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Here, a unified 3D numerical model of gas-liquid two-phase flow in a horizontal pipe was established using the interface capture method based on the open source software package OpenFOAM. Through numerical simulation of the natural slugging and development process of slug flow under different working conditions, the motion, phase interface structure, pressure and velocity field distributions of the liquid slug were fully developed and analyzed. The simulation results are consistent with the experiment. The results showed that during the movement of the slug head, there is a throwing phenomenon and a wave-like motion of the liquid slug. In addition, the slug tail and body area have very similar velocity profiles, and the overall velocity field distribution becomes more uniform with the development of liquid slug. Moreover, there are sudden pressure fluctuations at the head and tail of the liquid slug.
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INTRODUCTION
The mixed transmission pipelines on the seabed laid along the seabed terrain are mainly horizontal and near horizontal. Slug flow is the most common flow pattern in the mixed transmission of oil and gas in horizontal and near horizontal pipelines, and the production parameters of most oil wells are within the parameter range of this flow pattern (Bonizzi, 2003). Due to the randomness, complexity and intermittence of slug flow, the understanding of its flow characteristics and phase interface structure is not thorough. The fluctuation of pressure and flow caused by slug flow has an important impact on deep-sea oilfield and the design of production equipment. In the beginning macroscopic studies are focused on average length and holding capacity of liquid slugs, but now researchers have gradually turned to the more complex study of the natural development process and transient gas-liquid interface structures of liquid slugs.
Taitel’s study (Taitel et al., 2000) showed that the steady-state model often presents non-physics profiles when calculating the slug flow in a downcast pipe. According to the characteristics of gas-liquid distribution and pressure drop fluctuation, Yin et al. (2022) divided intermittent flow and segregated flow into various sub-flow patterns. The distribution of the flow patterns was summarized under different working conditions. The experimental results enhance the understanding of the morphology and evolution process of gas-liquid flow. Ishii (Ishii, 2006) established a 1D two-fluid model, but the governing and constitutive equations of different flow patterns were quite different. Lu (2015) used six commercial finite volume codes to simulate the slug flow in horizontal pipe sections by 1D two-fluid model, and compared the results with experimental data, finding that the simulated slug flow characteristics were quite different from the experimental ones. Ekambara et al. (2008) used the VOF (volume of fluid) model to simulate the internal phase distribution of the slug flow in a horizontal pipeline with an inner diameter of 50.3 mm. The results indicated that the volume fraction had a maximum near the upper pipe wall, and the profiles tended to flatten with increasing liquid flow rate. It was found that increasing the gas flow rate at fixed liquid flow rate would increase the local volume fraction. Abdulkadir et al. (2013) used VOF model and RANS (Reynolds-averaged Navier-Stokes) turbulence model to simulate the air silicone oil slug flow in 90°vertical elbow and compared it with the experimental results. It was found that the flow pattern before and after turning was consistent with the one captured by high-speed camera, and the model could predict the gas phase distribution at turning. Glatzel et al. (2008) used VOF model to simulate the liquid-liquid and gas-liquid two-phase flow in T-shaped microchannel, and analyzed the bubble shape in gas-liquid two-phase flow, micro droplet volume and separation time in liquid-liquid two-phase flow. There was a gap between the simulated phase interface structure and the experimental results. Ratkovich et al. (2009) established a 2D vertical pipe model with inner diameter of 190.5 mm and length of 3.4 m by using VOF model to analyze the void fraction of gas-liquid two-phase slug flow of Newtonian fluid and non-Newtonian fluid. The simulation results of void fraction were in good agreement with the experimental results. Deendarlianto et al. (2016) used VOF model to simulate gas-liquid two-phase flow in horizontal pipe. The results showed that there was a quantitative consistency between the calculated results and the experimental data for the changes of long bubble length and liquid holdup. A slug tracking model was proposed by Zheng et al. (1994), although it was found that this model cannot fundamentally simulate the natural evolution process of the slug, and the resulting calculations of high gas-liquid velocity are yet to be verified. Vallée et al. (2008), Vallée et al. (2010) used CFX software in conjunction with the Euler two-phase flow and SST Turbulence models to establish a 2D numerical model of slug flow; however, due to the restriction of inlet conditions in the model, the gas-liquid interface structure of the slug flow was quite different from that observed in experiments. Ramdin and Henkes (2011), Ramdin and Henkes (2012) established 2D and 3D models using FLUENT software. They simulated Benjamin bubbles in a horizontal tube and Taylor bubbles in a vertical tube and analyzed the influence of viscosity and surface tension on the bubbles. For the most part, the simulation results were consistent with the experimental results; however, when the surface tension was high, the 2D Benjamin bubble model greatly deviated from the experimental results. De Schepper et al. (2008) used VOF model and piecewise linear interface calculation (PLIC) interface recombination method to build a 3D horizontal pipe model. The simulation results for the air-water two-phase flow pattern at different gas-liquid velocities were consistent with the baker flow pattern, but the gas-liquid interface structures of each flow pattern were quite different from experiments.
