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The oil–gas mixture pump significantly contributes to marginal oil field extraction and remote transportation of deep-sea oil. Nevertheless, during the operation of the mixture pump, it is inevitable to encounter problems like the separation of the mixed media from the hydraulic components as well as the gas phase from the liquid phase, which leads to enhancing the flow resistance of the mixed media. Therefore, this study investigates the influence of a groove-structure vortex generator on the drag reduction characteristics of a helical axial-flow gas–liquid multiphase pump under the design flow rate condition and various inlet gas content rates. The findings show that the vortex generator with diverse groove depths can prevent the separation of the mixed media from the blade suction surface effectively and minimize the flow resistance of the media in the 1/10 of the blade inlet. In particular, excellent drag reduction results were gained with a maximum drag reduction rate of 36.7% when the relative depth was 3/40. In addition, the efficiency of the mixture pump increased by a maximum of 2.1%, and the head increased by a maximum of 4.3%. The significance of this study lies in its potential to further optimize the design and performance of gas–liquid multiphase pumps. It provides new insights into the design and application of vortex generators. It offers robust support for the optimization and enhancement of gas–liquid multiphase pumps.
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1 INTRODUCTION
It has become an unavoidable trend to exploit deep-sea natural resources due to the rapidly developing economy and human life. The helical axial-flow gas–liquid multiphase pump with a compact layout, lightweight feature, and small volume can more effectively transport multiphase fluids containing solid contaminants. The helical axial-flow oil–gas multiphase pump makes the gas–liquid two-phase fluid flow in the flow channel in a relatively complex way because of the complex structure, high-speed rotation, and large curvature, which generates the problems of gas–liquid separation, gas phase aggregation, and reduction of the flow channel area (OLSON, 2017; Ma et al., 2021; Zhao et al., 2022) such that the flow drag of the mixed media increases and the performance of the pump decreases. In this regard, the pump should be reasonably modified to improve its efficiency and ensure that it works appropriately under high gas content conveying conditions.
Since the mid-19th century, the basic principle of vortex generators to control turbulent boundary-layer separation was proposed in different forms (Smith, 1994). A vortex generator can reduce the degree of separation of the airflow near the wall of the blade, thereby reducing the energy loss in the process of fluid movement and improving the flow condition in the cascade channel. Chalia et al. increased the airfoil lift and reduced the flow resistance by arranging the groove-structured vortex generator on the airfoil surface (Chalia and Bharti, 2020). Hualing et al. explored the control mechanism of the vortex generator on the separation of bubbles on the suction side of the turbine blade by numerical analysis under the condition of Reynolds number Re = 5×104. Their obtained results showed that the vortex generator delayed the separation, which helped to reduce the loss of fluid energy on the groove surface (Luo et al., 2009). Shen et al. arranged grooves in a pressurized water chamber of a centrifugal pump and found that the grooves reduced the flow resistance and improved the anti-cavitation performance of the pump (Shen and Chu, 2019).
According to the existing literature, the research findings of the vortex generator are applied to the multiphase pump blade modification design, and the external and internal characteristics of the changed multiphase pump are analyzed. Through our investigation, such findings hold significant implications for the optimization of the design and performance of gas–liquid two-phase flow pumps. In addition, appropriate selection and arrangement of concave grooved vortex generators can significantly enhance the flow characteristics of gas–liquid two-phase flow pumps, thereby improving their efficiency and performance. It provides a theoretical basis for reducing the resistance of the mixed media by suppressing the flow separation at the leading edge of the blade of a multiphase pump (Li et al., 2022; Yang et al., 2022; Li et al., 2023a; Li et al., 2023b).
2 MODEL DESIGN AND MESH INDEPENDENCE TEST
2.1 Design parameters
A complete compression unit of a helical axial-flow gas–liquid multiphase pump consists of an impeller and a guide blade. The primary focus of this study is on the mixing and transport characteristics of gas–liquid two-phase flow. So, the design flow rate Q refers to the overall flow rate of the gas–liquid two-phase flow. In order to make the two-phase flow more homogeneous and stable, the model of this paper incorporates a straight inlet section in front of the impeller and a straight outlet section at the rear end of the guide vane. The computational domain model of the multiphase pump is shown in Figure 1, and the parameter settings of the pump are shown in Table 1.
