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Under the influence of the characteristic behavior of the bubbles, the flow pattern in the multiphase pump suffers a serious deterioration and the pressurization performance is significantly reduced. In order to be more close to the engineering practice, the CFD-PBM (Computational Fluid Dynamics-Population Balance Model) coupling model is established and verified on the basis of considering the bubble coalescence and breakup behavior, revealing the bubble distribution characteristics in the pressurization unit, and studying the influence of speed on the internal flow characteristics of the multiphase pump. The results show that the volume fraction of large bubbles in the pressurization unit of the multiphase pump decreases significantly with increasing speed, and the bubble coalescence zone shrinks parallel to the blade profile along the flow direction. The volume fraction of small bubbles increases sharply with speed, and the bubble breakup zone covers almost the entire fluid domain at high speed conditions. The speed has a significantly greater influence on the distribution of the gas phase and the vortex structure in the diffuser domain than in the impeller domain. In the diffuser domain, a pair of mutually separate vortices are formed, and a large number of gas phases are sucked near the vortex center. With the increase of speed, the velocity slip in impeller domain is weakened, but in diffuser domain is intensified. The results of the study can accurately predict the performance variation of the multiphase pump and are important for their optimal design and engineering application.
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1 INTRODUCTION
Energy serves as a fundamental basis and support for national prosperity and sustainable economic development, and it is being actively and efficiently harnessed in response to the continuous increase in human energy demand. As terrestrial resources become increasingly depleted, research indicates that marine resources possess significant potential; consequently, the exploration and transportation of offshore oil and gas are rapidly emerging as key areas of focus in scientific inquiry. In the transportation of complex mixtures comprising natural gas and impurities such as sand and gravel, multiphase pumps are extensively utilized in offshore oil fields due to their compact design, versatility under varying operating conditions, and resistance to wear [1]. In practical engineering applications, the intricate bubble flow conditions at the pump impeller inlet exhibit a range of dynamic characteristics. The multiphase flow is inevitably accompanied by phenomena such as gas-liquid separation, bubble coalescence, and breakup. When the gas volume fraction (GVF) is high, the air bubbles within the vane pump flow channel frequently collide with one another. This interaction, particularly involving larger bubbles, can lead to blockages in the flow channel or even result in pump air lock phenomena, causing the pump to operate idly [2–4].
This paper focuses on the axial multiphase pump as the subject of study due to its intricate structure and the variability of flow patterns within its passage, which complicates the exploration of flow mechanisms in a multiphase environment. Recent advancements in optics, laser technology, and computer science have led to significant refinements in flow field testing techniques by researchers both domestically and internationally, enabling the precise capture of complex flow patterns. [5, 6] were the first to employ visualization techniques to examine the gas-liquid flow state in a centrifugal pump. Their findings indicated that a small quantity of bubbles present at low gas volume fractions (GVF) exacerbated the non-uniformity of flow velocity, with the mainstream shifting towards the suction side of the blade. Furthermore, as GVF increased, a significant number of bubbles emerged within the pump and gradually evolved into elongated gas pockets accumulating at the impeller inlet. [7] found in his study that the gas pockets formed at very high GVF would lead to plug flow in the passage and defined specific values for the cross-sectional GVF at which bubble flow occurs in the impeller of a centrifugal pump, arguing that the path of motion of the bubbles is shifted along the flow direction from the suction side of the blade to the pressure side. [8] classified the gas-liquid two-phase flow pattern inside a centrifugal pump into four flow patterns: isolated bubble flow, bubble flow, gas pocket flow and gas-liquid separation flow by visualization techniques and found that the pump performance dropped sharply when the inlet GVF was higher than 6.2%. In order to enhance the uniformity of gas-liquid mixing and thus improve the flow pattern, [9] revealed the variation of gas-liquid two-phase flow pattern and bubble diameter at the inlet of the multiphase pump under different working conditions after setting up a homogenizer at the front of the multiphase pump. The results indicate that the incorporation of a homogenizer leads to a more uniform distribution of bubbles within the flow passage and significantly reduces bubble aggregation phenomena, thereby enhancing the delivery performance of the multiphase pump. [10] used high speed photography to obtain the trajectory of bubbles in a centrifugal pump and investigated the effect of parameters such as bubble diameter and liquid phase flow rate on the trajectory of the bubbles in combination with numerical calculations. The results indicate that the movement of bubbles within the impeller is hindered as both the diameter and rotational speed of the impeller increase; conversely, an enhancement in liquid flow rate facilitates bubble movement.
