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The hydrogen circulation pump (HCP) is an important power component of the hydrogen fuel system, used to recover the unconsumed hydrogen from the anode and transport it back to the inlet of the battery stack to improve the hydrogen utilization efficiency. In this paper, to determine the optimal parameter configuration of the HCP, a multifactor and multi-objective optimization design method is proposed, and the influences of various design parameters on the performance of the HCP are analyzed based on the verified overset grid simulation method. The research results show that the proposed coupling design method can effectively achieve the optimal parameter configuration of the HCP, with diameter-to-pitch ratio κ = 1.47, rotor blade number Z = 3, and helix angle φ = 60°, which is validated using another model with significant performance advantages. In the process of studying the influence of design parameters, it is found that the average flow rate of the HCP is directly proportional to the diameter-to-pitch ratio and the blade number, gradually decreases in the range of helix angle from 0° to 22.5°, and increases in the range of helix angle from 22.5° to 60°. The flow pulsation value and pressure pulsation value of the HCP are less affected by the diameter-to-pitch ratio, decrease with the increase of the blade number, and show a trend of first increasing and then decreasing with the increase of the helix angle.
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1 INTRODUCTION
The hydrogen fuel cell system can meet the demand of society for clean energy and renewable energy. It has the advantages of high efficiency, zero emissions, quiet operation, quick start-up, low operating temperature, and high energy density, and has become one of the best choices for automotive power sources in the 21st century (Liu et al., 2018). When the fuel cell system is in operating mode, the high content of water generated by the combination of hydrogen ions and oxygen ions will hinder the gas diffusion, resulting in performance deterioration of fuel cells during long-term operation (Liu et al., 2021a). Using exhaust gas recirculation devices (ejector/pump) in the fuel cell stack can help in effectively mitigating water flooding and chemical degradation of the membrane electrode assembly (Liu et al., 2023a). The ejector-based exhaust gas recirculation can greatly improve the water balance of fuel cells, but the performance of the ejector is seriously affected by the flow characteristics of water vapor in the secondary flow (Liu et al., 2021b). The hydrogen circulation pump (HCP) is an important power component of the hydrogen fuel system (Zhou et al., 2022). Its role is to recover the unconsumed hydrogen from the anode and transport it back to the inlet of the battery stack to improve the hydrogen utilization efficiency and optimize the life and performance of the fuel cell stack (Wiebe et al., 2020). Research has shown that when the rotating speed of recirculation pump reaches 5,000 revolutions per minute, it can increase the gas flow rate inside the stack channel to 0.44 ms-1, which facilitates the removal of liquid water inside the stack (Liu et al., 2023b). The HCP includes three structural forms: claw type, Roots type, and vortex type (Zhang et al., 2019). Among them, Roots-type HCP has the advantages of simple structure, high reliability, and low cost, which is suitable for high-flow application environments and has become the current mainstream research direction (Wang et al., 2019). The performance of Roots type HCP is affected not only by the shape of the profile (Zhou et al., 2021), but also by design parameters such as working clearance diameter-to-pitch ratio, blade number, and helix angle (Singh et al., 2019; Li et al., 2021; Rao and Zhong, 2021).
Analyze the impact of the diameter-to-pitch ratio on the performance of the HCP. Yang (2022); Yang et al. (2022) studied the influence of diameter-to-pitch ratio on the performance of a Roots-type HCP. Six HCP models with different diameter-to-pitch ratios (from 1.34 to 1.45) were established for numerical calculation and comparative analysis. It was found that the average flow rate and instantaneous flow pulsation amplitude at the pump outlet showed an upward trend with the increase of diameter-to-pitch ratio, and were more obvious in the range of 1.38–1.40. When the rotor diameter-to-pitch ratio is 1.40, the vortex distribution in the pump cavity is small, indicating that the gas return flow rate is the smallest at this time. Zhang (2018). and Li et al. (2020) established six models with different diameter-to-pitch ratios for a Roots-type rotor. The results showed that the average flow rate at the cam pump outlet showed a trend of first increasing and then decreasing as the diameter-to-pitch ratio increased, while the instantaneous flow pulsation amplitude showed a continuous downward trend. Summarizing the above research, it can be concluded that changes in the diameter-to-pitch ratio have a significant impact on the flow characteristics of HCPs, but the relationship between the two may vary due to different models.
