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As one of the core pieces of equipment in the multiphase mixing system, the helical axial-flow multiphase pump plays a vital role in the process of offshore oil extraction. In order to explore the influence of the impeller blade outlet setting angle on the internal flow of the helical axial-flow multiphase pump, this paper increases the outlet setting angle of the flow surface by −3°, −1.5°, and 1.5°, respectively, based on the original multiphase pump. It calculates the flow characteristics of the impeller with four different outlet setting angles (including the original impeller) under the design condition with different inlet gas volume fractions (GVFs = 0, 10%, 30%, 50%, and 70%) by adopting the Euler–Euler non-homogeneous flow model and SST k-ω turbulence model. Furthermore, it compares its external characteristic curve and the internal pressure, velocity, gas distribution, and other rules of change of the impeller and guide vane under higher inlet GVF conditions (50%). The results show that in the pure water state, increasing the outlet setting angle appropriately can enhance both the pressure pressurization capability and efficiency of the helical axial-flow multiphase pump; the pressure pressurization capability and efficiency of each scheme decrease with an increase in inlet GVF, and at 50%–70% inlet GVF, the option of increasing the outlet setting angle by −1.5° is better; as the blade outlet setting angle decreases, the axial cross-sectional pressure after gas–liquid mixing increases, the overall velocity distribution is more uniform, and the vortex formed due to the counter-pressure flow in the secondary guide vane is reduced; the accumulation of gas phase on the backside of the impeller and guide vanes improves, leading to a reduction in flow losses.
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1 INTRODUCTION
With the increasing exploitation of land-based fossil energy, attention is gradually shifting toward the seabed, which harbors abundant oil and gas resources (Dai et al., 2023; Qiu et al., 2023). Helical axial-flow multiphase pumps, as the core equipment for offshore oil and gas extraction, have the advantages of a simple and compact structure, excellent corrosion resistance (Zhang et al., 2020; Yang et al., 2024), and high efficiency in conveying multiphase fluids, even under high gas content. The impeller is the main booster unit of the helical axial-flow multiphase pump; its structural quality directly affects the overall pumping performance of the pumping unit. Hence, investigating the impeller’s structure holds paramount significance (Han et al., 2022; Li et al., 2023).
In recent years, numerous scholars have conducted analyses on the impacts of various impeller structural parameters on the internal flow of helical axial-flow multiphase pumps through numerical simulations. Han et al. (2020) introduced the impeller blade thickness ratio coefficient ξ and investigated the effect of the thickness ratio coefficient on the mixing and conveying characteristics of the helical axial-flow multiphase pump. The results showed that when the hub thickness was kept constant, reducing ξ, the head coefficient and efficiency increased, and the degree of gas aggregation was reduced. The performance of the helical axial-flow multiphase pump can be improved by adjusting ξ, which delays the gas collection inside the impeller channel to the trailing edge of the vane. Kim et al. (2019) introduced a coefficient representing the volume occupied by the blade within the flow channel and conducted a corresponding investigation on blade thickness. They identified the optimal coefficient for blade proportionality, established the correlation between flow rate and proportionality coefficient, and concluded that the pressurization capacity is directly proportional to the proportionality coefficient. Zhang et al. (2012) explored the impact of incorporating various impeller structures, including short vanes, T-type vanes, and vane openings, on the internal flow characteristics of helical axial-flow multiphase pumps. They observed that these distinct impeller structures can effectively disperse air masses and suppress gas–liquid separation, leading to a more uniform distribution of internal flow. Yao et al. (2021) carried out numerical simulations of a two-stage helical axial-flow multiphase pump to investigate the effect of the number of impeller blades and the wrap angle on the external characteristics of the pump at 5%–30% inlet GVF and obtained the conclusion that the head and efficiency reached their maximum value when the number of blades was 3 and the wrap angle was 215°. Furthermore, certain scholars have opted for