With the rapid development of computer resources and numerical calculation methods, CFD has been widely used in complex engineering and has become an important tool for studying the mechanism of multiphase flow in fluid machinery [11]. [12, 13] used computational fluid dynamics to study the vortex flow patterns and energy loss of a mixed-flow pump and systematically proposed an energy characteristic optimization method based on response surface models. [14, 15] first predicted the gas-liquid two-phase flow in a centrifugal impeller at low GVF conditions based on the bubble flow model, and then proposed a new bubble flow model at high GVF conditions assuming that the bubbles would coalescence with each other and attach to the impeller surface to form fixed cavities. [16, 17] used a two-fluid model to give a three-dimensional numerical calculation of an electric submersible pump and obtained the distribution characteristics of each phase of the medium inside the impeller, and found that the bubble diameter was the key to the simulation accuracy, and the accumulation of bubbles inside the impeller was the main reason for the deterioration of the pump performance. [18] explored the forces acting on bubbles in centrifugal pumps without considering the compressibility of the medium and found that the lift forces on the bubbles themselves and the interaction between the bubble population could not be ignored when the gas content was above 3%. Tremante et al. [19] proposed a modified multiphase flow model that is more applicable to low GVF, and conducted a numerical simulation study of a spiral axial flow pump, revealing the influence of the gas phase fraction on the force between the gas and liquid phases, and the existence of bubbles and stratified flow within the impeller was effectively confirmed. [20] and [21] studied the effect of bubble size on the flow of an electric submersible pump under two-phase flow conditions with numerical simulations as the main focus, supplemented by experimental validation, which provided assistance in the validation and improvement of new bubble analysis models.
As can be seen, the performance of rotating machinery in a gas-liquid environment is inextricably linked to the flow pattern in the flow passage, the dynamics of the bubbles, etc. The movement of the bubbles within the impeller and the morphological changes such as coalescence and breakup will directly lead to changes in the flow pattern within the pump, thus making the performance of the pump affected [22, 23]. To more accurately capture the flow field information of rotating machinery within a gas-liquid mixed transport environment and to comprehend the temporal variations of key parameters for each phase in the flow passage, a CFD-PBM model has been used that integrates the predictive capabilities of computational fluid dynamics (CFD) with the advantages of population balance modeling (PBM) for calculating discrete phase particle size distribution and variation, thereby aligning more closely with actual application systems. Initially, the model was mainly applied to equipment such as bubble towers and stirred kettles with relatively simple structures. [24] first established equilibrium equations for the particle size variation of solid particles in chemical processes, which clearly described the bubble size distribution and the bubble coalescence and breakup phenomena in the reactor. Subsequently, [25, 26] from Tsinghua University proposed a CFD-PBM model in a gas-liquid (slurry) reactors to quantify the bubble size distribution in different bubbling zones and modified the model after considering the forces between the gas and liquid phases. On this basis, [27] revealed the effects of viscosity and distributor on gas phase parameters such as bubble volume fraction, bubble size and gas-liquid phase velocity within the bubbling bed by developing and validating a new breakup model. After the maturity and widespread use of PBM within gas-liquid two-phase flows, scholars have extended them to rotating machines with their complex structures. [28] completed the first numerical simulation of a coupled CFD-PBM model within a split blade pump and compared it with the flow field under fixed size bubble conditions to verify the validity of the PBM model when simulating a centrifugal pump. [29] used CFD-PBM to numerically simulate the full flow passage of a gas-liquid two-phase centrifugal pump, and found that as the inlet GVF increased the bubbles gradually changed from a breakup trend to a coalescence trend, and the broken bubbles mostly gathered at the blade pressure surface and impeller outlet.
Throughout the previous exploration of the internal flow of the multiphase pump under gas-liquid two-phase flow conditions, it can be found that scholars at home and abroad have conducted systematic and in-depth research on the multiphase pump based on the fixed size of the bubble, little has been reported on bubble coalescence, breakup and bubble distribution. Due to the relatively complex structure of the impeller passage of the multiphase pump, the dynamics characteristics held by air bubbles at high rotational speeds cannot be ignored.
