysis once again show that both the geometric and hydrodynamic parameters have significant influence on the mixed-flow pump energy characteristics. Equation 8 and Equation 9 are the efficiency and head regression equations, respectively.
[image: image]
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TABLE 6 | Results of the variance regression analysis.
[image: Table 6]3.5 Optimal model determination and performance comparison
To make the optimized mixed-flow pump with better energy characteristics and suitable head, the levels of the test factors Lh, Ls, Th, Ts, ST, LEh, NCh, NDh, Kh, LEs, NCs, NDs and Ks were set to 3, 3, 2, 3, 3, 3, 2, 1, 1, 3, 3, 3 and 2, respectively, based on the results of the range and regression analyses.
Figure 7 shows the impeller shape comparison between the original and optimized model. Compared to the original model the optimized model has an increased overflow area at the hub and a reduced overflow area at the shroud. In addition, the optimized model blade trailing edge inclination angle is also increased. Figure 8 is the energy characteristics comparison between the optimized and original model. The optimized model efficiency and head at design condition are 88.51% and 12.43 m respectively, representing a 3.2% increase in efficiency and almost no change in head. The improved efficiency and nearly unchanged head indicate that the geometric and hydrodynamic parameters adopted in this study are reasonable.
[image: Figure 7]FIGURE 7 | Comparison of original and optimized model impeller shapes: (A) Meridional plane; (B) blade shape.
[image: Figure 8]FIGURE 8 | Comparison of original and optimized model energy characteristic.
4 ENERGY LOSS ANALYSIS
4.1 Entropy production theory
To elucidate the optimization mechanism, the energy loss of the optimized model was comparatively analyzed with that of the original model using entropy production theory. Similarly, only a brief introduction to the main computational equations of entropy production theory was given here; for more details, please refer to the original literature (Kock and Herwing, 2004; Qi et al., 2022).
For turbulent flow of viscous fluids, the entropy is largely induced by viscous dissipation, turbulent kinetic energy dissipation and wall effects, and are respectively calculated using the following equations.
[image: image]
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where [image: image] represents the viscous dissipation induced direct entropy production rate; [image: image] represents the turbulent kinetic energy dissipation induced indirect entropy production rate; [image: image] represents the wall effects induced wall entropy production rate; [image: image] represents fluid density; [image: image] represents the turbulent dissipation rate; [image: image] represents the thermodynamic temperature; [image: image] represents the first grid node velocity; [image: image] represents the shear stress; [image: image] represents the dynamic viscosity; u, v and w represent the flow velocity components of x, y and z axis, respectively.
[image: image] is calculated by the following equation:
[image: image]
where [image: image], [image: image], [image: image] and [image: image] represent the total, direct, indirect and wall entropy production, respectively.
4.2 Analysis of energy loss
The comparison of different types of entropy production distributions for the optimized and original models can be found in Figure 9. The total entropy production of the optimized model was significantly reduced in comparison to the original model, especially in the impeller, diffuser and outlet pipe, where total entropy production was reduced by 104.31, 389.66 and 308.61 W, respectively. When specific to the different types of entropy production, the variation of total entropy production in the impeller was mainly caused by both indirect and wall entropy production, while the variation of total entropy production in the diffuser and outlet pipe was mainly induced by indirect entropy production.
[image: Figure 9]FIGURE 9 | Comparison of different types of entropy production distribution: (A) [image: image]; (B) [image: image]; (C) [image: image]; (D) [image: image].
To better clarify how the mixed flow pump’s energy loss characteristics are affected by internal flow patterns, the energy dissipation caused by the fluid motion was defined as the fluid entropy production rate (FEPR), whose value is equal to the sum of the direct and indirect entropy production rate.
The distribution of FEPR for the optimized and original models at impeller different spans is shown in Figure 10. The optimized and original model mid-span FEPR distribution was basically the same, and a larger FEPR caused by the jet-wake (Wu et al., 2021) was observed at blade trailing edge. However, compared to the original model, the FEPR in the optimized model shroud was markedly decreased, especially near the pressure surface. Also, near the hub of the impeller, the FEPR of the optimized model at the blade trailing edge was markedly decreased compared to the original model.
[image: Figure 10]FIGURE 10 | Impeller FEPR distribution comparison.
Although the diffuser is the same for the optimized and original models, the FEPR distribution in the two diffusers is quite different due to the difference of impeller outlet flow regime. Figures 11, 12 are the impeller outlet axial velocity distribution and diffuser different spans FEPR distribution respectively. The axial velocity at the outlet of the original model impeller increases progressively from the hub to shroud, and backflow was generated in a small region near the hub due to the boundary layer detachment (Kim et al., 2020). Due to the adverse flow pattern at the outlet of the original model impeller, a large FEPR was produced near the hub at the inlet of the diffuser, as shown in region D of Figure 12. After optimization, the axial velocity at impeller outlet near the hub was significantly increased, which effectively prevents the boundary layer detachment caused by the accumulation of low-momentum fluid. Accordingly, the FEPR near the hub at the inlet of the diffuser is markedly reduced.
[image: Figure 11]FIGURE 11 | Impeller outlet axial velocity distribution comparison.
[image: Figure 12]FIGURE 12 | Diffuser FEPR distribution comparison.
A similar analysis was performed on the outlet pipe. Figure 13 is the distribution of the outflow angle [image: image] at the diffuser outlet, which is calculated by Eq. 14. The optimized model has a larger outflow angle throughout the diffuser outlet than the original model, which means that the fluid residual rotational kinetic energy at the diffuser outlet is smaller for the optimized model. Lu et al. (2018) indicated that the fluid residual rotational kinetic energy at diffuser outlet is the outlet pipe energy loss primary cause. Therefore, the optimized model outflow pipe FEPR was remarkably lower than that of the original model, as shown in Figure 14.
[image: image]
where V represent the velocity, [image: image] represent the z-axial component of velocity.
[image: Figure 13]FIGURE 13 | Diffuser outlet outflow angle distribution comparison.
[image: Figure 14]FIGURE 14 | Outlet pipe FEPR distribution comparison.
5 CONCLUSION
In this work, a typical mixed-flow pump was numerically simulated and experimentally verified. Then, its impeller was parameterized by five geometric and eight hydrodynamic parameters and optimized using the Taguchi method. Finally, the main and minor order of the parameters were determined using range and regression analysis, and the optimization mechanism was revealed by the energy loss visualization technique. The following conclusions were drawn:
(1) The geometric parameters Ls and Lh, as well as the hydrodynamic parameters LEh, LEs and Kh have a great influence on the mixed-flow pump efficiency. To maximize the energy characteristics of the mixed-flow pump, both geometric and hydrodynamic parameters need to be considered in its optimization design.
(2) The efficiency and head of the optimized model at the design condition are 88.51% and 12.43 m respectively, which represents a 3.2% increase in efficiency and almost no change in head compared to the original model. The improved efficiency and nearly unchanged head indicate that the geometric and hydrodynamic parameters adopted in this study are reasonable.
(3) The reduction of energy loss in the impeller downstream components induced by the improved flow pattern at impeller outlet contributes more than 87% to the performance improvement. Therefore, in the optimization of mixed-flow pump impeller, not only the improvement of impeller energy characteristics should be concerned, but also the change of its outlet flow pattern.
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