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Mixed-flow pumps, which amalgamate centrifugal and axial-flow attributes, play a pivotal role in various sectors due to their high efficiency and versatility. This paper, utilizing numerical simulation and experimental validation, addresses the critical role of impeller blade count in mixed-flow pump performance. It investigates the effect of the number of impeller blades on the energy dissipation mechanism and inlet flow pattern of a mixed-flow pump. The results reveal that dynamic and static interference effects, along with the separation vortex due to flow separation, are the main sources of energy dissipation in the pump. Under part-load and part-overload conditions, the increase in the number of blades contributes to the improvement of the flow pattern and performance but may induce more intense rotating stall effects under part-load conditions. In overload conditions, the increase in the number of blades significantly amplifies the volume of the inlet vortex structure, consequently deteriorating the inlet conditions of the impeller. This study provides valuable insights for the design and optimization of mixed-flow pumps.
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1 INTRODUCTION
Mixed-flow pumps amalgamate the attributes of centrifugal pumps and axial flow pumps, exhibiting high efficiency and versatile applicability, making them extensively employed in various sectors such as water treatment, agricultural irrigation, and industrial production. The effectiveness of the fluid transfer system and energy efficiency directly hinges on the performance and operational stability of these pumps. Consequently, delving into the energy dissipation mechanisms and optimizing the hydraulic performance of mixed-flow pumps has emerged as a focal point in contemporary research within related domains (Kim et al., 2010).
With the rapid advancement of the social economy, the project’s evolving demands continually elevate, placing increased demands on the performance and operational stability of mixed-flow pumps. In the pump design process, a pivotal factor is the number of impeller blades. This quantity directly impacts the cascade solidity, resulting in variations in the pump’s performance and operational characteristics. Elyamin et al. (2019), employing numerical simulations, scrutinized the influence of different impeller blade numbers on centrifugal pump performance. The findings revealed that, at seven impeller blades, the pump exhibited the highest head coefficient and efficiency, coinciding with the weakest intensity of secondary flow inside the impeller. Kocaaslan et al. (2017) utilized numerical methods to dissect the correlation between the number of impeller blades and the performance of centrifugal pumps, establishing a positive relationship between head and torque with the impeller blade count. Simultaneously, Ramadhan (2019) delved into the impact of impeller blade number on cavitation characteristics in centrifugal pumps, highlighting a substantial influence on cavitation at the suction of the impeller when the blade count was 5. Yang et al. (2012) conducted a comprehensive evaluation of the number of impeller blades’ effects on the performance and pressure pulsation of pumps used as turbines (PAT) through experimental and numerical studies. Their research unveiled that an augmented blade count effectively mitigates pressure pulsation intensity within the device. Al-Obaidi (2020) analyzed unsteady flow behavior in an axial pump, with a particular focus on the coupling effect of the impeller blade count. Their conclusions underscored the sensitivity of pressure, shear stress, axial velocity, radial velocity, tangential velocity, and mean pressure to the impeller blade count. It is evident that the selection of the impeller blade count significantly influences the pump’s performance and operational stability. However, existing studies predominantly concentrate on the impact of impeller blade number on low specific speed pumps, with glaring gaps in research concerning mixed-flow pumps.
