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The volumetric efficiency of the hydrogen circulation pump (HCP) is mainly affected by the amount of leakage in working clearances. Studying the leakage characteristics of working clearances is of great significance for optimizing the performance of the HCP. Therefore, this paper developed a three-blade elliptical conjugate rotor HCP, and compared the results of experiments and simulations for different working conditions. On this basis, the flow rate, pressure, and internal flow field changes of radial clearance models and axial clearance models with four different scales of 0.1mm, 0.14mm, 0.18mm, and 0.22 mm were studied. The results indicate that: under four different pressure ratios and rotational speeds, the simulation results using the overlapping grid method showed a maximum difference of 4.17% compared to the experimental results, verifying the reliability of the simulation calculation method; the average flow rate of the HCP is linearly inversely proportional to both the radial clearance and the axial clearance, with a decrease rate of 11.6 Nm3/h and 5.8 Nm3/h as the clearance size increases by 0.04 mm; the radial clearance leakage of the same size is higher than the axial clearance, the leakage value in the radial clearance between the rotors is higher than that between the rotor and the pump casing, and the internal leakage of axial clearance is not evenly distributed, with higher leakage value in the middle area than that in the left and right areas.
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1 INTRODUCTION
The hydrogen circulation pump (HCP) is an important equipment in fuel cell systems, used to recover hydrogen gas that has not been consumed by the fuel cell stack, and to pressurize and deliver it to the stack inlet to improve fuel cell efficiency (Wiebe et al., 2020; Liu et al., 2020; Fan et al., 2021; Alami, 2021). Roots HCP has the advantages of simple structure, high reliability, and low cost, which is suitable for high-flow application environments and has become the mainstream research direction currently (Wang et al., 2019; Wu et al., 2023). To improve the flow characteristics of Roots type hydrogen circulation pumps, current research focuses on optimizing the design of rotor profiles (Zhai et al., 2022; Li et al., 2024; Lin et al., 2021) and optimizing design parameters such as rotor blade number (Li et al., 2021; Chen and Zou, 2019), helix angle (Zhai et al., 2024; Zhang, 2018), diameter to pitch ratio (Li et al., 2023; Yang et al., 2022). The working clearance is also an important design parameter for HCPs. The smaller the clearance size, the higher the volumetric efficiency of the pump, but the greater the difficulty of machining and assembling the various components of the HCP. Therefore, it is necessary to study the leakage characteristics of the work clearance and find a suitable balance point.
Working clearances include two types: radial clearance and axial clearance. The radial clearances include the radial clearance between rotors and the radial clearance between the rotor and the pump casing. On the one hand, there is a correlation between the working gap size and the volumetric efficiency of the HCP. Lin and Lin (2022). concluded through simulation that as the radial clearance increased, more gas leaked from the high-pressure exhaust chamber to the low-pressure intake chamber, resulting in a decrease in the actual flow rate of the HCP. Liang et al. (2024). conducted numerical calculations on seven sets of pumps with different working clearances to study the influence of working clearances, and concluded that the actual exhaust flow rate of the pump decreased from 37.46 to 32.73 m3/h when the meshing clearance increased from 0.15 to 0.21 mm. According to Rao L.'s research (Rao and Zhong, 2021), under the condition of constant rotational speed, as the axial clearance increased, the volumetric efficiency of the rotor pump decreased significantly; under the condition of constant axial clearance, the volumetric efficiency of the rotor pump increased with the increase of rotational speed. These three studies indicate that an increase in working clearance size will reduce the volumetric efficiency of the HCP. Singh et al. (2019). used a high-speed camera, a high-speed particle image velocimeter, and other equipment to conduct instantaneous PIV experiment for Roots blower, and compared the experimental results with CFD unsteady simulation results, which confirmed that the increase of working clearance size would reduce the volumetric efficiency of Roots blower. Because the Roots blower has a similar structure to the Roots HCP, this experimental verification result can be used for reference.
On the other hand, changes in the size of the working clearance have an impact on the internal flow field and flow stability of the HCP. Li et al. (2022). studied the effect of radial clearance size variation on the flow characteristics of rotor pumps, and the conclusion was that when the clearance size increased from 0.1 mm to 0.3mm, the area and intensity of vortices in the pump cavity increased, resulting in a decrease in flow stability. Rao and Zhong (2021) found that as the increase of axial clearance size, the flow pulsation characteristics did not show a significant change.
It can be found that there is relatively little research on the leakage characteristics of the working clearance of the HCP, and more research is based on the reference of rotor pumps with similar structures in other industries. The current research mainly focuses on the correlation between the size changes of radial or axial clearances and the output flow rate, without conducting systematic research on the leakage characteristics of working clearances, and the depth of research on leakage mechanisms is insufficient. Therefore, this paper will establish a three-blade elliptical conjugate rotor HCP, and use experimental and overlapping grid simulation methods to systematically study the effects of radial clearance and axial clearance on the flow rate, pressure, and internal flow field of the HCP, providing theoretical guidance for the rational design of the clearance size.