diverse structural parameters to optimize the impeller design of helical axial-flow multiphase pumps. Liu et al. (2018) investigated the effect of the variable tilt setting angle of the impeller along the axial plane and the variation of hub and shroud coefficients on the internal flow of the helical axial-flow multiphase pump through orthogonal experiments and found that the variation of shroud setting angle at 10% inlet GVF had the greatest effect on the pressure rise. The optimal values of the parameters were determined through orthogonal analysis by estimating the effect of each factor on the pressure enhancement, and the optimized pressure distribution in the pump was more uniform compared to the original model. Suh et al. (2017a); (2017b) successively studied single-stage and multi-stage helical axial-flow multiphase pumps, taking the impeller’s hub inlet angle, shroud inlet angle, and shroud outlet angle and the guide vane’s hub inlet angle and shroud inlet angle as the optimization parameters. With the objective of maximizing efficiency and pressurizing capacity, the samples were selected by the central composite method, and the response surface method was used as the approximation model. The NSGA-II algorithm was used to obtain the global optimal solution of the approximate model, and the selected optimal model had better hydrodynamic performance than the base model. The reasons were investigated through the internal flow field analysis. Zhang et al. (2011); Zhang et al. (2017) developed a multi-objective optimization method by combining an artificial neural network with the NSGA-II algorithm. The main parameters affecting the performance of the blades, such as the impeller’s inlet angle, outlet angle, hub semi-cone angle, and inlet hub ratio of the helical axial-flow multiphase pump, were optimized. The results showed that the area occupied by the gas on the blade surface of the optimized impeller was significantly reduced and that the performance of the compression unit was improved.
In conclusion, recent domestic and international research on structural modifications and internal flow dynamics of helical axial-flow multiphase pump impellers has yielded significant progress. However, analysis regarding the high gas content remains limited. Notably, the impeller blade setting outlet angle, recognized as a parameter exerting substantial influence on helical axial-flow multiphase pump performance (Kim et al., 2015; Zhou et al., 2022), lacks dedicated literature exploration. Based on the current status of the research, this paper takes the impeller blade setting outlet angle of the helical axial-flow multiphase pump as the object of the study to analyze its effect on the internal flow characteristics of a three-stage multiphase pump under different inlet GVF values and provides a reference basis for the design and optimization of the subsequent helical axial-flow multiphase pump.
2 RESEARCH OBJECTS AND NUMERICAL CALCULATION METHODS
2.1 Helical axial-flow multiphase pump model and geometrical parameters
Taking the three-stage spiral axial helical axial-flow multiphase pump as the calculation domain in order to reduce the influence of the boundary conditions on the calculation accuracy, the inlet and outlet are appropriately extended, and the length of the inlet and outlet sections is 5 times the impeller inlet diameter. The calculation domain consists of the inlet extension section, the outlet extension section, the three-stage impeller, and the three-stage guide vane, and the fluid domain model is shown in Figure 1. The main structural parameters of the impeller guide vane dimensions are shown in Table 1.
[image: Figure 1]FIGURE 1 | Geometric model of a three-stage helical axial-flow multiphase pump.
TABLE 1 | Main performance parameters of the helical axial-flow multiphase pump.
[image: Table 1]2.2 Scheme design
On the basis of the original model, to ensure that the impeller blade wrap angle, blade inlet setting angle, blade thickness, and other geometry parameters of the helical axial-flow multiphase pump are under the same conditions, only the impeller blade outlet setting angle is changed; in CFturbo, the impeller blade outlet setting angle of the different flow surfaces is increased by −3°, −1.5°, and 1.5° at intervals of 1.5° to change the blade outlet setting angle. The aim of the design is to get four kinds of schemes. The flow of model generation for different schemes is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Flowchart of model generation for different schemes.
The comparative 3D models of the blade, generated based on the aforementioned procedures, are depicted in Figure 3.
[image: Figure 3]FIGURE 3 | Blade model contrast of different schemes.