During operation, the pump is usually operated at off-rated conditions. Particularly at low flow rates, backflow (Alpan and Peng, 1991) may occur at the impeller inlet. The mixing of backflow with the main stream will lead to changes in the flow angle and significantly deteriorate the flow conditions of the impeller, resulting in energy dissipation, which seriously affects the performance of the device and operational stability (Bing and Cao, 2014). At the same time, existing research shows that the leading edge of the blade on the incoming medium there is a significant crowding effect, which in turn affects the impeller inlet flow and unsteady flow characteristics of the flow channel. The difference in the number of blades will inevitably change the crowding effect to a certain extent. As early as in the 1990s, Abramian et al. (1988) visualized the flow field near the leading edge of impeller blades by laser Doppler velocimetry (LDV), and effectively suppressed the backflow by setting the front perforated disk. Miyabe et al. (2009) based on experiments and numerical simulations found that the fluctuation of the performance of the device under the part-load condition was caused by the reflux of the impeller blades inlet. Based on the Reynolds time-averaged method, Kang et al. (2021) discussed the mechanism of the backflow phenomenon on the cavitation behavior and cavitation stability of a typical centrifugal pump, and concluded that the backflow is an important influence factor on the cavitation performance of the device. Immediately after that, Kang et al. (2019) investigated the effect of backflow on cavity volume and found that the generation and collapse of cavities induced by backflow is the main reason for the oscillation of cavity volume. Si et al. (2013) investigated the flow noise of centrifugal pumps under inlet backflow conditions. The flow field analysis shows that the impeller inlet under 0.7 times the design flow rate condition shows backflow, the blade passing frequency and shaft frequency dominate the spectrum of flow-induced noise. Therefore, there is a close relationship between the impeller inlet flow pattern and the performance and operational stability of the device. It is not difficult to find that the existing research mainly focuses on the inlet reflux on the device of cavitation, noise and hydraulic performance of the impact of the inlet from a variety of perspectives to analyze the inlet bad flow generation mechanism, clear with the main flow of the two-way coupling law. However, it must be recognized that, as a key parameter in pump design, the study of different impeller blade numbers on the inlet bad flow state is not yet sufficient. The induction mechanism of the number of blades on the inlet bad flow structure is not clear, and the influence law of the inlet bad flow state on the operation of the pump device under different impeller blade conditions has not been fully grasped.
This paper, based on numerical simulation and experimental validation, centers around a typical mixed-flow pump as the subject of investigation, delving into the variations in internal flow characteristics and energy performance of the device under distinct impeller blade conditions. The primary focus lies on scrutinizing unsteady flow and vortex characteristics within the impeller inlet and inlet pipe across different blade counts. The study illuminates the impact of varying blade numbers on device performance and inlet flow. This not only contributes to the theoretical understanding of internal flow in rotating machinery but also holds significant guidance for the design and optimization of mixed-flow pumps.
2 GEOMETRIC MODEL
The focus of this paper is a representative small mixed-flow pump designed for agricultural sprinkler irrigation systems. It operates at a rated flow rate (Qdes) of 30 m3/h and a rated speed (ndes) of 6,000 rpm. The key components of the mixed-flow pump include a closed impeller, a space diffuser, and a chamber. Figure 1 illustrates the meridional shapes of its primary overflow components. Specifically, the impeller features an outer diameter at the inlet (Dh) of 21.6 mm, an inner diameter at the inlet (Ds) of 50 mm, and an outlet width (Wo) of 13 mm. The diffuser includes an outer diameter at the outlet (Dsd) of 50 mm and an inner diameter at the outlet (Dhd) of 21.6 mm.
[image: Figure 1]FIGURE 1 | Meridian surfaces of overflow components.
3 NUMERICAL MODEL
3.1 3D modeling
A 3D numerical model of the mixed-flow pump is established based on UG NX 12.0, as shown in Figure 2. During the model building process, parametric design is used to introduce adjustable parameters for key geometric components such as blades. This approach significantly simplifies the adjustment and modification of the 3D model, thus ensuring a high degree of consistency between the numerical model and the geometric features of the actual pump. In this study, in order to investigate the effect of different impeller blade numbers on the pump, four independent impeller schemes are set up, with impeller blade numbers of 4, 5, 6, and 7. Meanwhile, the spatial diffuser adopts the determined 7-vane scheme. It is worth mentioning that, in order to ensure the full development of turbulence and thus enhance the accuracy of the prediction results, the inlet and outlet of the model are equipped with extension pipes, the length of which is set to be 10 times the outer diameter of the impeller inlet.
[image: Figure 2]FIGURE 2 | 3D modeling of the mixed-flow pump.
3.2 Mesh and irrelevance validation
The quantity and quality of the mesh play a crucial role in numerical calculations, with good mesh quality contributing significantly to the accuracy of numerical computations. Structured meshes, characterized by regularity in geometry and topology, offer a more organized arrangement of nodes and cells. This regularity enhances the solver’s access to data, making it more intuitive and efficient, thereby significantly improving the efficiency and accuracy of numerical computation. In this paper, ANSYS TurboGrid is selected for the automatic generation of structured meshes to complete the discretization of the computational domain.