2 MODEL DESIGN AND THEORETICAL CALCULATION
2.1 Model design
This article adopts the previous design method (Zhai et al., 2022) to design a three-blade elliptical conjugate rotor HCP for studying the leakage characteristics of the working clearance. The design parameters of the HCP include the length of the pump chamber L = 111 mm, the width of the pump cavity B = 66, and the height of the pump cavity D = 40 mm, shown in Figure 1. The HCP includes four working clearances, namely, the radial clearance δr1 between the rotor and the pump casing, the radial clearance δr2 between the two rotors, the axial clearance δa1 between the rotor and the upper cover, the axial clearance δa2 between the rotor and the bottom of pump cavity. Usually, the values of the two types of radial clearances are equal, designed as δr1 = δr2 = 0.10mm; the values of the two types of axial clearances are equal, designed as δa1 = δa2 = 0.10 mm. Then, record the section of the elliptic curve as L1, the conjugate curve as L2, and design the rotor profile according to Equation 1.
[image: image]
[image: Figure 1]FIGURE 1 | The HCP structure. (A) Schematic diagram of rotor profile (B) The components of the HCP.
Where, x0 is the variable parameter of the elliptic curve, x0 = 5 (in this article); Rm is the top circle radius of the rotor profile, [image: image]; R is the pitch circle radius of the rotor profile, [image: image]; m and n are the derivatives of the fractions of the L1 equation, [image: image]; [image: image]; θ is the rotation angle of the coordinate system change, [image: image]; k, k1 and k2 are coefficients, [image: image], [image: image], [image: image], α is the envelope angle, [image: image].
2.2 Theoretical calculation
After completing the model design of the hydrogen circulation pump, calculate the theoretical flow rate according to Equation 2.
[image: image]
Where, Q0is the theoretical flow rate without considering compression, leakage, and other factors, Nm3/h; n is the pump speed, r/min; D is the height of the pump chamber, m; Sc is the cross-sectional area of the concave cavity between the two blades of the rotor. [image: image] m2.
When the rotational speeds are 2000 r/min, 2500 r/min, 3,000 r/min, and 3,500 r/min respectively, the theoretical flow rates of the HCP are calculated to be 16.70 Nm3/h, 20.88 Nm3/h, 25.06 Nm3/h and 29.23 Nm3/h.
3 PROTOTYPE TEST AND SIMULATION
3.1 Prototype test
Figure 2 shows the HCP testing system, which uses high-frequency pressure sensors to test the real-time pressure, a vortex flowmeter to test the average flow rate, a temperature sensor to test the temperature of the output gas, the control valve at the end to adjust the outlet pressure of the HCP. For safety reasons, the air medium is used to test the flow-pressure characteristics of the HCP, so the inlet of the HCP testing system is open. Figure 2 shows the comparison of the simulation and testing results of the HCP prototype under air medium.
[image: Figure 2]FIGURE 2 | The HCP testing system.
Adjust the opening of the control valve to 10% and keep it unchanged. When the speed of the HCP is set to 2000r/min, the measured flow rate is 10.38Nm3/h and the pressure is 6.2kPa; when the speed is set to 2500r/min, the measured flow rate is 12.48Nm3/h and the pressure is 8.8kPa; when the speed is set to 3000r/min, the measured flow rate is 15.12Nm3/h and the pressure is 12.2kPa; when the speed is set to 3500r/min, the measured flow rate is 18.72Nm3/h and the pressure is 16.9 kPa. The ratio of the test flow rate to the theoretical flow rate is defined as volumetric efficiency.
3.2 Simulation method
The overlapping grid method of STAR-CCM is used to calculate the turbulence of the HCP models, and the established hexahedral grid model is shown in Figure 3. The grid model of HCP is composed of a pump body, rotors, inlet, outlet, upper axial clearance, and lower axial clearance. The number of grid layers in the overlapping area at the work clearance is bigger than 5, which meets the requirements of the minimum 4 layers of the overlapping grid and has high reliability.
[image: Figure 3]FIGURE 3 | Grid model of the HCP.
The inlet and outlet of the HCP model are set as pressure boundaries, with the inlet pressure value set to 0 and the outlet pressure set based on experimental data. For example, when the speed of the two rotors is set to 2000r/min, the outlet pressure is set to 6.2 kPa. The realizable k-ε two-layer model which can well simulate the complex motion of the whole flow field, is selected as the turbulence model.