2.3 Numerical methods and boundary conditions
2.3.1 Governing equations
The multiphase flow model used in this paper is the Euler–Euler non-homogeneous phase flow model (Hang et al., 2022; Sun et al., 2024). The gas–liquid two-phase medium is regarded as two continuous single-phase flows, solving the equations of the gas and liquid phases and considering the interaction between the two phases, which is more in line with the actual flow of the fluid. The incompressible fluid continuity and momentum equations are expressed as follows (Zhang et al., 2018a; Zhang et al., 2018b):
The continuity equation is
[image: image]
The momentum equation is
[image: image]
where the scale k = l or g denotes the liquid or gas phase, respectively, αk denotes the volume fraction αl + αk = 1 of the gas or liquid phase, ρk denotes the density of the gas–liquid or liquid phase, Mk denotes the inter-phase force, fk denotes the mass force, p denotes the pressure, Uk denotes the velocity, and τk denotes the viscous stress tensor of the fluid viscosity and the turbulent viscosity.
2.3.2 Boundary condition setting
3D Reynolds time-averaged Navier–Stokes (NS) equations are solved using the SST k-ω turbulence model in commercial CFD software ANSYS CFX 2020 R2 (Guo et al., 2023; Tang et al., 2024). The gas–liquid two-phase medium is pure water (water) and air (air at 25°C). Pure water is set as a continuous phase, and air is set as a discrete phase, and they are incompressible. The inlet section of the gas–liquid two-phase flow velocity distribution of the gas–liquid two-phase flow velocity is uniform and equal, and the model wall boundaries are non-slip solid-wall boundary conditions. The specific numerical calculations of the boundary conditions and parameter settings are given in Table 2.
TABLE 2 | Numerical simulation setting.
[image: Table 2]2.4 Grid independence test
In this paper, TurboGrid 2020 R2 is used to perform six sets of structural meshing with different numbers of structural meshes for the hydraulic model, and numerical calculations are carried out for each of them at the design flow rate. Figure 4 shows the pressurization capacity and efficiency of the three-stage helical axial-flow multiphase pump calculated under different grid numbers, and it is found that when the overall number of grids is more than 10,143,540, the booster capacity of the helical axial-flow multiphase pump varies less than 0.152%, and the efficiency varies less than 0.015%, so the simulation chooses 10,143,540 grids for the simulation to ensure the irrelevance of the grids. Figure 5 shows the grid division of the impeller and guide vane at each level, and the number of grids for inlet extension, impeller, guide vane, and outlet extension is 1,062,000; 1,480,584; 1,192,596; and 1,062,000, respectively.
[image: Figure 4]FIGURE 4 | Grid independence verification.
[image: Figure 5]FIGURE 5 | Three-stage helical axial-flow multiphase pump structure grid diagram. (A) Computational domain grid. (B) Impeller water body grid. (C) Guide vane water body grid.
3 ANALYSIS OF CALCULATION RESULTS
This paper mainly focuses on four three-stage spiral axial oil and gas helical axial-flow multiphase pump model schemes. Simulation calculations are conducted under operating conditions with a design flow rate of 24 m3/h and varying inlet GVF values of 0%, 10%, 30%, 50%, and 70%, and the external characteristic curve of the three-stage helical axial-flow multiphase pumps under different inlet GVF values, along with the axial pressure distribution curve inside the impeller and guide vanes at higher inlet GVF (50%), pressure cloud, velocity cloud, velocity line graph, and gas distribution cloud diagram were considered for comparative analysis.
3.1 External characteristics analysis
From the basic equation (Zhang et al., 2018b) for the theoretical head of an axial flow pump in the case of pure water, the pressurization formula is given as
[image: image]
where u is the impeller circumferential velocity, m/s; ρl is the density of pure water, kg/m3; vu2 is the circumferential component of the absolute velocity at the impeller outlet, m/s; and vu1 is the circumferential component of the absolute velocity at the impeller inlet, m/s.