[image: Figure 1]FIGURE 1 | Model of the computational domain of a multiphase pump.
TABLE 1 | Multiphase pump setting parameters.
[image: Table 1]2.2 Determination of a groove-structured vortex generator
With the flow of mixed media through the suction surface, the pressure changes and forms an inverse pressure gradient, which leads to the backflow of the media, and finally, a dissipation vortex is formed. To obtain the breakaway and reconnection points of the two-phase mixed media during the conveying process, a dimensionless pressure coefficient Cp is defined as follows:
[image: image]
where P0 is the impeller inlet pressure, ρ is the density of the mixed media, and ν is the inlet velocity.
Figure 2 shows the pressure coefficient of the blade suction surface at 0.5 times the height of the blade under the conditions of design flow rate and import gas content IGVF = 40%. Since the inlet gas content does not affect the pressure distribution law on the suction side of the blade, this figure represents the design conditions of IGVF = 40%, with the pressure coefficient distribution pattern of the suction surface at 0.5 times the blade height position. The pressure coefficient gradually increases after the position of X/L = 0.3, which is regarded as the position where the bubbles flow back into the separation zone (Luo et al., 2009). Obviously, the position of X/L = 0.5, where the rate of change of the pressure coefficient decreases, is the reattachment point of the mixed media, which is consistent with the separation area obtained numerically.
[image: Figure 2]FIGURE 2 | Pressure coefficient on the suction side at 0.5 times of the blade height.
The prominent role of the vortex generator is to effectively prevent the separation of the fluid and generation of the dissipative vortex and to reduce the loss of energy in the transport process of the fluid media. Therefore, a reasonable arrangement of the vortex generator is an effective measure to improve the performance of the gas–liquid multiphase pump.
Comparing the vortex generator with the boss structure (Jiang and Zhang, 2022), the groove structure is found to be more suitable for the multiphase pump. It not only has the same performance as the vortex generator in the boss structure but also can improve the flow area of the mixed media. Therefore, the groove-structured vortex generator is selected in this paper, the schematic diagram of which is shown in Figure 3. At present, V-shaped (Tang, 2020) and rectangular (Zhang et al., 2021) groove structures are more widely used. However, because of the high requirements for parallelism in the processing of V-shaped and rectangular grooves, the processing becomes more difficult and costly on the surface of a blade with a curved structure. Therefore, spherical processing is adopted in the present work.
[image: Figure 3]FIGURE 3 | Schematic diagram of the groove structure.
Since 0.5 times of the chord length is the area where the separation of mixed media occurs, the groove-structured vortex generator is arranged at a distance of that length on the suction side. Considering that the conveying media of the mixture pumps are in gas and liquid phases and the inlet gas content IGVF = 20%–60%, the arrangement area on the periphery is expanded accordingly. From the calculation, it is found that the diameter of the groove should be a manageable size. According to Table 2, groove depths of 0.1, 0.2, 0.3, 0.4, and 0.5 were selected (with a groove depth of 0.5 serving as the control group, where the relative depth exceeds 1/10). This is because the relative depth of an individual vortex generator should be less than 1/10. Therefore, based on the relative depths of the grooves, the maximum value of D was chosen as 4 mm. Therefore, the relationship between the groove diameter D, groove depth δ, chord length, and blade thickness are determined as D = 0.02L and 0.014d ≤ δ ≤ 0.071d. The parameters of the proposed structure of the vortex generator are listed in Table 2.
TABLE 2 | Geometric parameters of the structure of the vortex generator.
[image: Table 2]2.3 Mesh independence verification
In this study, we consider the boundary-layer mesh. In order to ensure that the first-layer mesh height near the wall meets the chosen value of y+ when using the SST k-ω model at a high Reynolds number, we need to solve the equation based on the relationship between the first-layer mesh height y and the dimensionless parameter y+. The solution process is as follows: first, the first-layer height y is given, the mixing pump mesh is divided, and then, the boundary-layer flow simulation is performed. Through repeated iterations, it is finally determined that the height of the first layer of the grid y = 0.01 mm meets y+ ≈ 1, which is in line with the calculation conditions.