2 MATHEMATICAL MODEL
2.1 Multiphase flow model
On the premise that the calculation accuracy can be guaranteed, the Eulerian-Eulerian two-fluid model is adopted in this paper after considering the phase velocity slip and the phase force. The model can better reflect the phase distribution and the internal flow characteristics of the mixed-transport pump in the gas-liquid two-phase system. The flow process complies with the conservation of mass and momentum, and its governing equations are as follows: Equations 1–4.
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Where, m represents the mass of the phase; ρ represents the density of the phase; [image: image] is the velocity of the phase; α is the volume fraction of each phase; g is the gas phase, l is the liquid phase; Q is volume flow rate, m3/s. As shown in Equations 5–9.
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Where, The corner scales q and p stand for phase q and phase p; [image: image] is the pressure shared by all phases; [image: image] is the stress of the phase; [image: image] is an interaction force between phases; [image: image] is the interphase velocity, defined as follows. If [image: image] (that is, phase p mass is being transferred to phase q), [image: image]. Likewise, if [image: image] then [image: image], if [image: image] then [image: image]; [image: image] is the rotational force of the impeller, where [image: image] is the speed of the pump and [image: image] is the coordinate vector.; [image: image] is resistance, the Schiller and Naumann Model was chosen, which is the drag force of the bubble movement in the fluid, also known as drag force, and is related to the size and shape of the bubble and the relative speed between the bubble and the fluid; [image: image] is virtual mass force: When bubbles accelerate in the fluid, they drive the fluid to accelerate together. The force to accelerate the bubble not only increases the kinetic energy of the bubble, but also increases the kinetic energy of the fluid. The increase of the kinetic energy of the fluid further promotes the acceleration of the bubble, which is equivalent to the bubble having a virtual additional mass, and the acceleration force is the virtual mass force; The bubble moves in a flow field with velocity difference, and the fluid velocity on different sides of the bubble is different, generating a lift force from low velocity to high velocity on the surface of the bubble, which is represented by [image: image].
2.2 Population balance model
The PBM is an effective method for accurately predicting the size and distribution of bubbles in the flow field of a multiphase pump by showing how the size and distribution characteristics of the discrete phases in a gas-liquid two-phase flow system vary from time to time. In a gas-liquid two-phase system, the expressions are: Equation 10.
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In Equation 7, [image: image] is the volume of the mother bubble; [image: image] is the sub-bubble volume; [image: image] is the bubble number density function with volume [image: image]; [image: image] is the bubble coalescence rate; and [image: image] is the sub-bubble distribution function with volume [image: image]. The terms “birth due to coalescence”, “death due to coalescence”, “birth due to breakup” and “death due to breakup” represent the birth and death rate of a bubble with a diameter of d.
2.3 Bubble breakup model
In this paper, the bubble breakup behavior was simplified, and it was reasonably assumed that the bubble only broke into two bubbles, and the breakup model of [30] is adopted. In this model, when the energy of the collision between bubbles and turbulent vortices meets a certain relation, bubbles will be broken. The specific expression is as follows: Equations 11–15.
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Where, [image: image] is the volume ratio of one sub-bubble to the parent bubble after the bubble is split into two; [image: image] is the probability that the energy of the inflow vortex will cause the bubble to break, when the size of the vortex is [image: image]; [image: image] is the frequency of bubble fracturing when the size range of turbulent vortex is within [image: image]; [image: image] 1 and [image: image] are the breaking rates of the mother bubble and the sub-bubble, respectively. [image: image] is the probability of arbitrary bubble break when the size range of turbulent vortex is within [image: image]; [image: image] is the average collision frequency between the bubble with diameter d and size [image: image] in unit volume; [image: image] is the number density of turbulent vortices with sizes [image: image] to [image: image].
The probability of bubble [image: image] breaking and forming bubbles [image: image] is: Equation 16.
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The final form of the probability of any bubble [image: image] breaking to generate sub-bubbles [image: image] is: Equation 17.