Assuming that the air bubbles in the helical axial-flow multiphase pump are uniformly distributed and the velocity of the gas–liquid two-phases is the same, the following equations can be obtained (Ma et al., 2019):
[image: image]
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where ρ is the gas–liquid mixed density, kg/m3; ρg is the gas density, kg/m3; Qg is the gas flow rate, m3/s; Ql is the liquid flow rate, m3/s; ΔPg is the sum of pressure loss in the three-stage guide vane, kPa; Pf,1 is the total pressure of inlet of the first-stage guide vane, kPa; Pf,2 is the total pressure of outlet of the first-stage guide vane, kPa; Ps,1 is the total pressure of inlet of the second-stage guide vane, kPa; Ps,2 is the total pressure of outlet of the second-stage guide vane, kPa; and Pl,1 is the total pressure of inlet of the last-stage guide vane, kPa; Pl,2 is the total pressure at the outlet of the last-stage guide vane, kPa; ΔPt is the total pressure increase in the three-stage helical axial-flow multiphase pump, which is used to characterize pump pressurization capacity, kPa; Pl is the inlet pressure of the three-stage helical axial-flow multiphase pump, kPa; P2 is the inlet pressure of the three-stage helical axial-flow multiphase pump, kPa; η is the efficiency of the helical axial-flow multiphase pump; Q is the total flow rate of gas–liquid, m3/s; n is the rotational speed of the helical axial-flow multiphase pump, r/min; and M is the torque of the helical axial-flow multiphase pump, N·m.
As shown in Figure 6, in the pure water state, as the impeller outlet placement angle β2 increases, its pressure-boosting capacity and shaft power will gradually increase. This is because with the impeller outlet placement angle increasing, the circumferential velocity u is unchanged, the axial component of the absolute velocity vm2 is unchanged, and the absolute velocity v increases, resulting in an increase in the circumferential component of the absolute velocity vu2 and pressure-boosting capacity, which is consistent with the trend of changes in Eqs 3–1. The shaft power increases, and efficiency first increases and then decreases with the increase in the impeller outlet placement angle. However, the difference in efficiency between the different schemes is not significant, with M2 being the most efficient and M1 being the least efficient, with a difference of 1.07%.
[image: Figure 6]FIGURE 6 | Influence of different blade outlet setting angles on pump external characteristics under the pure water condition.
Figure 7 shows the relationship curve of pressure loss in the guide vane of the helical axial-flow multiphase pump with the variation in inlet GVFs under different schemes, calculated from Eqs 3–3. From the figure, it can be seen that the pressure loss in the guide vane of different schemes first grows and then reduces with the increase in inlet GVF values. The pressure loss in the guide vane is the most in the case of 30% inlet GVF, and the pressure loss in the guide vane is the least in the case of 70% inlet GVF. That is, the larger the impeller outlet setting angle, the greater the degree of distortion of the impeller blades. At this time, this distortion aggravates gas–liquid separation, which is perpendicular to the direction of the relative flow rate. So, there is an increase in flow loss within the guide vanes due to the media flowing into them.
[image: Figure 7]FIGURE 7 | Relation curve of pressure loss in three guide vanes with inlet GVF changes under different schemes.
Figure 8A shows the relationship curve between the pressurization capacity and the variation in inlet GVFs. As can be seen from the figure, the pressurization capacity of the different schemes decreases with an increase in inlet GVF values. At inlet GVF ranging from 10% to 30%, M4 has the strongest pressurization capacity and M1 has the weakest pressurization capacity. This phenomenon is attributed to the significant distortion of the impeller blades in M1, leading to severe gas–liquid separation and increased energy loss within the multiphase pump, consequently resulting in a pressure drop. At 10% inlet GVF, the pressurization capacity of the M3 and M4 models is significantly higher than that of M1 and M2. This indicates that at low inlet GVF values, the pressurization capacity is maximized when the outlet setting angle of the mixed-flow pump tends toward lower values. With an increase in inlet GVF values, the pressure pressurization capacity of helical axial-flow multiphase pumps under the four schemes decreases. At inlet GVF ranging from 50% to 70%, the pressurization capacity of M3 is maximized, exceeding that of M2 by 1.06 kPa. Figure 8B presents the relationship curve between efficiency and inlet GVF variation. It is observed from the figure that the efficiency of the multiphase pump decreases with an increase in inlet GVF values across different schemes. Among them, M2 exhibits the highest efficiency, while M4 demonstrates the lowest. Notably, at gas contents ranging from 50% to 70%, the efficiency difference between M2 and M3 is merely 0.46%. Therefore, selecting the M3 model is preferable for operating at a higher inlet GVF value.