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where μ represents the dynamic viscosity of the composite medium, kg/(m·s); ρ denotes the density of the composite medium, kg/m³; uτ represents the wall shear velocity, m/s; and τω represents the shear stress between the composite medium and the wall surface, Pa.
The computational domain of Figure 1 was meshed using the meshing software ICEM. It is known that the higher the grid number, the more accurate the result is. However, due to the limited computing resources, the model of the computational domain is checked for grid independence under the design flow and pure liquid phase conditions. As shown in Figure 4, the considered final number of grids was 6.25 million.
[image: Figure 4]FIGURE 4 | Grid independence test.
In Figure 5, (A) is the boundary-layer grid detail diagram, (B) is the mesh of the impeller fluid computational domain, and (C) is the local mesh detail.
[image: Figure 5]FIGURE 5 | (A) Boundary-layer grid detail diagram. (B) Grid of the computational domain for impeller fluid flow. (C) Local grid detail diagram.
2.4 Validation of the numerical method
In this paper, by using the gas–liquid two-phase flow experimental bench, around the design flow rate Q = 100 m3/h, five different flow rates (0.6Q, 0.8Q, 1.0Q, 1.2Q, and 1.4Q) are selected, and the external characterization experiments are performed under the condition of inlet gas content ratio IGVF = 40%. The experimental outcomes and numerical simulation results are compared to examine the validity of the numerical approach. A comparison of the two, as shown in Figure 6, reveals that the head error and efficiency error are within 10%, within a reasonable range, indicating that the numerical calculation method chosen is reliable and accurate.
[image: Figure 6]FIGURE 6 | Comparison of the external characteristics of the numerical simulation and the experimental multiphase pump.
3 FLOW CONTROL EQUATIONS AND BOUNDARY CONDITIONS
3.1 Flow control equations
The Euler model, known as the two-fluid model, treats the constituents as continuous media. To accurately characterize the interphase force in gas–liquid two-phase flows, we employed the widely utilized Schiller–Naumann model (Schiller and Naumann, 1933) as the drag force model in our two-phase calculations. The Euler model assumes that each component has a separate flow field, with separate velocities and other physical fields. The advantage of the model is that it allows for more complete, total, and accurate flow calculations.
The continuity equation for the Eulerian model takes place as follows (Wang, 2004):
[image: image]
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The momentum equation for the Eulerian model is as follows (Wang, 2004):
[image: image]
[image: image]
where l represents the liquid phase and g represents the gas phase; αl and αg are the volume fractions of the two phases, respectively; ρl and ρg are the densities of the two phases, respectively; Ul and Ug are the flow velocities of the two phases, respectively; p is the pressure; fl and fg are the masses of the two phases, respectively; and Ml and Mg are the surface tensions of the two phases, respectively (Wang, 2004).
3.2 Boundary conditions
Numerical simulation of the flow field of a multiphase pump is performed in a three-dimensional mode based on Ansys Fluent software, which discretizes the constant characteristics of the flow field in the impeller channel by the Navier–Stokes equations. The boundary conditions are shown in Table 3.
TABLE 3 | Boundary condition settings.
[image: Table 3]4 ANALYSIS OF RESULTS
4.1 Analysis of the groove-structured vortex generator
Vorticity is a kinematic physical quantity that describes the rotation of a fluid and is vectorial. The strength of vortices inside a flow channel is directly proportional to the energy dissipation (Wu, 1986; Zhang, 2019). Figure 7 shows the clouds of vortex systems in the region of the groove on the suction surface of the blade for both the original model and the different schemes at Q = 100 m3/h and IGVF = 40%. The Q-criterion level = 0.01 is selected to process the area where the vortex generators are arranged and color the liquid phase velocity of the vortex system. It can be seen from Figure 7 (A) that the vortex system formed on the suction side gradually extends along the flow direction, which is similar to the change in the state of flow of mixed media. It shows that the vortex system is formed due to the mixed media separating from the wall during transportation. It also shows that the vortex generators can be arranged to suppress the separation. Moreover, when the relative depth is less than 1/10, it can not only suppress the separation of the mixed media and suction side but also reduce the near-wall velocity of the mixed media in the area of the vortex generator and its rear side. It further decreases the mixed media’s shear stress on the wall, reducing energy consumption during the conveying process.