From the aforementioned studies, it is found that the idea of establishing these transient models is to divide the slug flow into liquid slug region and bubble slug region, and simulate the transient characteristics of gas-liquid slug flow with the help of experimental empirical relationship on the basis of assumption. Slug flow simulation currently mostly relies on 1D and 2D models, which cannot reflect the actual phase interface structures and transient flow characteristics of slug flow. Moreover, these models cannot satisfactorily simulate the natural evolution process of the slug from starting to full development, and the local structures, transient flow characteristics, velocities and pressure distributions of the slug obtained by such model show large discrepancies with experimental data. To address these issues, the present study uses an interface capture method, implemented using the open source software package OpenFOAM (2019), to establish a unified 3D numerical model of two-phase flow in a horizontal pipe. This method allows the development of slug flow under different working conditions to be simulated, and the motion, phase interface structure, pressure, and velocity field distributions of the developing and fully-developed slug to be obtained.
EXPERIMENT
In order to verify the accuracy of the simulation, an experimental device for two-phase flow in horizontal pipe is built. The experimental system includes three parts: gas phase circulation system, liquid phase circulation system and gas-liquid mixing experimental system. As shown in Figure 1.
[image: Figure 1]FIGURE 1 | Experimental device.
The gas-phase circulation system mainly includes gas-phase supply system, metering system and gas-phase pipeline. The gas tank is used to reduce the fluctuation of gas volume and pressure, provide stable flow for the downstream and prevent accidental slugging caused by pressure and flow fluctuation. The metering system includes large orifice Flowmeter, orifice Flowmeter, vortex Flowmeter and precision regulating valve. Combined with the measurement accuracy range of the three Flowmeters, it can cover the flow range required for the experiment in all aspects and meet the experimental measurement requirements. The precision regulating valve is respectively connected with three kinds of flow meters to form a large, medium and small three-way metering system to realize the precise control of gas volume.
The liquid phase circulation system consists of water pitcher, pressure gauge, centrifugal pump, frequency converter, mass Flowmeter, electromagnetic Flowmeter, precision regulating valve and relevant pipelines. Mass Flowmeter, electromagnetic Flowmeter and precision regulating valve constitute the metering system of liquid phase circulation. The two metering systems are selected in real time according to the experimental conditions.
The gas-liquid mixing experimental system mainly includes gas-liquid layered mixer, transparent tube test observation section and gas-liquid separation system. In order to provide stable gas-liquid two-phase flow as much as possible, a Gas-Liquid Stratified mixer was designed in this experiment. The transparent tube is the main pipe section for experimental test and observation, with a total length of 13 m. It is composed of PMMA pipe with an inner diameter of 50 mm and a wall thickness of 5 mm, which is convenient for video capture of the development process of liquid slug.
In the experiment, 20 groups of double parallel conductance probes are arranged from the inlet to the outlet. The cross-correlation method is used to measure the flow characteristic parameters such as liquid slug frequency and velocity during the development of liquid slug. HD (high definition) camera is used to determine the flow pattern and position of slug flow.