Analyze the impact of helical angle on the performance of the HCP. Xing et al. (2023) calculated and compared the flow characteristics of gear pumps with helical angles of 23.74°, 28.11°, 32.14°, and 39.24°, respectively. The results showed that as the helical angle increased, the outlet flow of the gear pump showed a trend of first increasing and then decreasing, and the pulsation coefficient showed a continuous downward trend. The pressure distribution between adjacent cavities of the gears gradually became uniform. Li et al. (2018) conducted simulation calculations on three-blade pendulum pumps with nine different helical angles (0°–60° range). As the helical angle gradually increased from 0° to 60°, the average flow rate at the pump outlet first decreased and then increased, reaching a minimum value at a helical angle of 20°, reaching a peak point at a helical angle of 60°, and the average flow peak was 97% of the straight blade rotor. The instantaneous flow pulsation amplitude showed a decreasing trend with the increase of the helical angle. Zhang (2018) conducted a study on the three-blade pendulum rotor pumps with a larger helix angle range (0°–120°) and found that as the helix angle increased, the average flow rate at the pump outlet experienced a decreasing-increasing-decreasing trend. It also reached its maximum value at a helix angle of 60° and showed a continuous downward trend of the flow pulsation amplitude. To summarize the above research, the flow rate of the HCP showed a phenomenon of first increasing and then decreasing with the increase of the helix angle, rather than a linear relationship.
Analyze the impact of blade number on the performance of the HCP. Chen and Zou (2019) established three models of two-blade, three-blade, and four-blade for the circular arc rotor and carried out numerical calculations and comparisons. In the low-speed operation state, the increase of the blade number can increase the volumetric efficiency, reduce the speed fluctuation at the outlet, and improve the stability of the flow field inside the pump body. In the high-speed operation state, the increase of the blade number can increase the number of pulsations at the outlet in unit time, which leads to a decrease in the volumetric efficiency. Zhang (2018) conducted research on multi-blade pendulum rotors and believed that as the number of rotor blades increased, the pump outlet flow showed a downward trend, but the flow inside the pump cavity was more stable. Li et al. (2022) found that when the number of rotor blades increased from 2 to 4, the average flow rate at the pump outlet decreased, and the diversity of pressure changes in the cavity increased. Li et al. (2021b) conducted simulation calculations on four HCP models with different blade numbers (3-6 blades). As the number of rotor blades increased, the average flow rate and total outlet pressure at the pump outlet decreased, and the intensity of outlet flow and pressure pulsation was effectively weakened. The main reason was that the increase in the number of rotor blades led to an increase in the transition chamber, resulting in an increase in the number of pressurization stages and a more stable pressurization effect. Summarizing the above research, some results indicated that the number of rotor blades was directly proportional to the flow rate of the hydrogen circulation pump, while others indicated an inverse relationship between the two, without forming a unified conclusion.
Analyze the influence law under the coupling effect of multiple design parameters. Li (2021) studied the coupling effect of design parameters such as rotor blade number, helix angle, and diameter-to-pitch ratio using the three-dimensional unsteady numerical calculation method. It was found that as the blade number increased, the average flow rate at the pump outlet showed a downward trend, and the intensity of flow and pressure pulsation also decreased. As the helix angle gradually increased from 0° to 120°, the average flow rate and volumetric efficiency showed a declining trend, and the more rotor blades, the greater the decline. However, the pressure fluctuation coefficient gradually decreased with the increase of the helix angle. When the diameter-to-pitch ratio of the rotor decreased from 1.29 to 1.20, the outlet volumetric efficiency decreased by 14.61%, and the pressure fluctuation coefficient decreased by 44.37%. Gu et al. (2021) used the Taguchi method to study the influence of six factors on the performance of claw-shaped HCP, including speed, pressure ratio, inlet pressure, radial clearance between rotor and shell, radial clearance between rotors, and axial clearance. The quantitative contribution of these six factors to volumetric efficiency and shaft power was obtained by the ANOVA method, and it was found that the pressure ratio (36.2%), axial clearance (29.4%), and rotating speed (21.5%) have a greater impact on volumetric efficiency, while pressure ratio (64.6%), rotating speed (23.0%) and inlet pressure (5.2%) have a greater impact on shaft power. Gao (2022) used the quadratic regression orthogonal combination experimental method to study the influence of main structural parameters such as rotor length, rotor radial clearance, rotor blade number, and pipe diameter on the performance of HCP. Taking the structural parameters as the influencing factors, and taking the volumetric efficiency and flow non-uniformity coefficient as the evaluation factors, the optimal combination of the structural parameters of the HCP was determined through orthogonal tests and variance analysis. The research results showed that the influence on the volumetric efficiency was in descending order of rotor clearance, rotor length, rotor blade number, and pipe diameter, while the influence on the non-uniform coefficient of flow rate was in descending order of rotor blade number, rotor length, and radial clearance.