[image: Figure 7]FIGURE 7 | Vortex cloud diagrams of different schemes: (A) original model, (B) [image: image], (C) [image: image], (D) [image: image], (E) [image: image], and (F) [image: image].
Since the pressure gradient is closely related to the vorticity intensity, there is an enormous pressure gradient in the range of X/L = 0.3 to X/L = 0.5 along the flow direction, and a vortex system of a similar size appears in this area. So, the vorticity intensity of the vortex system can be reduced by controlling the pressure gradient. Figure 8 shows the pressure change in the original model with diverse schemes in the same area under the design flow condition and inlet gas content IGVF = 40%. The pressure gradient at this location can be seen in the figure, where the vortex generator is arranged, which is more significant than that in the original model, indicating that the vortex system appears only on the surface of the vortex generator after it is arranged. The greater the relative depth, the greater the pressure gradient in the vortex generator area, and the vortex distribution on the surface is noticeable. The specific fitting function is expressed as follows:
[image: image]
where Sp is a multiple of the blade height, δ is the groove depth, and P is the pressure; a = 31530.76; b = 14418.75; c = 21841.2; and d = 1.87×105.
[image: Figure 8]FIGURE 8 | Change in pressure in the blade height direction of the same scheme.
Figure 9 shows the vorticity intensity curves in the original model for different schemes in the area where the vortex generators are arranged under the design flow condition and IGVF = 40%. It is seen from the distribution of the vorticity intensity that the original model has an immense vorticity intensity at the chord length position X/L = 0.35. The distributions of the vorticity intensities of different groove structures in the same area differ. However, the distribution of the vorticity intensity of each scheme shows multiple peaks, and each peak corresponds to a vortex generator. For the extreme vorticity intensity, some extreme values of D4δ0.4 and D4δ0.5 exceed those in the original model, resulting in the loss of kinetic energy of the mixed media and a reduction in the performance of the multiphase pump.
[image: Figure 9]FIGURE 9 | Vorticity intensity in the original model under different schemes.
4.2 Analysis of friction stress
Gas–liquid mixtures are high-Reynolds number fluids, and the magnitude of the Reynolds stress depends on the turbulence intensity and the properties of the vortex structure. Fluid viscosity causes tangential drag when relative slip occurs between fluid particle models, and viscous drag develops when the fluid undergoes internal friction on the walls it contacts (Wu et al., 2014; Gu et al., 2015; Li, 2018). It is expressed as follows:
[image: image]
where Ai is the wall discrete unit area and τi is the wall discrete unit shear stress.
The wall shear stresses are composed of viscous shear stresses and turbulent Reynolds stresses. It is expressed as follows:
[image: image]
where vx and [image: image] are the instantaneous and time-averaged velocities of the phase state, respectively.
Multiphase pump conveying mixed media for gas–liquid two-phase flow: In considering the shear stress, it is necessary to consider the shear stresses of both phases. This paper focuses only on the blade suction surface X/L = 0.3–0.5 region as the object of investigation.
The velocity in the main flow channel of the impeller is large, and that in the groove is small, resulting in a dividing line between the two flow fields. Under Q = 100 m3/h and IGVF = 40%, the shear stress in the original model and those under different schemes of the suction side are shown in Figure 10, where it can be seen that the shear stress on the liquid and gas phase relative to the suction side of different schemes is smaller than that in the original model. The shear stress of D4δ0.3 is the smallest, and that of D4δ0.1 and D4δ0.5 is more extensive. Since the relative depth of the D4δ0.1 groove structure is too small, failure occurs in suppressing the separation of mixed media from the suction surface. The relative depth of the D4δ0.5 groove structure is more remarkable than 1/10, which affects the flow state of the mixed media near the wall and increases its shear stress on the suction side.
[image: Figure 10]FIGURE 10 | Shear stress of liquid and gas phases on the suction side.