TWO-PHASE FLOW NUMERICAL MODEL
Governing Equations
The model gas and liquid share a set of mass and momentum equations and form a closed equation along with the volume fraction transfer equation, as follows:
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Where u is the velocity, p is the pressure, [image: image] is the surface tension coefficient, [image: image] is the viscous force, [image: image] is the volume fraction of water in two-phase flow, [image: image] is the interface curvature, Vsg is the apparent gas phase velocity, Vsl is the apparent velocity of liquid phase, ur is the relative velocity of gas and liquid phase.
Calculation Model and Boundary Initial Conditions
The geometric model uses a Cartesian coordinate system to simulate a 3D horizontal cylindrical tube with an inner diameter of 50 mm and a length of 13 m (260D). The geometric model is shown in Figure 2. The gas-liquid inlet and outlet are at x = 0 and x = 13 m, respectively, and the direction of g is along the negative z-axis.
[image: Figure 2]FIGURE 2 | Geometric model of 3D horizontal pipe.
The height ratio of the inlet layer is 0.5. Air and water enter the horizontal pipeline through the blue and red inlet cross-sections (as indicated in Figure 1), respectively, at constant flow rates. The outlet is at standard atmospheric pressure. The model used the Newtonian fluid viscosity and Brackbill (Brackbill et al., 1992) continuous interface force (CFS) models. The phase interfacial tension per unit length was defined as 0.07 N/m with reference to Wang Xin’s fluid slug tracking model (Wang, 2006). The model uses OpenFOAM’s unique PIMPLE algorithm (Robertson et al., 2015), that is, the SIMPLE algorithm was used to solve the Navier-Stokes equations, and each time step was regarded as steady-state flow and was solved using the pressure implicit split operator (PISO) algorithm.
Turbulence Model
Choosing a reasonable turbulence model is the key to obtaining numerical simulation results which are consistent with the experimental results. Of the available turbulence models, the Direct Numerical Simulation model and Large Eddy Simulation model have low calculation efficiencies. The turbulence models commonly used in two-phase flow simulations include standard k-ε models, RNG k-ε models, realizable k-ε models, and k-εSST models. Here, Vsg = 3 m/s and Vsl = 1 m/s were used as input parameter values to evaluate the four turbulence models under the same grid number and time step. The models were used to simulate slug flow in the horizontal pipe section, and the results for slug formation distance and liquid slug frequency along the flow direction were compared with experimental data, as shown in Figures 3, whence it can be seen that the calculation examples from the realizable k-ε model were the closest to the experimental results and have a good degree of consistency. Therefore, the realizable k-ε model was selected as the turbulence model.
[image: Figure 3]FIGURE 3 | Comparison between simulated and experimental values of (A) slug formation position and (B) slug frequency by different turbulence models.
Grid, Time Step Independence Analysis
In order to capture the transient characteristics of the gas-liquid interface in the calculations, the Courant number was set at < 0.5. The value of the spatial step size Δx was fixed, and the time step size Δt was automatically adjusted according to the maximum phase velocity, Umax, obtained in each calculation time layer.
[image: image]
As in the previous section, Vsg = 3 m/s and Vsl = 1 m/s were taken as input values, and Courant numbers were simulated at the same spatial steps of 0.125, 0.25, 0.375, and 0.5, as shown in Figure 4, whence it can be seen that the time step has little effect on the simulation results. Hence, in order to improve the calculation efficiency, the time step at a Courant number of 0.5 was selected.
[image: Figure 4]FIGURE 4 | Variation of slug formation position with time step.
Here, a boundary layer encrypted hexahedral mesh was used to divide the geometric model, as shown in Figure 5. In order to eliminate the influence of grid sparsity on the results, simulations were conducted using spatial steps of 0.0025 m, 0.003 m, 0.0035 m, and 0.004 m (with the same Vsg and Vsl values as previously). The results are shown in Figure 6, whence it can be seen that the smaller the grid size, the closer the slug formation distance is to the experimental value. Simultaneously, the consistency of the simulated liquid slug frequency with the experimental value at different positions along the flow direction improves initially, before deteriorating as the number of grids becomes smaller. But when the spatial step is too small, the simulation accuracy is not accurate. This may be due to the fact that when the grid size is small, the frequent transmission of information between the grids leads to increased errors, which makes the simulations inconsistent with real slug flow. Therefore, a smaller spatial step size is not clearly better, and hence a spatial step size of 0.003 m was ultimately chosen.