[image: Figure 8]FIGURE 8 | Relationship curves of the pressurization capacity and efficiency of the helical axial-flow multiphase pump with the inlet GVF change under different schemes. (A) Pressurization capacity curve. (B) Efficiency curve.
3.2 Flow filed analysis
3.2.1 Axial pressure curves
Figure 9 shows the curves of axial pressure variation of the helical axial-flow multiphase pump under different scenarios of 50% inlet GVF. As can be seen from the figure, the medium under each scheme continues to increase across all levels of impeller pressure, the impeller’s pressurization effect is significant, and the pressure inside the guide vane does not change much. However, along the axial direction, there will be a slight decline at first and then an increase in the tendency. This is due to the gas inside the guide vane siltation, resulting in a decrease in the average pressure of the cross-section in this region. Figure 14 shows the gas distribution.
[image: Figure 9]FIGURE 9 | Axial pressure curve of the helical axial-flow multiphase pump under different schemes.
The initial pressure inside the first-stage impeller of M3 is the lowest, M1 is the highest, and the pressure of each scheme tends to be the same inside the guide vane of the last stage, which means that the M3 scheme has the most pressurization from the first-stage impeller to the last-stage guide vane, and the M1 scheme has the least pressurization. By comparing the pressurization capacity of the different schemes within the impeller guide vanes at all levels, it can be seen that M4 has the greatest rate of pressure change within the impeller in the axial direction; that is, the rate of pressurization within the impeller is the fastest. After passing through the first impeller, the pressurization capacity of M1 is high compared to the other schemes. On the other hand, after passing through the secondary and final impellers, the pressurization capacity of M3 and M4 is significantly higher and exceeds that of M1 and M2. It can be seen that in order to enhance the pump boosting capacity, the first impeller outlet angle of placement can be increased appropriately, and the secondary and final impeller outlet setting angles should be reduced appropriately.
3.2.2 Pressure distribution
As can be seen from Figure 9, the difference between the initial pressure of the medium entering the first stage and the secondary impeller under different schemes is larger relative to that of the last-stage impeller, and the trend of pressure change within each compression stage is consistent. So, in order to more accurately compare the pressurization capacity under different schemes, the pressure distribution of the guide vane of the last-stage impeller will be selected for comparison. As shown in Figure 10, for the pressure distribution of the working surface of the blade of the last-stage impeller under different schemes, M1 to M4, the pressurization capacity of the last-stage impeller is enhanced with a decrease in the outlet angle of placement, which is consistent with the results shown in Figure 9. It is because the gas–liquid mixing in the impeller and guide vane will be more uniform with the decrease in the outlet angle of the impeller (as shown in Figures 14 and 15), which reduces the energy loss inside the impeller and makes its pressurization capacity stronger. Figure 11 shows the axial pressure distribution diagram of the final-stage guide vane. Although the pressure inside the final stage guide vane tends to be the same as that obtained in Figure 9 under different schemes, significant changes can still be found after further comparison, and it can be seen that there is a large low-pressure zone area in the middle and rear parts of the final-stage guide vane. It is due to the rotation of the impeller that the lower density of gas is mainly distributed in the hub of the impeller, while the higher density of water is distributed in the shroud. As the medium enters the guide vane, inertia keeps the gas–liquid inlet at the guide vane in its original state, resulting in higher pressure at the guide vane inlet shroud and lower pressure at the hub. Due to the lower density of the gas phase from the hub to the shroud and the higher density of water from the shroud to the hub, there is gas–liquid two-phase remixing, resulting in increased pressure at the back part of the guide vane compared to the pressure at the guide vane inlet hub. In addition, from M1 to M4, it is evident that the lowpressure area gradually decreases, as the blade outlet angle of placement decreases, a more homogeneous gas–liquid two-phase mixing after entering the guide vane, resulting in the axial crosssection pressure increases.