The Reynolds stress is also known as turbulent stress. The Reynolds stress is generated due to the pulsation of fluid flow rate and multiphase and collision of micelles inside the fluid. Therefore, the Reynolds stress on the suction surface of the blade is directly represented by the turbulent kinetic energy. Figure 11 shows the variation of the turbulent kinetic energy of the original model and at different scenarios for the condition of design flow and IGVF = 40%. The figure shows that the turbulent kinetic energies of D4δ0.1, D4δ0.2, and D4δ0.3 are smaller and those of D4δ0.4 and D4δ0.5 are larger than those in the original model. The turbulent kinetic energy on the suction side of the grooved blade shows continuous periodicity, and each cycle corresponds to a vortex generator. Observing a cycle under different schemes, it can be found that the relative depth of the groove-structured vortex generator has a significant influence on the turbulent kinetic energy. The greater the relative depth of the groove structure, the greater the turbulent kinetic energy. When the relative depth of the groove structure is less than 1/10, it is possible to effectively inhibit mixed media and the suction surface of separation, which reduces near-wall turbulent kinetic energy and decreases the loss of energy of the mixed media in the conveyance process.
[image: Figure 11]FIGURE 11 | Distribution of turbulent kinetic energy distribution in the original model under different schemes.
The groove-structured vortex generator is arranged in the region of the blade suction surface to analyze the shear stress and turbulent kinetic energy data in the suction surface of the blade. The data within this region were subjected to averaging procedures, and the results are presented in Tables 4–6. These tables provide values for the averaged shear stress and averaged turbulence kinetic energy. With the aid of this data, we can gain a deeper understanding of the flow characteristics occurring within the suction surface region of the blades.
TABLE 4 | Shear stress of the liquid phase in different models.
[image: Table 4]TABLE 5 | Shear stress of the gas phase in different models.
[image: Table 5]TABLE 6 | Turbulence kinetic energy in different models.
[image: Table 6]During the operation of the mixture pump, the transported gas–liquid flow through the blade suction surface will cause the boundary-layer separation phenomenon. At this time, the shear stress and turbulent kinetic energy of the wall surface in the separation zone will increase, and the motion resistance of the gas–liquid two-phase in the separation zone will also increase. The groove-structured vortex generator is arranged in the area of the boundary-layer separation phenomenon to change the pressure difference between the suction surface of the blade to reduce the separation phenomenon so that the media are better attached to the wall. From Table 4, Table 5, and Table 6, it can be seen that the resistance increases when the relative depth of the groove structure δ/D ≥ 1/10 and decreases when the relative depth of the groove structure δ/D < 1/10. However, the relative depth of the groove structure is too small, which will make the vortex generator lose its function. When Q = 100 m3/h and IGVF = 40%, in the area where the vortex generator is arranged on the blade suction surface, the shear stress of the liquid phase on the wall is reduced by 27% at most, the shear stress of the gas phase on the wall is reduced by 29.4% at most, and the turbulence kinetic energy is reduced by 19.6% at most.
4.3 Analysis of the resistance characteristic
The wall drag reduction rate in gas–liquid two-phase flow:
[image: image]
where F is the viscous resistance on the wall before modification and Fg is that after modification.
The mixed media resistance curves for different models in the region of vortex generator arrangement on the suction surface of the blade under the design condition and varying inlet gas content are shown in Figure 12. As shown in the figure, the resistance is increased when the relative depth δ/D of the groove structure is greater than 1/10. The drag reduction effect is not good when δ/D < 1/40, and it is apparent only when 1/40< δ/D < 1/10. According to the drag reduction rate, D4δ0.3 has the best drag reduction effect, and the maximum drag reduction rate is 36.7% when IGVF = 50%. The mixed media resistance tends to decrease as the inlet gas content increases. The specific fitting function is expressed as follows:
[image: image]
where Vgas is the inlet gas content, δ is the groove depth, and F is the resistance of the mixed media; a = −0.1511; b = 0.0518; c = 0.0702; d = 0.1219; e = 0.0469; f = 0.1664; and g = 0.3276.
[image: Figure 12]FIGURE 12 | Resistance of mixed media in different models in the vortex generator area.