[image: Figure 5]FIGURE 5 | Grid structure for geometric model.
[image: Figure 6]FIGURE 6 | Comparison between simulated and experimental values of (A) slug formation position and (B) slug frequency by different spatial steps.
Model Validation
The numerical model was validated by simulating the two-phase flow of gas and water under different velocity conditions for a pipe with an inner diameter of 50 mm. Figure 7 shows a comparison between the five different flow patterns generated by the simulation and the corresponding experimental data, whence it can be seen that the simulated flow pattern is consistent with the experiments and appears to qualitatively reflect the characteristics of the phase interface structure of the two-phase flow at different gas-liquid speeds.
[image: Figure 7]FIGURE 7 | Comparison of simulation and experiments for five kinds of flow patterns.
The validated 3D model was then used to simulate the two-phase flow in the pipe geometry shown in Figure 2 at different gas and liquid velocities. The apparent velocity range of the gas phase was 0.1–6.5 m/s, and that of the liquid phase was 0.05–2 m/s, with a total of 148 data points chosen. A logarithmic coordinate system was used, whereby the abscissa and the ordinate represent the apparent velocities of the gas and liquid phases, respectively. The simulated operating conditions were drawn superimposed on a Mandhane flow pattern diagram according to the type of flow pattern, as shown in Figure 8. The red, blue, purple, and green points represent the operating points where the flow pattern simulation results are Bubble flow, Slug flow, Smooth Stratified flow and Stratified Wavy flow. The simulated operating points of Bubbly flow, Slug flow, and Smooth Stratified flow are consistent with the Mandhane flow pattern diagram. Taking slug flow as an example, the simulation result shows that among 57 operating points of the slug flow, 56 operating points are located in the slug flow area of the Mandhane flow pattern, and the accuracy rate is 98.2%. The Stratified Wavy flow has poor consistency with the Mandhane flow pattern diagram. This is because the Stratified Wavy flow area is small and the simulated operating points are few. In general, the simulation results are consistent with the Mandhane flow pattern diagram, which indicates the reliability of the model for two-phase flow simulations.
[image: Figure 8]FIGURE 8 | Comparison between flow pattern simulations and Mandhane flow pattern diagram.
Figure 9 shows the comparison between simulation value and experimental value of slug frequency under different working conditions (L/D = 258). It can be seen that the simulation value under high gas velocity are consistent with the experiment, and the simulation value under low gas velocity have a certain gap with the experimental value. When the gas velocity is constant, the slug frequency increases as the liquid velocity increases.
[image: Figure 9]FIGURE 9 | Comparison between simulation value and experimental value of slug frequency (L/D = 258).
Figure 10 shows a comparison between the simulated and experimental liquid slug frequency changes along the flow direction for Vsg = 3 m/s and Vsl = 1 m/s. From the figure, it can be seen that the simulated slug frequency closer to the inlet slightly overpredicts the experimental result. This is because the model assumes that the gas is incompressible, and that the change in inlet pressure, which is an important contributor to slug formation but has little effect on fully developed liquid slugs, will be directly transmitted to the downstream pipeline. The model results are quantitatively consistent with the experiments, and seem to reflect the natural development process of liquid slug formation, merger, and disappearance, thereby demonstrating the effectiveness of the model for slug flow simulation.
[image: Figure 10]FIGURE 10 | Comparison between simulations and experiments of slug frequency along the flow direction (Vsg = 3 m/s, Vsl = 1 m/s).
SIMULATION RESULTS AND DISCUSSION
Characteristics of Slug Formation
Figure 11 shows a comparison of 2D simulation and experimental data of the slug formation process at the pipe entrance for Vsg = 2 m/s and Vsl = 0.2 m/s. It can be seen from the figure that a series of interface waves with high frequency and small amplitude are formed under the flowing gas. The momentum transfer between the gas and liquid causes the interface to become unstable, and the interface waves merge with each other, reducing the interface wave frequency and increasing the amplitude. When the cross-sectional area of the upper gas flow becomes smaller, the gas accelerates through the highest point of the interface wave. Due to the Bernoulli effect, the pressure of the gas above the interface wave decreases. When the pressure difference between the phases overcomes the interfacial tension and gravity, the interface wave is elevated. The slug formation phenomenon occurs when the crest of the interface wave blocks the pipeline. In both the experimental data and the simulations, the top of the interface wave is thrown forward by the gas velocity, forming the head of the thrown liquid slug.