[image: image]
2.4 Bubble coalescence model
In this paper, the coalescence model of Luo is adopted, and the coalescence probability is the product of the collision frequency and efficiency between bubbles [31]. The specific expression is as follows: Equations 18–23.
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Where, [image: image] is a constant; [image: image]; [image: image] is Weber number; [image: image] is the surface tension; [image: image] is the volume, [image: image]、 [image: image] is the frequency of the collision between the two groups of bubbles; [image: image] is the probability of coalescence of bubbles after collision.
3 NUMERICAL METHOD
3.1 Computing domain model
In this paper, the pressurization unit of the multiphase pump is taken as the research object, and the UG software is used to conduct three-dimensional modeling of the calculation domain [32]. The whole calculation domain consists of four parts: the inlet pipe, the impeller, the diffuser and the outlet pipe. In order to ensure the full development of flow in the inlet and outlet section, the inlet of the impeller and the outlet of the diffuser are extended appropriately, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Computing domain model.
3.2 Mesh division
The entire calculation domain is meshed using hexahedral structural meshing techniques. The impeller and guide vane are meshed by TurboGrid software and the inlet and outlet pipes are meshed by ICEM CFD software. Considering the fine structure of the tip clearance and extremely complex flow conditions, the mesh in the radial direction of the tip clearance computational domain is refined. The final mesh division can ensure that the y + value meets the requirements of the turbulence model and accurately analyzes the flow characteristics in the multiphase pump. The specific mesh is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Computational domain meshes (A) impeller, (B) diffuser, (C) blade face, (D) tip clearance).
The number of meshes is one of the most important factors affecting the accuracy of numerical simulations, and a reasonable number of meshes is beneficial to the improvement of computational efficiency. In order to eliminate the interference of the number of meshes on the simulation results, this paper took five groups of meshes under the pure water environment to verify the irrelevance, the detailed calculation results are shown in Table 1. In Table 1, H represents the head of the pump, and η represents the efficiency of the pump. It can be seen from Table 1 that the head and efficiency of the multiphase pump gradually become stable with the increase of the number of meshes. When the mesh number is larger than the fourth group, the pump head and efficiency change values are small enough to ignore the influence of the mesh number on the calculation. Therefore, considering the calculation resources and calculation accuracy comprehensively, the final mesh number of the calculation domain is 4,606,377.
TABLE 1 | Mesh independence verification.
[image: Table 1]3.3 CFD-PBM coupling numerical calculation method
In this paper, coupled CFD-PBM calculations are carried out on a hybrid pump with different speed conditions based on FLUENT software, using boundary conditions of velocity inlet and pressure outlet, in order to perform steady, transient and PBM coupled calculations. The Realizable k-ε model introduces rotation and curvature related contents into turbulent viscosity, and links turbulent viscosity with strain rate [33]. Compared with the Standard k-ε model and the RNG k-ε model, it can simulate rotational flow, strong shear flow and separated flow. So the Realizable k-ε model was chosen for numerical simulations in the more complex flow state of the multiphase pump, considering the applicability of the turbulence model and the calculation time. The model is integrated with an angular deformation correction for the vortex viscosity coefficient, which can be better applied to rotating flow fields. Firstly, the Eulerian-Eulerian two-fluid model for two-phase flow is selected for the steady calculation and the kinematic reference system is chosen for the rotating fluid domain. Subsequently, the rotating fluid domain was changed to a dynamic grid for the transient calculation, setting the time step to 0.000111 s. The discretization method and relaxation factors in this paper are shown in Table 2. In order to investigate the coalescence and breakup behavior of bubbles in the pressurization unit of the multiphase pump, ten discrete sets of bubble sizes are defined in this paper, with the specific size ranges shown in Table 3.
TABLE 2 | Calculate settings.
[image: Table 2]TABLE 3 | Discrete bubble sizes.
[image: Table 3]4 VALIDATION OF THE NUMERICAL SIMULATION METHOD
4.1 Experimental model
In this study, the shape of the pump body was designed as a transparent Plexiglas material with a square exterior and a round interior, and the inlet pipe of the multiphase pump was designed as a transparent pipe to facilitate the observation of the flow effect (as shown in Figure 3). After starting the oil and gas multiphase pump to adjust the gas-liquid flow rate to stabilize the two phases, high-speed photography was used and a special light source was designed to supplement the light (as shown in Figure 4). The main performance indicators of the test instrumentation are shown in Table 4 and the schematic diagram of the multiphase pump test system is detailed in Figure 5.