4.4 Influence of the groove-structured vortex generator on the external characteristics of the multiphase pump
With the original model and various schemes, the efficiency-head curves are shown in Figure 13 for the design flow condition and various inlet gas content conditions. The horizontal axis represents the inlet gas content IGVF (%) of the multiphase pump. The curve marked with a hollow square on the left axis represents the efficiency (%) of the multiphase pump, and that marked with the solid square on the right axis represents the head H (m). Observing the efficiency-head curve of the original model, it is known that with the increase in inlet gas content, both the efficiency and head of the multiphase pump show a tendency to decline. Each scheme shows the same trend of the original model of the efficiency and head, indicating that the main reason for the reduction of the external characteristics of the multiphase pump is the increase in the gas content of the inlet. The maximum increment in both efficiency and head of the multiphase pump occurs in D4δ0.3. The best drag reduction is achieved at the inlet gas content IGVF = 50%, and the increase in the efficiency and head is 2.1% and 4.3%, respectively.
[image: Figure 13]FIGURE 13 | Efficiency–head at different inlet gas contents.
Observing the external characteristics of the multiphase pump in different schemes, it can be seen that under different inlet gas contents, the maximum increase in the efficiency and head of the pump appears in different schemes. Taking the efficiency curve as an example, when the inlet gas content is between 30% and 40% and the relative depth δ/D is 1/20, the increase in the efficiency is the largest. When the inlet gas content is between 50% and 60% and the relative depth δ/D is 3/40, the increase in efficiency is the largest. The distribution of the maximum increment in the head of the multiphase pump is similar, indicating that the drag reduction effect of the vortex generator has a specific relationship with the inlet gas content of the pump. However, when the relative depth δ/D > 1/8, both efficiency and head decrease, which means that when the relative depth is too large, it will disturb the main flow in the impeller channel. It shows that when the relative depth of the groove structure is too large, the main flow in the impeller channel will be disturbed, resulting in an increase in the resistance and a decrease in the head and efficiency of the multiphase pump. Between the multiphase pump inlet gas content with efficiency and head to fit, which can be seen in a quadratic function of the relationship between them, the specific function of the fitting is shown in Eq. 13. With the increase in inlet gas content, the efficiency and head of the multiphase pump presented a downward trend.
[image: image]
[image: image]
where Vgas is the inlet gas content, δ is the groove depth, and η and H are the efficiency and head of the multiphase pump, respectively; a = −0.5984; b = 0.874; c = −3.1; d = 90.19; e = −2.05; f = 0.4248; g = −3.07; and h = 67.9.
5 CONCLUSION
This paper analyzes in detail the increase in flow resistance caused by the separation of the mixed media from the suction surface when it flows through the arch bridge-shaped suction surface during pump operation. A scheme is proposed for arranging groove-structured vortex generators with different relative depths on the suction side of the blade. The numerical calculation of each scheme is carried out in the Ansys Fluent solver under the conditions of Q = 100 m3/h and IGVF = 20–60%; the data obtained from the calculations are compared with the initial scheme to summarize the law of influence of the vortex generator on the characteristics of the multiphase pump. This study did not consider non-steady-state conditions and varying groove shapes, which can significantly impact the performance and optimization of gas–liquid mixing. Future research should explore these factors for performance enhancement and design optimization.
1) Arranging the groove-structured vortex generator in the separation area, the pressure difference between the pressure side and suction side of the blade can be increased. An increase in the relative depth of the groove structure changes the pressure gap between the suction surfaces of the blades, reducing the separation phenomenon and allowing the media to adhere better to the surface of the wall. The flow resistance of the mixed media increases when the relative depth of the groove structure δ/D ≥ 1/10. When 1/40 < δ/D < 1/10, the drag reduction effect is obvious, and the maximum drag reduction rate in the region of X/L = 0.3–0.5 is 36.7%.
2) When the inlet gas content changes, the results of the groove-structured vortex generator schemes with different relative depths are different. Under the design flow condition and inlet gas content IGVF = 40%, in the suction surface in the area of the vortex generator arrangement, the shear stress of the liquid phase on the wall is reduced by a maximum of 27%, the gas phase on the wall is reduced by a maximum of 29.4%, and the turbulent kinetic energy is reduced by a maximum of 19.6%. When the relative depth δ/D = 3/40, the drag reduction effect is the best in the area of X/L = 0.3–0.5 under the design flow condition. When the IGVF = 50%, the best resistance reduction effect is in the region of X/L = 0.3–0.5, the maximum increment of efficiency is 2.1%, and the maximum head is 4.3%.
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