[image: Figure 11]FIGURE 11 | Comparison between simulations and experiments of the slug formation process at the pipe entrance (Vsg = 2 m/s, Vsl = 0.2 m/s).
Characteristics of Liquid Slug Motion
Figure 12 shows a distribution diagram of the retention rate of a developing liquid slug for Vsg = 2 m/s and Vsl = 1 m/s, with a time interval of 0.05 s between each graph. For graphs (1)–(7) It can be seen that during the development of the liquid slug, the head of the slug is thrown forward and falls under the action of gravity. As a result, it sucks up the upstream liquid film, causing the slug length to increase. Simultaneously, the head of the liquid slug draws liquid into the bubbles with larger volume, causing these bubbles to gradually become smaller with the liquid slug motion and move to the tail of the slug, where they are finally discharged, before the next cycle of circulation, as shown in graphs (8)–(16). As the figure shows, it is due to this development process that the liquid slug head contains a much greater gas content than that in the tail.
[image: Figure 12]FIGURE 12 | Liquid holdup distribution of a developing slug (Vsg = 2 m/s, Vsl = 1 m/s).
Figure 13 shows the displacement of a liquid slug changing with time for a constant Vsl of 1 m/s and Vsg values of 1, 2, and 3 m/s. It can be seen from the figure that increasing Vsg causes the liquid slug holding rate and the length of the liquid slug to decrease significantly, while the degree of ‘head throwing’ of the liquid slug increases. When the gas-liquid speed difference is small, the liquid level is high; hence, the liquid slug body is long and the throwing phenomenon of the liquid slug head is not obvious. Here, the liquid slug is moved forward by the gas in a balanced manner, absorbing the liquid film in front. When the gas-liquid speed difference is large, however, the throwing phenomenon is clearly evident, with the liquid slug advancing the liquid film through the periodic throwing and falling motion. This is because when the gas and liquid velocity difference is large, the liquid level is low and the amount of liquid slug is small. At high air flow speeds, the head of the liquid slug is thrown forward, causing a gap to form between the liquid and the upper part of the tube, and the gas accelerates through. The resulting pressure difference causes the liquid to be lifted and thrown forward, and the developing liquid slug circulates and moves forward in this way.
[image: Figure 13]FIGURE 13 | Variation of a developing slug with time with increasing gas-liquid speed difference.
Figure 14 shows the displacement of a fully developed liquid slug changing with time for a constant Vsl of 1 m/s, and Vsg values of 1 and 3 m/s. The figure shows that as Vsg increases, the liquid slug gas content increases significantly and degree of throwing of the liquid slug head increases. Compared to Table 2, it is evident that the characteristics of the fully-developed liquid slug motion are very different from that of the developing liquid slug, with fully-developed liquid slug head not displaying any periodic throwing and falling. Further, it appears that the difference in gas-liquid speed has no obvious effect on the fully-developed liquid slug’s movement and that the volume of liquid entrained by the liquid slug head is equal to the discharge volume of the tail. Hence, the length is kept stable, and the liquid slug moves forward evenly with its head thrown forward.
[image: Figure 14]FIGURE 14 | Variation of a fully-developed slug with time with increasing gas-liquid speed difference.
Transient Characteristics of the Liquid Slug Interface
In the simulations, the phenomenon of the head of the liquid slug being thrown forward and sucking in gas was observed, which is consistent with the structure of the actual liquid slug head from the high-definition photographs. Figure 15C shows that after the liquid slug is formed, the pressure behind it rises sharply, as evidenced by the effect of the pressure difference between the front and back of the slug. As a result, the liquid at the top of the slug is pushed out quickly, causing the head of the slug to be thrown forward, as the kinetic energy of the slug body is greater than that of the front liquid film area, as shown by the color of the vector arrows in Figure 15A. When the slug absorbs liquid from the film, this liquid is accelerated to the speed of the slug, thus forming a vortex zone at the slug’s front end. Due to the existence of the vortex, the liquid slug will entrain part of the gas, eventually forming a gas-liquid mixing zone with high kinetic energy at the head of the slug. This is consistent with the physical model of the shortest liquid slug length proposed by Dukler et al. (1985) in that the liquid slug speed is greater than the liquid film speed. Assuming that the slug is stationary, it is equivalent to the front liquid film jet entering the slug and forming a vortex in the area between the liquid film separation point and the return point, accompanied by a large number of air bubbles. This area is the liquid slug mixing area.