[image: Figure 3]FIGURE 3 | Test system.
[image: Figure 4]FIGURE 4 | High-speed photography.
TABLE 4 | Main parameters of multiphase pump.
[image: Table 4][image: Figure 5]FIGURE 5 | Schematic diagram of the test system.
4.2 Experimental validation
In order to ensure the accuracy of the numerical calculation method and to clearly capture the flow pattern in the pump, this paper has conducted a single-phase and two-phase experimental study of a multiphase pump in turn. Firstly, a transport pump with a tip clearance of 1.0 mm was tested at a speed of 3,000 rpm using pure water as the medium, and the test values of pump head and efficiency were collected on site and combined with the corresponding values obtained from numerical simulations to plot the external characteristics curve of the multiphase pump, as shown in Figure 6. H and η in Figure 6 represent the pump head and efficiency, respectively, and P represents the shaft power of the pump. As can be seen from Figure 6, the error between the test and simulation does not exceed 5% over the range of flow rates tested. This is due to the energy loss during the testing process which inevitably causes the tested values to be smaller than the simulated values, so the numerical calculation method can be considered as an accurate prediction of the energy characteristics of the multiphase pump. Subsequently, the flow pattern of the multiphase pump was tested under gas-liquid two-phase conditions using a mixture of gas and water as the medium.
[image: Figure 6]FIGURE 6 | Comparison of external characteristics of the experiment and numerical simulation.
Figure 7 shows the comparative analysis of the bubble number density (N) of CFD-PBM numerical simulation results and experimental results under different inlet gas volume fractions (IGVF). As illustrated in Figure 7, the simulation results obtained from the coupled CFD-PBM model exhibit a high degree of correlation with the experimental data, with the lift error remaining below 7.5% across all three sets of tested and calculated values. The position of high bubble number in the flow channel of the mixed transport pump in Figure 7 is basically consistent with the photos taken in the test. It can be seen that the numerical calculation method used in this paper is highly reliable. In subsequent studies, the research was conducted at a gas fraction of 9% for the inlet gas.
[image: Figure 7]FIGURE 7 | Numerical simulation results of CFD-PBM under different inlet gas volume fractions compared with the experimental bubble number density analysis.
5 ANALYSIS OF RESULTS
5.1 Effect of speed on bubble distribution
In order to investigate the formation mechanism of the gas-liquid distribution, it is important to understand the distribution characteristics of the bubbles in the multiphase pump. The medium size Bin4 (1.2916 mm) in the discrete bubble has been set as the inlet bubble in the calculations before the flow characteristics of the multiphase pump are analyzed, and the bubble size distribution in the multiphase pump can be easily obtained based on the coupled CFD-PBM model. For the purpose of the following analysis, the following ten groups of bubbles are divided into three categories of bubbles: large, medium and small. Four groups of bubbles from Bin0 to Bin3 are large bubbles, three groups of bubbles from Bin4 to Bin6 are medium bubbles and three groups of bubbles from Bin7 to Bin9 are small bubbles. Figure 8 shows the bubble distribution within the pressurization unit of the multiphase pump for different speed conditions. As can be seen in Figure 8, the bubble distribution in the impeller and blade domains show a similar trend throughout the pressurization unit. The volume fraction of large bubbles larger than Bin4 in the pressurization unit of the mixing pump decreases with increasing speed, while the volume fraction of small and medium bubbles in the group smaller than Bin4 is positively correlated with speed. It can also be found that the distribution pattern of the volume fraction of large bubbles is highly consistent throughout the pressurization unit. In the blade domain, however, the large number of vortices formed due to the special structure makes the tendency of bubble breakup significantly stronger, and the bubble percentage in the Bin5 to Bin7 groups is significantly more than in the impeller domain, but the bubble content in the Bin8 to Bin9 groups is significantly lower than in the impeller domain. This further demonstrates the inconsistent tendency for bubbles to be broken by different external influences, with the shearing effect of the blades in the pressurization unit being significantly stronger than the effect of the vortices generated in the diffuser on bubble breakup.