Simultaneously, to strike a balance between computational cost and accuracy, Scheme II is selected for the mesh independence analysis. In ANSYS TurboGrid, the number of meshes is globally regulated by the Global Size Factor. A larger Size Factor results in a smaller height for the first mesh layer near the wall, yielding a denser mesh. The key indices for the irrelevance test are chosen as the head and efficiency of the device, and a total of five groups of mesh schemes with varying numbers are configured. The numerical prediction results of each group of mesh schemes are given in Figure 3. From the figure, it can be seen that with the encryption of the mesh, the head and efficiency of the mixed-flow pump are gradually reduced. When Size Factor is not less than 1.2, the predicted values of head and efficiency gradually converge, and the relative fluctuation is only 0.22% and 0.04%, which can be considered that the prediction results at this time have been relatively independent of the number of meshes. Therefore, the Size Factor of the mesh used for subsequent numerical calculations in this study is 1.2, and the total number of meshes at this time is 2.36 million, and the total number of nodes is 2.18 million (excluding the extension pipe).
[image: Figure 3]FIGURE 3 | Mesh-independent analysis.
In addition, the velocity gradient and pressure gradient of the medium near the wall are high. In order to accurately simulate the boundary layer effect of the flow, the boundary layer mesh is encrypted accordingly. As shown in Figure 4, the mean value of y+ on the blade surface is controlled to be around 30 to meet the requirements of numerical calculations. The final structured mesh scheme used in this numerical simulation study is shown in Figure 5.
[image: Figure 4]FIGURE 4 | Distribution of y+ values on the blade surface.
[image: Figure 5]FIGURE 5 | Structured meshes for the diffuser and impeller.
3.3 Numerical scheme and boundary condition
Turbulence is a complex flow phenomenon characterized by kinematic structures at various scales. The direct resolution of turbulence is computationally expensive. Consequently, a turbulence model based on the Reynolds-Averaged Navier-Stokes (RANS) equations is incorporated into numerical simulations to approximate turbulence behavior at a relatively lower computational cost. With the mixing pump’s rated speed reaching 6,000 rpm, the internal flow is expected to exhibit strong unsteady characteristics (Wang et al., 2023). The SST k-ω turbulence model, accounting for turbulent shear stress transport, is selected for its ability to accurately predict fluid separation under negative pressure gradient conditions. Hence, the SST k-ω turbulence model is employed to close the governing equations.
The equations for the turbulent kinetic energy k and the specific dissipation rate ω are as follows (Menter, 1994):
[image: image]
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where ρ represents fluid density, μt is turbulent viscosity, P stands for the production term, Cω is the coefficient related to the production term, F1 denotes the mixing function, σk and σω are the Prandtl numbers associated with turbulence kinetic energy k and specific dissipation rate ω, respectively. The modeling constant βk is set to 0.09.
The current investigation employs ANSYS CFX for constant calculation with a reference pressure of 1 atm and a constant temperature of 25°C. To enhance numerical convergence, Total Pressure is employed as the inlet condition, with a relative pressure set to 0 Pa, and Mass Flow Rate specified for the outlet. Computational domains are interconnected through the intersection interface, wherein the interface between the rotor and stator necessitates the use of the Frozen Rotor option, with a rotation angle set to 360°. The wall surfaces are designated as no-slip, and the roughness is configured at 10 μm. The solver is set to second-order upwind, with 1,500 iteration steps and a convergence accuracy of 10−5.
4 EXPERIMENTAL VERIFICATION
To validate the accuracy of the numerical method employed in this study, Scheme II is selected for conducting experiments on the external characteristics of the mixed-flow pump. Figure 6 illustrates the open test bench utilized in this experimental investigation. Two sets of pressure transmitters monitor the inlet and outlet pressures of the mixed-flow pump in real time, with data uploaded for head conversion. The torque meter provides real-time output of the motor’s output torque and speed, uploaded to the RPM and torque collector for pump shaft power monitoring. The electromagnetic flowmeter and solenoid valve work in tandem to adjust and monitor the flow rate in real time. Data from each experimental instrument are uploaded to a computer through a control and data terminal. Except for the electromagnetic flowmeter with a precision level of 0.3, the precision level of each data sampling instrument is 0.2, ensuring the systematic error of the experiment stays within 0.5%. It is noteworthy that the impeller is fabricated from stainless steel precision casting to meet geometric and installation accuracy requirements.