It can be found that there is relatively little research on the parameter optimization of HCP currently, and more research is focused on rotor pumps with similar structures in other industries. In different application environments, there are also certain differences in the research conclusions on the influence of design parameters such as diameter-to-pitch ratio, blade number, and helix angle, which cannot be directly referenced. At the same time, although some scholars have analyzed the coupling effect of multiple parameters, the research conclusion is discretization and the optimal parameter configuration of the HCP cannot be determined because a unified objective function has not been established for multiple optimization objectives. Therefore, this article will establish a multi-objective optimization method that covers performance parameters such as average flow rate, flow pulsation, and pressure pulsation, using diameter-to-pitch ratio, blade number, and helix angle as design variables, and ultimately achieve the optimal parameter configuration of the HCP.
2 SIMULATION METHOD AND EXPERIMENTAL VERIFICATION
The overset mesh method for simulation calculation using STAR-CCM software is adopted in this paper, which can well analyze the model with a motion clearance of only 0.1 mm. Using the pump cavity grid model as the background region and the rotor grid model as the overlapping region, the overset mesh method couples the two regions by exchanging data between the acceptor grid cells in the background region and the donor grid cells in the overlapping region. Compared with conventional dynamic grids, this method reduces the difficulty of generating computational grids by dividing the computational model into blocks, avoiding problems such as mesh entanglement, distortion, and negative volume, thus ensuring the accuracy of the calculation results. The model is divided into hexahedral grids, with the grid edge length dimensions of the background area and overlapping area at the clearance position both 0.025 mm to meet the accuracy of the data exchange.
Establish the HCP testing system to verify the reliability of the simulation method, as shown in Figure 1. The HCP testing system uses high-frequency pressure sensors to test the real-time pressure pulsation curve and uses the indirect flow measurement method (Zhai et al., 2023) to test the real-time flow pulsation curve. Figure 2 shows the comparison of the simulation and testing results of the HCP prototype under air medium. The results show that the pressure waveforms of the two have a high degree of agreement, with an average pressure error of 2.1%, and the measured flow waveform is lower than the simulated flow waveform, with an average flow rate error of 6.2%. The reason for the large flow rate error is that the simulation calculation did not consider the axial clearance. Overall, the simulation results are relatively close to the experimental results, indicating that using the overset mesh method to optimize the design of HCP is feasible.
[image: Figure 1]FIGURE 1 | Test system physical picture.
[image: Figure 2]FIGURE 2 | Comparison of test data and simulation data. (A) Pressure (B) Mass flow rate.
3 MULTIFACTOR AND MULTI-OBJECTIVE COUPLING DESIGN METHOD
3.1 Multifactor design condition
The design parameters of the HCP labeled in Figure 3 are divided into two categories: invariant parameters and variable parameters, as shown in Table 1. The invariant parameters include the width W and the height H of the pump cavity, the radial clearance δ1 between the rotor and the pump casing, and the radial clearance δ2 between rotors. The variable parameters include the diameter-to-pitch ratio κ, the blade number Z, and the helix angle φ. Design the elliptical profile of the HCP based on the design formula proposed in the reference (Zhai et al., 2022). It can be found that there is a certain correlation between the diameter-to-pitch ratio κ and the blade number Z. The smaller the κ value, the higher the maximum number of rotor blades Z that can be designed. When the value of κ is large, the rotor profile will experience the self-crossing phenomenon. For example, when κ = 1.47, only 2-blade and 3-blade rotors can be designed, and the conjugate curve will undergo a self-crossing phenomenon while designing 4-blade rotors. Similarly, the maximum number of rotor blades that can be designed is 4 when κ = 1.39, and 5 when κ = 1.32. After the blade number Z is determined, the rotor helix angle φ can be changed to obtain different HCP models. Considering the symmetry of the left and right rotors, the maximum helix angle is taken as 180°/Z. Therefore, the three variable parameters of the diameter-to-pitch ratio κ, the blade number Z, and the helix angle φ are used as design factors for the hydrogen circulation pump, with each design factor containing a series of numerical values. Therefore, three variable parameters are considered multiple factors in the design of the HCP, with each design factor containing a series of numerical values.