[image: Figure 10]FIGURE 10 | Static pressure distribution of the final stage impeller blade working face under different schemes.
[image: Figure 11]FIGURE 11 | Axial static pressure distribution of the final guide vane under different schemes.
3.3 Velocity distribution
3.3.1 Absolute velocity distribution
Since the velocity distributions within each compression stage are roughly similar under the same scheme, the secondary impeller, which is more clearly contrasted under different schemes, is selected for discussion. Figure 12 shows the absolute velocity distribution of water at 0.5 span in the secondary impeller and guide vane of the helical axial-flow multiphase pump for different schemes of 50% inlet GVF. As can be seen from the figure, the velocity of the medium in the impeller is greater than its velocity in the guide vanes for the same scheme. The high-speed zone is mainly concentrated in the impeller blade working surface, the back of the import and export, the guide vane blade working surface, and the back of the inlet area. Due to the initial velocity of the medium, after entering the impeller, part of it will come into first contact with the back of the impeller inlet, resulting in a higher speed at the back of the impeller blade. After the rotation of the impeller, the medium in the impeller work surface and at the exit attains a greater speed; the medium flows out of the impeller at high speeds, relying on inertial impact to reach the back of the guide vane blade front, and then flows along the work surface of the guide vane. This results in higher speeds at back of the guide vane blades at the inlet compared to the guide vane work surface. Due to the higher speed of the media closer to the impeller working surface, the corresponding inflow of the guide vane blade working surface of the high-speed area is greater than the guide vane within the other blade working surface of the high-speed zone area. The back of the impeller and guide vane under different schemes have a large area of low-velocity zone, which is due to the large amount of gas sludge in this area causing blockage. By comparing the schemes, it is found that from M1 to M3, the velocity inside the impeller decreases significantly, which is in line with the above analysis, and the area of the low-speed zone inside the secondary guide vane decreases gradually, so it can be known that appropriately decreasing the impeller outlet placement angle can make the velocity distribution inside the guide vane more uniform.
[image: Figure 12]FIGURE 12 | Absolute velocity distribution in the secondary impeller and guide vane at 0.5 span under different schemes (part).
3.3.2 Velocity streamlines
In order to further compare the distribution pattern of the area in the low-velocity region from M1 to M4, a portion of the flow line within the secondary guide vane will be selected for analysis. As shown in Figure 13, the distribution of flow lines in the secondary guide vane of the helical axial-flow multiphase pump under different scenarios of 50% inlet GVF shows that there are a large number of vortices inside the guide vane; the vortex exists in the same location as the low-speed zone, which exists at the back of the guide vane; and the vortex exists at the back of the guide vane. This is because the medium enters the guide vane due to the accumulation of air masses in the guide vane and the formation of a low-pressure zone caused by the fluid flow of counter-pressure, and the medium’s speed is not enough to fight against the counter-pressure gradient, resulting in the formation of a vortex, which reduces the performance of the helical axial-flow multiphase pump.
[image: Figure 13]FIGURE 13 | Distribution of flow line in the secondary guide vane at 0.5 span under different schemes (part).
The vortex inside the secondary guide vane from M1 to M3 is obviously reduced, and the distribution of the vortex between M3 and M4 is similar, which can be more clearly proved by the reduction of the area of the low-speed zone. This also coincides with the law that the smaller the outlet setting angle is, the smaller the loss inside the guide vane is obtained from the above under the same inlet GVF. It can be seen that an appropriate increase in the outlet setting angle of the impeller can reduce the vortex inside the guide vane, thus reducing the hydraulic loss inside the guide vane.