[image: Figure 6]FIGURE 6 | Schematic diagram of test bench. 1. Pressure transmitter 2. Pump 3. Coupling 4. Torque meter 5. Electromagnetic flowmeter 6. Solenoid valve 7. Motor 8. RPM and torque collector 9. Control and data terminal 10. Computer 11. Sink.
Figure 7 illustrates the predicted and experimental values of the external characteristics of the mixed flow pump with Scheme II impeller. As evident from the figure, the experimental and predicted values of head and efficiency exhibit a high level of consistency with the flow rate. In general, the predicted values of head and efficiency surpass the corresponding experimental values. This phenomenon can be ascribed to the numerical simulation’s limitation in accurately capturing the volumetric and mechanical losses within the pump. Additionally, the numerical calculations represent highly ideal scenarios, while practical factors such as installation precision and operational stability of the pump unit during experiments may influence the experimental results. However, the relative errors between the experimental and predicted values are 4.9% (head) and 1.5% (efficiency) under the rated flow condition, and the numerical prediction results can be considered to have high accuracy. The above numerical model and method can be used in this research work.
[image: Figure 7]FIGURE 7 | Comparison of predicted and experimental values.
5 RESULTS AND ANALYSIS
5.1 Effect of blade count on performance
Figure 8 compares the hydraulic performance of mixed-flow pumps using impellers with different number of blades. From the figure, it can be seen that there is a significant effect of the number of impeller blades on the performance of the device. The head curves of Scheme III and Scheme IV closely resemble each other at part-load and rated operating conditions. However, as the flow rate continues to rise, the head of Scheme IV gradually becomes smaller than that of Scheme III, with the difference between the two increasing. Concurrently, the efficiency of Scheme IV at this juncture is notably lower than that of Scheme III. This observation indicates that under high-flow conditions, a greater number of blades may elevate resistance and friction loss in the flow path, thereby influencing the pump’s performance. Nevertheless, in general, an increased number of blades has a positive impact on the hydraulic performance of the pump device during part-load and part-overload conditions. With an augmented number of blades, the cascade solidity increases, leading to a reduction in the velocity slip of the medium. The smaller velocity slip can effectively improve the flow pattern in the impeller channel and inhibit the generation of unsteady flow structures such as flow separation and secondary flow. However, observation of the flow-head curve can be found. Compared to the mixed-flow pump with fewer impeller blades, the rotating stall effect of the pump in the flow interval of 0.6Qdes-0.8Qdes is more significant when there are more impeller blades. This is due to the fact that a smaller number of blades will significantly enhance the impeller passability. This results in the stalled vortex clusters not being able to be retained in the flow channel, but instead propagating downstream as they are wrapped by the main flow.
[image: Figure 8]FIGURE 8 | Performance of mixed-flow pumps using various sets of impeller. (A) Head (B) Efficiency.
5.2 Effect of blade count on flow characteristics
The vortex transport equation describes the evolution and transport of vortices in a fluid and is expressed as follows (Brown and Line, 2005):
[image: image]
where [image: image] represents the rate of change of vortex volume over time, while v denotes the fluid velocity vector. The symbols ∇ and ∇2 correspond to the gradient operator and the Laplace operator, respectively. Additionally, the term [image: image] represents vortex stretching (VS), which characterizes the localized stretching or squeezing occurring within the vortex. This formulation is crucial for understanding the dynamics of vortex structures and their evolution in the fluid flow.