[image: Figure 3]FIGURE 3 | Marking of design parameters for the HCP.
TABLE 1 | Invariant and variable parameters of the HCP.
[image: Table 1]3.2 Definition of the multi-objective optimization function
The average flow rate is the main indicator to measure the delivery capacity of the HCP, which directly affects the efficiency of the fuel cell system. As a positive displacement pump, the output flow rate and pressure of the HCP have periodically fluctuated. The flow and pressure pulsation characteristics will have a certain impact on the stability of the fuel cell system and are also important indicators to measure the performance of HCP. Therefore, optimizing the design of multi-objective parameters such as average flow rate, flow pulsation, and pressure pulsation can develop HCP products with the best comprehensive performance.
Take the average flow rate actually output as the target parameter to measure the flow rate. Record the ratio of the real-time flow fluctuation amplitude to the average flow rate as the flow fluctuation factor KQ, which is the target parameter to measure the amplitude of flow fluctuation. Record the ratio of the real-time pressure fluctuation amplitude to the average outlet relative pressure as the pressure fluctuation factor KP, as the target parameter to measure the pressure fluctuation amplitude.
Define the multi-objective optimization function, see Eq. 1:
[image: image]
In the equation, [image: image] is the flow pulsation value, [image: image]; k1 is the weight factor of flow pulsation value, with a value of 1; [image: image] is the pressure pulsation value, [image: image]; k2 is the weight factor of pressure pulsation value, with a value of 0.001, since the pressure value is of a larger order of magnitude compared to the flow rate value. The values of the three weight factors can be adjusted based on the importance attached to each parameter in the actual application environment.
3.3 Multifactor and multi-objective coupling design process
Considering that there are a series of values available for selection in terms of the diameter-to-pitch ratio κ, the blade number Z, and the helix angle φ. Any combination of parameters will correspond to different multi-objective optimization function values. If all combinations are calculated to obtain the maximum value of the multi-objective optimization function, the computational workload is very large, and a reasonable multi-objective optimization process needs to be designed to quickly achieve the optimal assignment of parameters.
Figure 4 shows the multifactor and multi-objective coupling design process. Firstly, under the condition of a certain number of blades Z0, design straight blade rotor models with different diameter-to-pitch ratios κ and conduct simulation, calculate the value of the multi-objective optimization function [image: image], and determine the maximum value [image: image] and corresponding diameter-to-pitch ratio [image: image], the minimum value [image: image] and corresponding diameter-to-pitch ratio [image: image]. Secondly, under the condition of the minimum diameter-to-pitch ratio [image: image], design straight blade rotor models with different blade numbers Z and conduct simulation, calculate the value of the multi-objective optimization function [image: image] and determine the maximum value [image: image] and corresponding blade number [image: image], the minimum value [image: image] and corresponding blade number [image: image]. Afterward, a series of comparisons will be conducted, where [image: image] represents the influence factor of the diameter-to-pitch ratio on the objective function, and [image: image] represents the influence factor of the blade number on the objective function, expressed using Eqs 2, 3 respectively.
[image: image]
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[image: Figure 4]FIGURE 4 | Flow chart of multi-objective optimization method.
In the two equations, [image: image] represents the number of different diameter-to-pitch ratios κ, [image: image] represents the number of different blade numbers Z.
Based on the comparison results, choose to design the rotor profile with the maximum number of blades [image: image] under the condition of [image: image], or with the maximum number of blades [image: image] under the condition of [image: image], and simulate and calculate rotor models with different helix angles [image: image], and ultimately obtain the maximum value of the multi-objective optimization function and the corresponding helix angle.
4 ANALYSIS OF THE INFLUENCE OF DESIGN FACTORS
Define the expression of the HCP to reflect its parameter configuration, such as expressing the HCP with diameter-to-pitch ratio [image: image], rotor blade number [image: image], and helix angle [image: image] as HCP147-3-30. Determine the optimal parameter configuration of the HCP based on the multifactor and multi-objective coupling design process. The pressure ratio for the working condition is 1.1.