[image: Figure 15]FIGURE 15 | (A) Comparison between experimentally obtained slug head image and simulated velocity vectors. (B) Distribution of liquid holdup in the pipe cross-section. (C) Pressure distribution in the pipe before and after the slug.
Figure 16 shows the velocity distribution curves at different positions along a liquid slug during and after full development for Vsg = 1 m/s and Vsl = 1 m/s. For the developing liquid slug, the velocity of the upper part of the liquid gradually increases from the tail to the head of the slug, while the velocity of the lower part of the liquid gradually decreases. Figure 16A shows that the velocity distribution of the liquid slug during development is uneven, with the velocity in the upper half being greater than that in the lower half, particularly at x = 7.22 m, which is the liquid slug head. For fully developed liquid slugs, the velocity distribution is more uniform. The difference in the local maximum velocity between the slug tail and slug head area is 25.1%. Comparing Figures 16A,B, both the developing and fully-developed liquid slug heads are thrown forward, which is consistent with the analyses from Figures 13, 14.
[image: Figure 16]FIGURE 16 | Velocity distribution curves of (A) developing and (B) developed slugs (Vsg = 1 m/s, Vsl = 1 m/s).
It can be seen from the velocity distribution curves that the velocity values near the bottom wall of the pipeline are similar. As the liquid slugs move downstream, the slug tail and body area have very similar velocity profiles, especially in the lower half region of the pipe regardless of the location.
Figure 17 shows the velocity distribution curves at different positions along a liquid slug during and after full development for Vsg = 2 m/s and Vsl = 1 m/s, which are consistent with those in Figure 16; however, compared to Figure 16, the increase in gas velocity makes the difference between the upper and lower speeds of the developing and the fully-developed slug increase significantly. The speed change of the slug head is particularly significant, and the difference in the local maximum velocity between the slug tail and slug head area is 33.5%. The result shows that the gas velocity has a significant effect on the liquid slug velocity distribution, i.e., the greater the gas velocity, the greater the velocity difference between the upper and lower of the liquid slug and the head and tail of the liquid slug.
[image: Figure 17]FIGURE 17 | Velocity distribution curve of (A) developing and (B) developed slugs (Vsg = 2 m/s, Vsl = 1 m/s).
Figure 18 shows a cloud diagram of the cross-sectional velocity distribution of a developing and a fully-developed liquid slug for Vsg = 2 m/s and Vsl = 1 m/s. The position of the cross section is determined by dividing the liquid slug into equal parts along the flow direction. As the table shows, the velocity distribution of the fully-developed slug is more uniform, which is consistent with Figure 17. For the developing liquid slug, however, the velocity distribution is much more uneven, with the liquid velocity in the upper part of the slug being greater than that in the lower part. The velocity of the liquid from the tail to the upper part of the head of the slug gradually increases until it approaches the mixing speed of the gas and liquid phases. The velocity of the lower liquid gradually decreases to slightly lower than the velocity of the liquid film, which is the result of the combined action of pushing by the gas and the shear forces between the gas-liquid phase and the wall surface. Therefore, the speed of the liquid slug during development is mainly determined by the liquid velocity in its upper half. The formation and development of the liquid slug can be described as follows: the disturbance caused by the difference in the gas-liquid velocity at the pipeline inlet forms an interface wave, which merges and grows. Due to the limitations of the enclosed space in the pipeline, the bridge slug eventually forms a liquid slug, which moves forward in a way similar to interface wave.