In order to further investigate the influence law of the number of blades on the internal flow characteristics of the mixed-flow pump, the VS distributions of the impeller with different numbers of blades in the blade-to-blade cross-section are given in Figure 9 for the filling of the surface streamlines at each flow condition. From the figure, it can be seen that at low flow conditions (0.2 Qdes), a large number of vortex structures appear in the impeller channel of Scheme I and are regularly distributed in the suction side (SS) and pressure side (PS) of the blades. As the flow rate decreases, the flow angle at the impeller inlet also decreases. Consequently, the medium directly impacts the PS of the impeller, leading to the random generation of flow separation and the promotion of separation vortices near the PS of the blade. This vortex structure gives rise to a localized high-pressure region within the flow channel, thereby increasing the pressure gradient between the PS and SS. The pressure gradient is directed from the SS to the PS, which significantly enhances the intensity of the secondary flow in the flow channel. This is the main reason for the flow separation near the SS. It can be observed that at this point, a large area of high VS appears at the impeller outlet, which is the result of the dynamic and static interference of the outflow medium in the pump chamber. With the increase of the number of blades, the impeller cascade solidity rises, which effectively suppresses the flow separation on the PS side. The separation vortex caused by the secondary flow on the SS side still exists, but the intensity is significantly weakened and shifted to the outlet.
[image: Figure 9]FIGURE 9 | VS distribution on impeller blade-to-blade cross section (Span = 0.5). (A) Scheme I (B) Scheme II (C) Scheme III (D) Scheme IV.
As the flow rate increases, the inlet condition of the impeller improves, effectively suppressing all separation vortices within the flow channel. At 0.6 Qdes, small-scale vortex structures can still be observed on the SS of both Scheme I and Scheme II, elongated by the main flow in the direction of the blade bone line. When the number of blades is increased to Scheme III, the flow pattern inside the impeller is good in both part-load and overload condition, and no obvious vortex structure is found. In addition, the intensity of VS near the impeller outlet decays rapidly with the increase of flow rate. However, at this time, a low VS region with regular arrangement appeared on the leading-edge side of each blade of the impeller. This is related to the crowding effect of the blades on the incoming medium.
5.3 Effect of blade count on energy characteristics
The entropy production theory, derived from the second law of thermodynamics, holds significance in thermodynamics, offering a reliable method to quantify and visualize energy dissipation within rotating machines (Hou et al., 2016; Yang et al., 2023). In an independent adiabatic flow system, entropy production includes direct dissipation entropy production, turbulent dissipation entropy production, and wall entropy production, excluding thermal entropy (Ji et al., 2020). It is worth mentioning that since the RANS-based turbulence model is not able to capture the pulsating velocity information within the flow field, the turbulent dissipation entropy production St is computed utilizing the method proposed by Kock and Herwig (2004):
[image: image]
where ρ is the fluid medium density; ω is the turbulent vortex viscous frequency; k represents the turbulent kinetic energy.
Figure 10 illustrates the distribution of entropy production rate (EPR) within the inner flow channel of the mixed-flow pump under different operating conditions. The energy dissipation characteristics are closely linked to flow conditions, with higher EPR observed in part-load conditions for schemes with varying blade numbers. Notably, high EPR regions appear on the SS side of the impeller channel, extending from the inlet to the outlet, indicating energy dissipation due to the “jet-wake” phenomenon. Moreover, the periodic distribution of high EPR areas in the pump chamber aligns with the number of blades. It is noteworthy that a smaller number of blades is associated with a decrease in EPR at the diffuser inlet, indicating potential advantages for optimizing the match between the diffuser and the impeller discharge medium. Additionally, separation vortices near the diffuser outlet are observed during part-load conditions, and with an increase in flow rate under design conditions, the EPR inside the pump experiences a significant decrease. During this phase, the high EPR region is concentrated near the trailing edge of the blade, radiating to the pump chamber. Although the scale of the separation vortex near the diffuser outlet decreases, it remains associated with a higher EPR, affirming the applicability of the entropy production theory in visualizing energy dissipation within the pump.
[image: Figure 10]FIGURE 10 | EPR distribution in mixed-flow pumps (Span = 0.5).
With a further increase in flow, the separating vortex near the diffuser outlet disappears when the mixed-flow pump is in overload. This is related to the increase in the strength of the main flow. The higher main flow strength can inhibit the generation of flow separation to some extent. However, compared with the rated condition, although the EPR at the impeller outlet decreases in all schemes, the EPR at the diffuser outlet increases significantly. Especially in Scheme IV, the match between the medium flow angle and the inlet placement angle of the vane becomes significantly worse, and the high EPR region near the outlet of the diffuser occupies almost the whole flow channel.