4.1 The influence of diameter-to-pitch ratio on the performance of HCP
The influence analysis of the diameter-to-pitch ratio is conducted under the condition of 3 rotor blades. Figure 5 shows the comparison of the flow rate and the pressure of HCP under different diameter-to-pitch ratios. Firstly, analyze the impact of diameter-to-pitch ratio on the average flow rate of HCP: the average flow rate of the HCP147-3-0 model is 45.0 Nm3/h, the HCP139-3-0 model is 37.0 Nm3/h, the HCP132-3-0 model is 33.6 Nm3/h, indicating a directly proportional relationship between the diameter-to-pitch ratio and the average flow rate. Secondly, analyze the impact of diameter-to-pitch ratio on the real-time flow pulsation characteristics of HCP: on the one hand, when the diameter-to-pitch ratio changes, the pulsation frequency of the flow rate waveform, the positions of the peaks and valleys do not change, and the similarity of the waveform is high; on the other hand, the flow pulsation value of the HCP147-3-0 model is [image: image], the HCP139-3-0 model [image: image], the HCP132-3-0 model [image: image]. The difference in flow pulsation among the three models is small and there is no obvious change pattern, indicating that the diameter-to-pitch ratio has a small impact on the flow pulsation characteristics. Thirdly, analyze the impact of diameter-to-pitch ratio on the real-time pressure pulsation characteristics of HCP: the pressure pulsation value of the HCP147-3-0 model is [image: image], the HCP139-3-0 model [image: image], the HCP132-3-0 model [image: image], and their values are close, indicating that the influence of the diameter-to-pitch ratio on the pressure fluctuation characteristics is relatively small.
[image: Figure 5]FIGURE 5 | Performance of HCP models with different diameter-to-pitch ratios. (A) Output flow rate (B) Output pressure.
Figure 6 shows the back-flow at the radial clearance of different diameter-to-pitch ratio models. The back-flow velocity at the clearance of the HCP147-3-0 model is 728 m/s, the HCP139-3-0 model is 720 m/s, and the HCP132-3-0 model is 641 m/s. From this, it can be concluded that the back-flow rates at the clearance of the HCP147-3-0 model and the HCP139-3-0 model are similar, and the HCP132-3-0 model is relatively low. Analyzing the absolute decrease of the average output flow rate of the three models relative to the theoretical flow rate, the theoretical flow rate of the HCP147-3-0 model is 75.1 Nm3/h, which decreases by 30.1 Nm3/h under the 1.1 pressure ratio condition, the HCP139-3-0 model is 67.2 Nm3/h, which decreased by 30.2 Nm3/h under the 1.1 pressure ratio condition, and the HCP132-3-0 model is 59.4 Nm3/h, which decreased by 25.8 Nm3/h under the 1.1 pressure ratio condition. The absolute decrease value results are consistent with the analysis results of the back-flow rate at the clearance, indicating that the decrease in leakage caused by a decrease in the diameter-to-pitch ratio of the HCP is weaker than the decrease in delivery capacity caused by a decrease in the area utilization coefficient, resulting in a decrease in the final output flow rate.
[image: Figure 6]FIGURE 6 | Radial clearance flow velocity comparison of HCPs with different diameter-to-pitch ratios. (A) Flow velocity at the radial clearance of HCP147-3-0 model (B) Flow velocity at the radial clearance of HCP139-3-0 model (C) Flow velocity at the radial clearance of HCP132-3-0 model.
Figure 7 shows the comparison of the internal pressure distribution of HCP models under different diameter-to-pitch ratios. It can be found that in the first two states, the maximum pressure of the HCP132-3-0 model is basically the same as that of the HCP147-3-0 model, but in the third state, the maximum pressure of the HCP132-3-0 model is significantly lower than that of the HCP147-3-0 model, which is consistent with the trend of the pressure fluctuation factor of each model in Figure 5B.
[image: Figure 7]FIGURE 7 | Pressure distribution comparison of HCP models with different diameter-to-pitch ratios.