3.3 Comparison between experimental data and simulation data
Figure 4 compares the simulated flow rate with the test flow rate. It can be observed that the flow rates under four different states are 10.58Nm3/h, 13.0Nm3/h, 15.70Nm3/h, and 19.45Nm3/h, and the differences with the test flow rates are 1.93%, 4.17%, 3.84%, and 3.90%, respectively. The low differences indicate both the reliability of the experimental results and the feasibility of the overlapping grid method used to study the leakage characteristics of working clearances.
[image: Figure 4]FIGURE 4 | Comparison of several flow rates.
Defining volumetric efficiency as the ratio of test flow rate to theoretical flow rate. It can be obtained that the volumetric efficiency at four speeds is 62%, 60%, 60%, and 64%, respectively. It should be noted that the volumetric efficiency is generally proportional to the rotor speed and inversely proportional to the pressure ratio, but the volumetric efficiency of the four states analyzed here is basically unchanged because the pressure ratio also increases with the increase of the speed, and the influence of the two on the volumetric efficiency is offset each other. Volume efficiency is an important parameter reflecting the performance of HCPs, and its value is determined by the leakage characteristics of the working clearance. The leakage characteristics of radial clearance and axial clearance are studied using simulation methods.
4 RESEARCH ON LEAKAGE CHARACTERISTICS OF WORKING CLEARANCES
The simulation method is used to study the leakage characteristics of working clearances. The hydrogen medium is used, the rotor speed is set at 6000r/min, and the output pressure is set at 10 kPa.
The parameters such as the length, width, and height of the pump housing cavity remain unchanged, and different HCP models are designed by adjusting the radial and axial clearances. For ease of expression, the model number is denoted as HCPX-Y, where X = δr1 = δr2, Y = δa1 = δa2. For example, when the radial clearances δr1 = δr2 = 0.10 mm and the axial clearances δa1 = δa2 = 0.14 mm, the model can be expressed as HCP10-14.
4.1 Leakage characteristics of radial clearances
To research the effect of radial clearances on the output flow rate and pressure of the HCP, the axial clearance is designed as 0, and the radial clearances are sequentially designed as 0.10mm, 0.14mm, 0.18mm, and 0.22mm, resulting in four radial clearance models: HCP10-0, HCP14-0, HCP18-0, and HCP22-0.
Figure 5 shows the comparison of output flow rates among four radial clearance models, where Figure 5A shows the relationship between the average flow rate and the radial clearance size, and Figure 5B shows the relationship between the real-time flow rate and the rotation angle of the rotor. It can be found that the average flow rates of the four models HCP10-0, HCP14-0, HCP18-0, and HCP22-0 are 45.0Nm3/h, 31.0Nm3/h, 22.4Nm3/h, and 10.2Nm3/h, respectively, showing a linear decreasing trend at a rate of approximately 11.6Nm3/h when the radial clearance size increases by 0.04mm; the number and position of the main peaks and valleys of the four flow curves are the same, but the amplitude decreases and the secondary wave trough between the main wave troughs becomes weaker as the radial clearance size increases, and the phenomenon that the pulsation period of the flow curve is twice the number of rotor blades is becoming increasingly apparent; the output flow of HCP22-0 with the maximum radial clearance size has negative values in some states, indicating that the clearance leakage is higher than the delivery volume at this time, which causes hydrogen reflux. The above phenomenon leads to the conclusion that the increase of the radial clearance size will reduce the average output flow of the HCP, but improve the stability of the output flow to a certain extent.
[image: Figure 5]FIGURE 5 | Comparison of output flow rates among radial clearance models. (A) Average flow rate (B) Real-time flow rate.
Figure 6 shows the relationship between the real-time pressure and the rotation angle of the four radial clearance models. Although the outlet pressure set during simulation is 10kPa, there are still some differences in the real-time pressure waveforms output by different radial clearance models. It can be found that the pressure curves of the four models have the same pulsation frequency, peak and trough positions, and have similar waveforms; as the increase of the radial clearance size, the fluctuation amplitude of the output pressure curve gradually decreases, and the output becomes more stable.
[image: Figure 6]FIGURE 6 | Comparison of output pressures among radial clearance models.
Figure 7 shows the comparison of internal leakage velocity fields of four radial clearance models in a certain state. It can be observed that the maximum flow velocity at the radial clearance between the two rotors is higher than that at the radial clearance between the rotor and the pump casing, indicating that the internal leakage of the radial clearance between the rotors is higher than that between the rotor and the pump casing; as the radial clearance size increases, there is no significant increase or decrease trend in the maximum leakage flow rate, but the leakage amount increases significantly, indicating a linear relationship between the leakage amount and the clearance size, which is consistent with the analysis conclusion in Figure 5A earlier.