It is noteworthy to mention that to obtain the comprehensive entropy production of the hydraulic system, one must conduct the relevant volume integrals within the hydraulic system for direct dissipation entropy production rate and turbulent dissipation entropy production rate, along with the corresponding area integrals for the wall entropy production rate. The integrated results are summed to obtain the total entropy production of the hydraulic system. Figure 11 provides a quantification of the entropy production for the mixed-flow pump under various flow conditions. The figure reveals that, at small flow conditions, the entropy production of the impeller decreases with an increase in the number of impeller blades. Conversely, the entropy production in the diffuser exhibits a trend of increasing and then decreasing with the number of blades, reaching its maximum value at Scheme III. During this scenario, the total entropy production of the pump is maximized at Scheme II and minimized at Scheme IV. Under design conditions, the distribution of entropy production in the primary overflow components is more uniform, and the total entropy production is minimized at Scheme II. In overload conditions, the energy dissipation of the impeller increases with the number of blades, and the total entropy production is also minimized at Scheme II.
[image: Figure 11]FIGURE 11 | Entropy production of mixed-flow pumps at different flow conditions. (A) 0.6Qdes (B) 1.0Qdes (C) 1.6Qdes.
5.4 Effect of blade count on inlet flow pattern
To explore the impact of the number of impeller blades on the inlet flow pattern of the mixed-flow pump, Figure 12 presents the pressure distribution at the impeller inlet with the vortex structure in the inlet pipe for each scheme at different flow conditions. The vortex structure is identified using the Q criterion with the level set to 0.0002 and visualized using vorticity. The figure reveals a strong correlation between the number of relative high-pressure regions in the impeller inlet and the number of impeller blades, indicating a significant crowding effect of the impeller blades on the incoming flow.
[image: Figure 12]FIGURE 12 | Pressure distribution with vortex structure in the inlet pipe.
During part-load conditions, the inlet vortex primarily distributes on the inner surface of the pipe. With an increase in flow rate, the vortex structures progressively shift towards the outer pipe wall. Their volume steadily increases, and they merge, ultimately distributing on the outer surface of the pipe under overload conditions. Furthermore, the number of vortex cores corresponds to the number of blades in the separated state of the vortex structure. The substantial increase in the number of blades during design and overload conditions significantly amplifies the volume of vortex structures in the inlet pipe, adversely affecting the inlet conditions of the impeller and impacting the device’s performance. This phenomenon explains the higher entropy production of the mixed-flow pump in design and overload conditions, contrasting with lower entropy production in the part-load condition, as depicted in Figure 11.
6 CONCLUSION
In this comprehensive study, the impact of varying the number of impeller blades on the internal flow characteristics and energy performance of a mixed-flow pump is thoroughly examined through numerical simulation and experimental validation. The key findings are summarized as follows:
1) The employed numerical method, validated through performance experiments, demonstrates high accuracy with slight overestimation (4.9% for rated head, 1.5% for efficiency) compared to experimental values. The adopted numerical scheme and SST k-ω turbulence model prove to be accurate and applicable for simulating mixed-flow pumps.
2) The study reveals that an increased number of blades under part-load and part-overload conditions enhances flow patterns and pump performance. However, a higher blade count may elevate flow resistance, particularly in the 0.6Qdes-0.8Qdes flow range, leading to a more pronounced rotating stall effect.
3) Augmenting the number of blades significantly increases cascade solidity, improving undesirable flow structures. The primary source of energy dissipation, identified as the separation vortex, decreases within the impeller under low-flow conditions with an increased number of vanes. Conversely, impeller entropy production rises with an increased number of blades under overload conditions.
In summary, this study validates the numerical method’s accuracy in simulating mixed-flow pumps and highlights the impact of blade count on flow patterns, performance, and energy dissipation. While an increased number of blades enhances flow patterns and mitigates undesirable structures, careful consideration is needed to manage elevated flow resistance and potential rotating stall effects. These findings provide valuable insights for the industrial application, design, and optimization of mixed-flow pumps, emphasizing the importance of balancing blade count for optimal performance across varying operating conditions.
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