4.2 The influence of blade number on the performance of HCP
Design HCP models with different blade numbers at the lowest diameter-to-pitch ratio for simulation calculations. Figure 8 shows the comparison of the flow rate and the pressure of HCP under different blade numbers. Firstly, analyze the impact of blade number on the average flow rate of HCP: the average flow rate of the HCP132-2-0 model is 32.4 Nm3/h, the HCP132-3-0 model 33.6 Nm3/h, the HCP132-4-0 model 36.1 Nm3/h, and the HCP132-5-0 model 38.0 Nm3/h, indicating a directly proportional relationship between the blade number and the average flow rate. Secondly, analyze the impact of blade number on the real-time flow pulsation characteristics of HCP: on the one hand, when the rotor operates for one cycle (360°), the number of periodic flow pulsation waveforms output by the HCP132-2-0 model is 4, the HCP132-3-0 model is 6, the HCP132-4-0 model is 8, and the HCP132-5-0 model is 10, indicating that the number of pulsation waveforms output by the HCP during one operating cycle is twice the number of rotor blades; on the other hand, the flow pulsation value of the HCP132-2-0 model is [image: image], the HCP132-3-0 model [image: image], the HCP132-4-0 model [image: image], and the HCP132-5-0 model [image: image], indicating an inverse relationship between the blade number and the flow pulsation value. Thirdly, analyze the impact of blade number on the real-time pressure pulsation characteristics of HCP: the output pressure of all four models shows pulsating changes, but their periodic pulsation pattern is not as obvious as the real-time flow rate curve; the pressure pulsation value of the HCP132-2-0 model is [image: image], the HCP132-3-0 model [image: image], the HCP132-4-0 model [image: image], and the HCP132-5-0 model [image: image], indicating an inverse relationship between the blade number and the pressure pulsation value.
[image: Figure 8]FIGURE 8 | Performance of HCP models with different blade numbers. (A) Output flow rate (B) Output pressure.
Figure 9 shows the back-flow at the radial clearance of different blade number models. The back-flow velocity at the clearance of the HCP132-2-0 model is 677 m/s, the HCP132-3-0 model is 561 m/s, the HCP132-4-0 model is 453 m/s, and the HCP132-5-0 model is 441 m/s, indicating that the back-flow rate at the clearance of the HCP model decreases as the number of rotor blades increases. Analyze the absolute decrease of the average output flow rate relative to the theoretical flow rate, while the theoretical flow rates of the four models are not significantly different. The HCP132-2-0 model decreased by 26.6 Nm3/h under 1.1 pressure ratio conditions, the HCP132-3-0 model decreased by 25.8 Nm3/h, the HCP132-4-0 model decreased by 24.0 Nm3/h, and the HCP132-5-0 model decreased by 23.0 Nm3/h. This result is consistent with the analysis results of the back-flow rate at the clearance.
[image: Figure 9]FIGURE 9 | Variation of flow velocity at the radial clearance in HCP models with different blade numbers. (A) Flow velocity at the radial clearance of HCP132-2-0 model (B) Flow velocity at the radial clearance of HCP132-3-0 model (C) Flow velocity at the radial clearance of HCP132-4-0 model (D) Flow velocity at the radial clearance of HCP132-5-0 model.
Figure 10 shows the comparison of the internal pressure distribution of HCP models under different blade numbers. It can be found that in any state, the maximum pressure of the HCP132-2.0 model is the highest, followed by the HCP132-4-0 model, and the HCP132-5-0 model is the lowest. The maximum pressure fluctuation amplitude of the HCP132-2.0 model is 1.2 kPa, the HCP132-4-0 model is 0.6 kPa, and the HCP132-5-0 model is 0.4 kPa. The results show that the more blades the rotor has, the smaller the pressure fluctuation inside the pump chamber, and the lower the amplitude of the output pressure fluctuation, which is consistent with the trend of the pressure fluctuation factor of each model in Figure 8B.
[image: Figure 10]FIGURE 10 | Pressure distribution comparison of HCP models with different blade numbers.
4.3 Phase comparison of the models
According to the multifactor and multi-objective coupling design method, the optimal stage selection of the HCP model is carried out in the following stages.
(1) Based on the simulation calculation results, calculate the objective functions [image: image] of the different diameter-to-pitch ratio models and the different rotor blade number models, the influence factor of diameter-to-pitch ratio on the objective functions [image: image], and the influence factor of the blade number on the objective functions [image: image], as shown in Tables 2, 3.
(2) Based on the calculation results, [image: image], [image: image], [image: image], and [image: image] are determined. Due to [image: image] and [image: image], the comparison process between influencing factors [image: image] and [image: image] is activated
(3) As [image: image] and [image: image], it can be found that [image: image]. It is necessary to design the rotor profile with the maximum number of blades [image: image] under the condition [image: image], that is, [image: image], [image: image]. Based on this profile, analyze the influence of the helix angle on the flow characteristics of the HCP.