[image: Figure 8]FIGURE 8 | Distribution of bubbles in the pressurization unit of the multiphase pump at different speed conditions. (A)Impeller, (B)Diffuser.
5.2 Effect of speed on the coalescence and breakup behavior of bubbles
To further reveal the effect of speed on the coalescence and breakup behavior of bubbles in the flow passage, this paper uses an equivalent surface in which the average bubble size is greater than or equal to the size of the impeller inlet bubble to represent the coalescence zone of bubbles in the flow passage, and vice versa to represent the bubble breakup zone. Figure 9 shows the distribution of bubble coalescence and breakup at the 0.5 blade height in the pressurization unit of the multiphase pump. Among them, the larger the average bubble size in the coalescence zone and the smaller the size in the breakup zone, the greater the degree of coalescence and breakup. From Figure 9, it is easy to find that the large bubbles in the coalescence zone are mainly located on the suction side of the impeller blade and the pressure side of the diffuser blade, and the small bubbles in the crushing area mainly cover the pressure side of the impeller blade and the suction side of the guide blade. This may be due to the fact that the large bubbles have a larger gas phase content and are mainly adsorbed on the low pressure side of the blade by the pressure gradient within the impeller, while the small bubbles are subjected to a combination of forces within the pressurization unit that cause their trajectory and distribution characteristics to change. In addition, as can be seen in Figure 9A, the increase in speed significantly inhibits the coalescence behavior of the bubbles and the domain of coalescence is significantly reduced. Specifically, the bubble coalescence zone in the impeller domain decreases along the axial direction parallel to the blade profile with the increase of rotational speed, and the degree of bubble coalescence weakens accordingly. The bubble coalescence zone in the diffuser domain is reduced along the axial direction, and the bubble coalescence degree reaches the strongest in the design condition, and the bubble coalescence behavior almost does not occur in the high speed condition. As can be seen from Figure 9B, the bubble breakup zone is just complementary to the coalescence zone, and the law is opposite. Under low speed conditions, fewer bubbles undergo breakup behavior, less shearing by the blades and only sporadic crushing behavior occurs near the blade surface. As the speed increases, the shearing effect intensifies sharply, the turbulence in the flow field increases in intensity, the shear stress on the bubbles increases and most of the area within the domain of the pressurization unit is filled with broken bubbles.
[image: Figure 9]FIGURE 9 | Distribution of bubble coalescence and breakup zones in the pressurization unit of the multiphase pump at different speeds. (A) Bubble coalescence zone, (B) bubble breakup zone.
5.3 Effect of speed on gas phase distribution and vortex structure
Figure 10 shows the distribution of the gas phase and flow lines in the pressurization unit of the multiphase pump under different speed conditions, for the purpose of later discussion the vortices at the leading and trailing edges of the diffuser are noted as vortex A and B, and have been marked with red and orange wireframes respectively. As can be seen in Figure 10, the distribution of the gas phase in the impeller domain passage is generally similar at all operating conditions and the flow patterns are good. The gas phases are all gathered on the suction side of the blade by the pressure gradient and some of the small vortices, and the increase in speed results in a more gentle increase in the degree of gather. In contrast, the gas phase distribution and flow state in the diffuser show obvious change rules under the change of speed. It is not difficult to find that vortex A gradually weakens with the increase of speed, the gas phase it enrolls decreases correspondingly, and vortex B and vortex A show exactly opposite change rules. This is because under the condition of low speed, the fluid at the outlet of the impeller diverts towards the pressure surface and suction surface of the diffuser, and the diverting liquid mixes with each other to form vortex A. Because of its special structure, the guide vane forms a vortex B at the tail of the guide vane to provide a velocity circulation. And the increase in speed makes the impeller outlet liquid flow angle change, impeller outlet at the diffuser pressure surface diversion phenomenon weakened, vortex A gradually disappeared, vortex B gradually enhanced. That is to say, the vortex A, B is a pair of mutually separate vortex, inevitably show the opposite law of change.
[image: Figure 10]FIGURE 10 | Gas phase and streamline distribution in the pressurization unit of the multiphase pump under different speed conditions.