[image: Figure 7]FIGURE 7 | Comparison of the velocity flow field at radial clearances.
4.2 Leakage characteristics of axial clearances
When studying the effect of axial clearance on the output flow rate and pressure of the HCP, the radial clearance is designed to be 0.10 mm because the motion clearance cannot be designed to be 0. By designing axial clearances of 0.10mm, 0.14mm, 0.18mm, and 0.22mm, four axial clearance models are obtained: HCP10-10, HCP10-14, HCP10-18, and HCP10-22.
Figure 8 shows the comparison of output flow rates among four axial clearance models, where Figure 8A shows the relationship between the average flow rate and the radial clearance size, and Figure 8B shows the relationship between the real-time flow rate and the rotation angle of the rotor. It can be found that the average flow rates of the four models HCP10-10, HCP10-14, HCP10-18, and HCP10-22 are 39.2Nm3/h, 32.4Nm3/h, 28.2Nm3/h, and 21.9Nm3/h, respectively, showing a linear decreasing trend at a rate of approximately 5.8Nm3/h when the axial clearance size increases by 0.04mm; the real-time flow curves of the four models have high waveform similarity, with identical numbers and positions of peaks and valleys, and little change in amplitudes, indicating that changes in axial clearance size have minimal impact on the flow waveform. The above phenomenon leads to the conclusion that an increase in axial clearance size will reduce the average output flow rate of HCP without improving the stability of the flow waveform. Comparing the calculation results of the axial clearance model and the radial clearance model, the flow rate of the HCP10-10 model is lower than that of the HCP10-0 model. However, as the clearance size increases, the flow rate of the axial clearance model decreases much slower than that of the radial clearance model. The flow rate of the HCP10-22 model has reached more than twice that of the HCP22-0 model, indicating that the axial clearance leakage of the same size is lower than the radial clearance leakage.
[image: Figure 8]FIGURE 8 | Comparison of output flow rates among axial clearance models. (A) Average flow rate (B) Real-time flow rate.
Figure 9 shows the relationship between the real-time pressure and the rotation angle of the four axial clearance models. It can be found that the output pressure curves of the four models are highly similar, and the fluctuation amplitude does not change with the increase of the clearance size, always in a stable state, indicating that the influence of axial clearance on output pressure is relatively small.
[image: Figure 9]FIGURE 9 | Comparison of output pressures among axial clearance models.
To study the distribution of leakage flow field in the axial clearance, the axial clearance is divided into three regions: left, middle, and right, represented by letters such as L, M, and R. Figure 10 shows the relationship between the internal leakage flow rate and the rotor operating angle in these three regions. It can be found that during the whole fluctuation cycle, the leakage flow rate in the middle area is relatively stable and large, and the corresponding leakage velocity is high; the leakage flow rate of the left and right areas fluctuates alternately, that is, as the left area gradually rises from the lowest point to the highest point, the right area gradually decreases from the highest point to the lowest point. From this, it can be concluded that the overall axial clearance leakage is stable, independent of the rotor operating position, and has little impact on the waveform of the output flow rate and pressure of the HCP, which is consistent with the previous analysis results.
[image: Figure 10]FIGURE 10 | Comparison of leakage flow rates in different areas of axial clearance.
5 CONCLUSION
In this paper, a three-blade elliptical conjugate rotor HCP is designed, and the reliability of the overlapping grid simulation method used to study the leakage characteristics of working clearance is verified based on experimental data. By numerically calculating four different sizes of radial clearance models and four different sizes of axial clearance models, the influence of changes in radial clearance and axial clearance dimensions on the flow rate, pressure, and clearance flow field of the HCP is explored. The main conclusions are as follows:
(1) The maximum difference between the flow rate of the HCP obtained by using the overlapping grid simulation method and the experimental values is 4.17%. The low difference indicates that it is feasible to use the overlapping grid method to study the leakage characteristics of the working gap.
(2) The average flow rate of the HCP is linearly inversely proportional to the size of the radial clearance and axial clearance, with a decrease rate of 11.6Nm3/h and 5.8Nm3/h as the clearance size increases by 0.04mm, indicating that the radial clearance leakage of the same size is higher than the axial clearance. The increase in the size of the radial clearance will make the flow waveform more stable and reduce the amplitude of the pressure waveform, but the increase in the size of the axial clearance has little influence on the flow waveform and pressure waveform.
(3) The internal leakage of radial clearance is linearly related to the clearance size, and the leakage value in the radial clearance between the rotors is higher than that between the rotor and the pump casing. The internal leakage of axial clearance is independent of the operating position of the rotor, but it is not evenly distributed, with a higher leakage value in the middle area than in the left and right areas.
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