TABLE 2 | Calculation of HCP models under different diameter-to-pitch ratios.
[image: Table 2]TABLE 3 | Calculation of HCP models with different blade numbers.
[image: Table 3]4.4 The influence of helix angle on the performance of HCP
Figure 11 shows the average flow rate, flow pulsation value, and pressure pulsation value changes of different helix angle models, used to summarize the influence of helix angle on the flow characteristics of the HCP. Firstly, analyze the impact of the helix angle on the average flow rate of HCP: as the helix angle increases, the average flow rate of the HCP gradually decreases within the range of 0°–22.5°, and increases within the range of 22.5°–60°; the HCP147-3-22.5 model with a helix angle of 22.5° has the smallest average flow rate of 33.6 Nm3/h, and the HCP147-3-60 model with a helix angle of 60° has the highest average flow rate of 45.1 Nm3/h, which is equivalent to the flow rate of the straight blade rotor model. Secondly, analyze the impact of the helix angle on the real-time flow pulsation characteristics of HCP: as the helix angle increases, the average flow rate of the HCP gradually increases within the range of 0°–15°, and decreases within the range of 15°–60°; the model with a helix angle of 15° has the maximum flow pulsation value of [image: image], and the model with a helix angle of 60° has the minimum flow pulsation value of [image: image]. Thirdly, analyze the impact of helix angle on the real-time pressure pulsation characteristics of HCP: the pressure pulsation value of the HCP shows a decreasing trend as the helix angle increases, with a small declining rate within the range of 0°–30°, and even an increase at the helix angle of 7.5°; the declining rate is significant within the range of 30°–60°, and the pressure pulsation reaches its minimum value of [image: image] when the helix angle is 60°.
[image: Figure 11]FIGURE 11 | Changes in fluid characteristics of HCP models with different helix angles. (A) Flow characteristic (B) Pressure characteristic.
The change in helix angle does not change the theoretical flow rate of the HCP model but causes a change in the actual output flow rate, which is because the change in helix angle can cause a change in the back-flow rate at the clearance. Figure 12 shows the flow velocity vectors of the horizontal and vertical sections at the middle position of the HCP models under different helix angles, used for in-depth analysis of the influence of helix angles on the back-flow at the clearance. Analyzing the flow velocity at the clearance, it is found that the maximum flow velocity decreases with the increase of the helix angle. However, an increase in helix angle will result in an extension of the length of the meshing clearance, which in turn leads to an increase in the cross-sectional area of the back-flow. Under the combined effect of reduced back-flow velocity and increased clearance cross-sectional area, the average flow rate at a 22.5° helix angle is minimized.
[image: Figure 12]FIGURE 12 | Variation of flow velocity at the radial clearance in HCP models with different helix angles. (A) Flow velocity at the radial clearance of HCP147-3-7.5 model (B) Flow velocity at the radial clearance of HCP147-3-22.5 model (C) Flow velocity at the radial clearance of HCP147-3-45 model (D) Flow velocity at the radial clearance of HCP147-3-60 model.
Figure 13 shows the comparison of the internal pressure distribution of HCP models under different helix angles. It can be found that the average pressure difference between the high-pressure and low-pressure areas inside the HCP147-3-22.5 model is 16.7 kPa, while the HCP147-3-45 model is 15.2 kPa and the HCP147-3-60 model is 15.0 kPa. This indicates that the larger the helix angle, the smaller the internal pressure difference, which is consistent with the trend of the pressure fluctuation factor of each model in Figure 11B. Analyzing its internal mechanism, as the helix angle increases and the volume of the high-pressure zone also increases, the longer the high pressure can be maintained, the smoother the output pressure curve.
[image: Figure 13]FIGURE 13 | Pressure distribution comparison of HCP models with different helix angles.
5 DETERMINATION AND VERIFICATION OF THE OPTIMAL PARAMETER CONFIGURATION
5.1 Determination of the optimal parameter configuration
According to the multi-objective optimization design method, the effects of two parameters, namely, the diameter-to-pitch ratio and the blade number, on the flow characteristics of the HCP are first analyzed, and the optimal stage model HCP147-3-0 is obtained through comparison. Afterward, rotor models with different helix angles are designed based on the stage optimal model, and the relationship between helix angles and flow characteristics is analyzed.