[image: Figure 18]FIGURE 18 | Cross-sectional flow distributions in (A) a developing and (B) a fully-developed slug (Vsg = 2 m/s, Vsl = 1 m/s).
Figure 19 shows the relative pressure distribution curves of the central axis of the pipeline from the inlet to the outlet at a certain moment under different working conditions, with corresponding pressure distribution cloud diagrams shown in Figure 20. These data show that the pressure decreased from the inlet to the outlet of the pipeline, and the convex shape in Figure 19 represents the liquid slug. As the gas pushes the liquid slug, the pressure from the liquid film area to the liquid slug tail shows a sudden increase. The energy loss of the viscous fluid in the flow process causes the pressure from the liquid slug tail to head gradually decrease. From the liquid slug head to the downstream liquid film area, a sudden drop in pressure occurs, due to the head of the liquid slug accelerating the front liquid film. Subsequently, the pressure in the liquid film does not change much. Therefore, it may be inferred that the pressure surge at the tail of the liquid slug is the main reason for the pressure fluctuations and vibrations in the pipeline. Through the quantitative analysis of Figure 20, it is found that as the liquid velocity increases, the pressure rise value from the upstream liquid film area to the liquid slug tail will increase, and the pressure drop value from the liquid slug head to the downstream liquid film area will increase accordingly, the pressure drop value caused by the liquid slug is about twice the pressure rise value at the tail of the slug, and it is mainly caused by the pressure drop at the head of the liquid slug, which is much higher than the normal hydraulic gradient. Therefore, the generation of slugs will increase the pressure energy loss of the entire pipeline.
[image: Figure 19]FIGURE 19 | Relative pressure distribution curves of the central axis of the pipeline at a certain moment under the following flow conditions: (A) Vsg = 1 m/s, Vsl = 0.6 m/s, (B) Vsg = 1 m/s, Vsl = 0.8 m/s, and (C) Vsg = 1 m/s, Vsl = 1 m/s. (D) Vsg = 1 m/s, Vsl = 1.2 m/s.
[image: Figure 20]FIGURE 20 | Pressure distribution of a fully-developed slug at different liquid velocities.
CONCLUSION

1) Driven by the gas, a series of interface waves with high frequency and small amplitude are formed at the entrance of the pipeline. The instability of the interface causes the interface waves to merge with each other, reducing the interface wave frequency and increasing the wavelength and amplitude. When the crest of the interface wave blocks the pipeline, a slugging phenomenon occurs. Under the impulse of gas, the speed of the liquid slug head is greater than the speed of the front liquid film. The liquid slug head is thrown forward, forming a vortex at the junction of the liquid slug head and the front liquid film, and entraining a large amount of gas to form a liquid slug mixing area.
2) In the development of the liquid slug, when the gas-liquid speed difference is small, the liquid slug does not have a pronounced head, and it moves forward in a balanced manner under the force of the gas. When the gas-liquid speed difference is large, the head of the liquid slug is clearly thrown out, and it is pushed forward by the periodic throwing and falling motion. However, the fully-developed liquid slug head does not exhibit this periodic throwing and falling. Additionally, the difference in gas-liquid speed has no obvious effect on the form of the liquid slug, which moves forward evenly by throwing its head forward. With the increase in the superficial velocity of the gas phase, the gas content of the developing and fully-developed liquid slugs increase significantly, which causes the degree of head ejection of the liquid slug as well as the difference between its upper and lower speeds to increase.
3) The velocity distribution of the liquid slug during development is uneven, and the slug continuously moves forward through entraining liquid in the head and discharging it in the tail. The overall velocity field distribution becomes more uniform after fully-developed. The slug tail and body area have very similar velocity profiles, especially in the lower half region of the pipe regardless of the location.
4) The pressure from the upstream liquid membrane area to the end of the slug suddenly increases, while that from the end of the slug to its head gradually decreases, and the pressure from the slug head to the downstream liquid membrane area suddenly drops. The pressure drop value caused by the liquid slug is about twice the pressure rise value at the tail of the slug, and it is mainly caused by the pressure drop at the head of the liquid slug, which is much higher than the normal hydraulic gradient. The sudden pressure rise in the slug tail is the main cause of pipeline pressure fluctuations and pipeline vibration.
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