5.4 Influence of speed on gas-liquid velocity difference and pressure distribution
In order to further explore the internal flow law of the multiphase pump, the impeller and diffuser in the pressurization unit are evenly divided into 11 planes along the axial direction from the inlet, among which plane 1 is the inlet surface and plane 11 is the outlet surface, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Schematic diagram of pressurization unit division of multiphase pump.
In order to quantitatively analysis the distribution of flow characteristics in the axial direction in the pressurization unit of the multiphase pump, the characteristic parameters in the different planes classified above are analyzed. Figure 12 shows the difference in gas-liquid velocity slip (gas phase velocity minus liquid phase velocity) and the pressure distribution along the axial direction in the booster unit of the multiphase pump at different speed at the inlet gas volume fraction of 9%. As can be seen in Figure 12, the effect of speed on the gas-liquid velocity difference within the pressurization unit of the multiphase pump is not consistent in the impeller and diffuser domains. The gas phase velocity is significantly greater than the liquid phase velocity at the impeller inlet and dynamic-static interface, while the gas phase velocity is less than the liquid phase velocity at the remaining axial positions. The increase in impeller speed results in the generation of more small bubbles in the impeller domain to promote the homogeneity of the gas-liquid mixing, the amplitude of the gas-liquid velocity difference curve is significantly reduced and the velocity slip phenomenon is correspondingly weakened. The velocity difference between gas and liquid in the diffuser is mainly influenced by the vortex in the flow passage. The increase in speed accelerates the formation of vortex inside the diffuser, and the vortex center attracts a large number of bubbles to intensify the phenomenon that makes the two phases of gas and liquid separate. It can also be seen in Figure 12 that the speed has a significantly greater effect on the pressure distribution in the impeller, the core work component of the multiphase pump, than in the diffuser domain, and that an increase in speed significantly increases the pressure pressurization performance of the multiphase pump. The diffuser, as a rectification component, is minimally affected by the speed of rotation, except for the obvious pressure fluctuations that occur at the dynamic-static interface.
[image: Figure 12]FIGURE 12 | Axial gas-liquid velocity slip difference and pressure distribution in the pressurization unit of the multiphase pump at different speeds. (A) Gas-liquid velocity difference, (B) pressure distribution.
6 CONCLUSION
In order to grasp the internal flow law and prediction performance of the multiphase pump more accurately, the parameters of the flow field in the pump were solved based on the CFD-PBM coupling model. By analyzing the laws of bubble distribution, gas phase distribution, vortex structure and gas-liquid velocity difference in the pressurization unit of the multiphase pump, the influence of speed on the internal flow characteristics of the multiphase pump was revealed. The main conclusions are as follows:
(1) The volume fraction of large air bubbles in the pressurization unit of the multiphase pump decreases significantly with speed, while the opposite is true for small bubbles. At high speed, bubbles are more likely to break due to blade shear, and the effect of shear on bubble breaking behavior is obviously stronger than that of vortex entrainment.
(2) The bubble coalescence zone in the pressurization unit of the multiphase pump covers the impeller suction surface and diffuser pressure surface, and the law of the breakup zone is opposite to the coalescing zone. Bubble coalescing occurs in a large area of the pump under low speed conditions, and only a few crushing behaviors occur near the surface of the blade. With the increase of rotational speed, the bubble coalescence zone will shrink along the axial direction parallel to the blade profile, and the bubble breakup zone will almost cover the whole domain.
(3) The influence of speed in the pressurization unit of the multiphase pump on the gas phase distribution and vortex structure in the diffuser domain is significantly greater than that in the impeller domain, and the impeller domain has fewer vortices and less gas phase gather. Under the influence of the speed of the flow passage in the diffuser domain, A and B mutually separate vortices are formed at the leading edge and trailing edge of the diffuser. The gas phase is attracted by the vortex and gathers near the vortex center in a large range, and the speed promotes the formation of vortex B.
(4) The increase of speed in the impeller domain promotes the uniformity of gas-liquid mixing and weakens the velocity slip. Under the influence of the structure of diffuser, the speed accelerates the formation of the vortex, which intensifies the velocity slip. The influence of speed on the pressure distribution is mainly reflected in the impeller domain. The increase of speed obviously increases the pressurization performance of the multiphase pump.
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