Table 4 shows the multi-objective optimization function values for different helix angle models. It can be found that the HCP147-3-60 model has the highest value of the multi-objective optimization function [image: image], which determines the optimal parameter configuration of the HCP: diameter-to-pitch ratio [image: image], rotor blade number [image: image], and helix angle [image: image].
TABLE 4 | Calculation of multi-objective optimization functions under different helix angles.
[image: Table 4]5.2 Verification of the optimal parameter configuration
Select some examples with relatively obvious performance advantages to compare with the optimal model HCP147-3-60. Figure 14 shows the performance comparison between the HCP132-5-36 model, the HCP132-5-0 model, and the optimal configuration model. Comparing the flow curves of the HCP132-5-36 model with the HCP132-5-0 model, the average flow rate increased from 37.9 Nm3/h to 42.5 Nm3/h after the straight blade rotor became a spiral rotor, the flow fluctuation value decreased from 0.657 to 0.454, and the pressure fluctuation value decreased from 0.63 × 10−3 to 0.33 × 10−3, indicating that the overall performance of the HCP132-5-36 model is better than that of the HCP132-5-0 model. However, compared with the HCP147-3-60 model, the average flow rate of the HCP132-5-36 model is relatively low, and the flow fluctuation value and pressure fluctuation value are relatively high, resulting in relatively poor overall performance. After calculation, the multi-objective optimization function value of the HCP132-5-36 model is slightly smaller than that of the HCP147-3-60 model, verifying that the HCP147-3-60 model is the optimal configuration model.
[image: Figure 14]FIGURE 14 | Performance comparison between the optimal configuration model and the example model. (A) Output flow rate (B) Output pressure.
6 CONCLUSION
This article proposes a multifactor and multi-objective coupling design method based on the elliptical profile. By calculating and analyzing the effects of factors such as diameter-to-pitch ratio, blade number, and helix angle on the performance of HCPs based on the verified overset grid simulation method, the optimal configuration of the HCP model is determined, and the optimal results are verified through examples. The main conclusions formed are as follows:
(1) A multifactor and multi-objective coupling design method is proposed. A multi-objective optimization function has been defined, which can adapt to different needs by adjusting the weight factor of the flow pulsation value and the pressure pulsation value. A multifactor and multi-objective coupling design process has been established, and the optimal stage model is determined by comparing the influence factors of the diameter-to-pitch ratio and the blade number on the objective function. Based on this, the influence of the helix angle is considered to determine the optimal model. The proposed coupling design method can effectively achieve the optimal parameter configuration of the HCP, which is beneficial for improving the overall performance.
(2) The effects of design parameters such as diameter-to-pitch ratio, blade number, and helix angle on the flow characteristics of HCP are studied. It is found that the average flow rate of the HCP is directly proportional to the diameter-to-pitch ratio and the blade number, gradually decreases in the range of helix angle from 0° to 22.5°, and increases in the range of helix angle from 22.5° to 60°. The flow pulsation value and pressure pulsation value of the HCP are less affected by the diameter-to-pitch ratio, decrease with the increase of the blade number, and show a trend of first increasing and then decreasing with the increase of the helix angle, and both reach their minimum values when the helix angle is 60°.
(3) The optimal parameter configuration of the HCP model has been completed, and the optimal model is determined as HCP147-3-60, with a diameter-to-pitch ratio κ = 1.47, rotor blade number Z = 3, helix angle φ = 60°. The average flow rate of the optimal model is 45.1 Nm3/h, the flow pulsation value KQ = 0.405, the pressure pulsation value KP = 0.27 × 10−3, and the multi-objective optimization function value is 51.3. The design result is validated using another model HCP132-5-36 with significant performance advantages, the multi-objective optimization function value of which is slightly lower than the optimal model HCP147-3-60. The comparison results verified the feasibility of the multifactor and multi-objective coupling design method.
7 RECENT DEVELOPMENTS AND FUTURE DIRECTIONS
HCP has gradually become a hot spot in the development of the fuel cell industry, which is significant to the advancement of fuel cell industrialization in the future. In recent years, numerous researches have been conducted on the internal flow characteristics of the HCP. However, there are still some knowledge gaps, especially, the HCP generates significant noise during operation due to the high-speed rotation of the rotor and gas compression, which reduces user comfort and is of great research significance and difficulty. It has become an important research direction in the future.
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