3.4 Gas distributions
As shown in Figure 14, the gas distribution diagram in the impeller and guide vane at 0.5 span under different schemes of 50% inlet GVF reveals that in the impeller, as the pressure at the working surface of the impeller is greater than the pressure at its back, the gas mostly gathers at the back of the blade. The gas volume fraction at the outlet on the back of the blade from M1 to M4 gradually decreases because the gas phase inside the impeller will be transported due to an increase in the blade outlet setting angle. This weakens the impeller’s control of the medium and intensifies gas–liquid separation in the circumferential direction, causing more of the gas phase to gather at the outlet toward the back of the blade. Therefore, reducing the outlet setting angle will improve the gathering of the gas at the back of the impeller blade, thus reducing the flow loss in the impeller.
[image: Figure 14]FIGURE 14 | Gas distribution diagram in the impeller and guide vane at 0.5 span under different schemes.
In the guide vane, the gas is mainly concentrated in the back of the guide vane blades; the medium from the last stage of the guide vane outflows no longer into the next level of impeller pressurization, and gas–liquid mixing will outflow gently, so the volume fraction of the gas in the last stage of the back of the guide vane blades is relatively small compared to the first and second stages. By comparing the different schemes, it can be obtained that from M1 to M4, the volume of gas gathered at the back of the guide vane decreases, and the red area with a large gas volume fraction in the final guide vane gradually disappears. The improvement in the gas gathering situation in the secondary guide vane is more obvious compared to the secondary guide vane, so the appropriate reduction of the outlet setting angle can make gas–liquid mixing in the helical axial-flow multiphase pump more uniform, and gas–liquid separation is not easy to occur.
4 CONCLUSION
The results of the numerical simulation of a three-stage spiral axial flow helical axial-flow multiphase pump under different inlet GVF and different outlet setting angles are analyzed, and the following conclusions are drawn:
1) In a state of pure water, appropriately increasing the outlet setting angle of the impeller blade can elevate the absolute velocity at the outlet, thereby enhancing the boosting capacity and efficiency of the helical axial-flow multiphase pump. However, excessively increasing the outlet setting angle can lead to a decline in its efficiency.
2) At different inlet GVF values, as the blade outlet setting angle increases, the degree of impeller blade distortion increases, and the direction perpendicular to the relative flow velocity of gas–liquid separation intensifies. This results in the maximum losses within the M1 guide vanes and the minimum losses within the M4 guide vanes, with losses peaking for all schemes at an inlet GVF of 30%. At inlet GVF ranging from 50% to 70%, the M3 model exhibits the highest boosting capacity, with an increase of 1.06 kPa over the M2 model, while the maximum efficiency differs by only 0.46%. Therefore, selecting the M3 model is better under higher inlet GVF values.
3) Under 50% inlet GVF, with the decrease in the blade outlet setting angle, gas–liquid mixing is more uniform, so the pressure of gas–liquid mixing in the guide vane is higher. There is a large low-speed zone on the back of each stage of the guide vane; as the impeller outlet setting angle decreases, the area of the low-speed zone decreases, and the vortex formed in the secondary guide vane due to the flow of counter-pressure decreases.
4) Gas primarily accumulates in the low-pressure region on the back of the impeller and guide vanes, and the smaller the impeller blade outlet setting angle is, the less prone it is to gas–liquid separation, so the gas is gathered at the back of the impeller and guide vane to improve the situation and reduce the flow loss in the impeller.
5) In this paper, due to time, the evolution process of gas–liquid two-phase in the flow channel is not predicted. So, in future research, the flow pattern of gas–liquid two-phase in the multi-stage helix axial-flow multiphase pump will be deeply studied by transient simulation to further improve its performance.
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