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Abstract

:

In the process of water displacing oil within mobile pipelines, it is common that the oil tends to accumulate at the elevated sections of inclined pipelines, leading to an issue of residual oil accumulation. In this paper, the mechanism of carrying accumulated oil out of the pipeline with water flow is discussed. Taking the residual oil layer in down-hill pipelines as a research object, a hydrodynamic model of the water-oil displacement process is established based on the theory of liquid–liquid two-phase flow and the application of the momentum transfer equation. It has been found that the use of this model can enhance the computational speed by 15% without affecting the accuracy of the calculations. Subsequently, the model is used to analyze the impact of different initial water-phase velocities, inclination angles, initial oil-phase heights, and pipeline diameters on the oil-carrying process of water flow. The results indicate that increasing the initial water-phase velocity, the angle of inclination, and the initial oil-phase height all enhance the fluctuation in the oil–water interface, making it easier for the oil phase to be carried away from the pipeline. Conversely, when all other parameters are held constant, an increase in the pipeline diameter tends to stabilize the oil–water interface, thereby making it more difficult for the residual oil to be carried away by the water flow.
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1. Introduction


A mobile pipeline is an assembly-type system that can be laid out and retrieved on an immediate basis, and belongs to a category of fuel transportation equipment, whose primary function is to transport fuel from the strategic and tactical rear-to-forward mobile fuel depots, fuel stations, and combat troops. Typically, this system consists of pipes, mobile oil pumps, valves, measuring instruments, etc., and is connected through detachable joints (either socket-type or flanged-type). During combat and military training exercises, it is laid directly on the surface of the ground, and is characterized by its rapid deployment and retrieval, as well as its flexibility and mobility [1]. In contrast to fixed pipelines, mobile pipelines must be retrieved after completing the oil transport mission, and then quickly repositioned in other areas for the next oil transport operation. Therefore, the retrieval speed of the mobile pipeline directly affects the efficiency of pipeline oil transportation support. Before the retrieval or maintenance of the mobile pipelines, the fuel inside must be drained and then recovered into oil tanks or fuel trucks. Currently, pipeline emptying operations mainly adopt three methods: free-flow drainage, gas displacement, and water displacement. The water displacement method employs oil pumps to directly inject water, and gradually displace the fuel from the pipelines. Compared to free-flow drainage and gas displacement, the water displacement method exhibits several advantages including lower terrain requirements, direct utilization of oil transportation equipment, a simple process, a fast speed, minimal loss of oil and gas, and high safety. It is therefore widely used. For example, when the temperature and water source conditions permit, the water displacement method is preferred [2].



During the water displacement process, the oil phase and water phase are immiscible, and there is a density difference and polarity difference between the two, making it difficult to form a stable emulsion [3]. Due to the lower density of oil, the oil in the pipeline tends to gather at the high sections of the pipelines because of its buoyancy, resulting in residual oil formation, which is challenging to be displaced by water flow. This increases the difficulty of the water displacement process, but also leads to lower efficiency in the mobile pipeline displacement. After multiple practical water displacement operations, it has been found that residual oil is highly likely to accumulate in down-hill pipelines. If the residual oil is not cleaned up, the wastewater directly discharged into the ground or rivers, lakes, and reservoirs will inevitably cause environmental pollution. To avoid pollution, it is necessary to add oil-mix-receiving and treatment devices at the end of the pipeline, which in turn increases the difficulty of pipeline laying. Therefore, there is an urgent need to study the mechanism of oil-carrying of water flow in the water displacing oil process in down-hill pipelines. This could improve the efficiency of water displacement operations, reduce retrieval time, and enhance the effectiveness of the pipeline oil transportation support. In addition, it improves the current pipeline displacement theories and thoughts on pipeline design, which has very important engineering significance and practical value.



At present, the research on the flow characteristic of water displacing oil in mobile pipelines mainly focuses on the oil–water mixed model [4,5,6,7] and mixed oil cutting technology [8,9]. Zhang et al. [6] established an oil–water mixing model during the emptying process in a mobile pipeline based on the theory of the sequential transmission of refined oil products and two-dimensional convection diffusion, and taking into account the interaction between convection and turbulence. Zhang et al. [7] established an oil mixing model of sequential transportation of gasoline and water, and simulated it with the computational fluid dynamics software PHEONICS (latest v. 2023). Through a comparison with the sequential transportation of gasoline–diesel, the special oil mixing change law of the sequential transportation of gasoline–water was analyzed. Based on the results of the indoor loop experiment of the water-carrying of oil flow in a relief pipeline, the distribution form of water in oil-carrying water, the critical condition of water carried by oil flow, and the main parameters affecting the critical condition were analyzed [10]. Zhang et al. [11] established an oil–water velocity model during oil-carrying water movement in up-dip pipeline based on the theory of the two-phase stratified flow of oil and water, and analyzed the effects of oil velocity, pipeline up-dip angle, pipe diameter, and water-phase thickness on the proportion of water-phase reflux.



Liquid–liquid displacement flow has a wide range of industrial applications, including emptying flow by water displacing oil in mobile pipelines. Taghavi et al. [12,13] studied the flow law of high-density salt water displacement of low-density clear water in pipelines under different dip angles through experiments. According to the difference in dominant stress in the flow process, the flow was divided into five flow patterns, and it was observed that a retention layer remains in the pipeline under low flow velocity. Caliman et al. [14] found through experiments that in the liquid–liquid displacement flow dominated by buoyancy, the pipeline inclination angle has a great influence on the flow pattern. Hasnain et al. [15,16] established a flow characteristic model of the displaced liquid based on the change law of the cross-sectional area and height of the displaced liquid in the liquid–liquid displacement flow over time, and obtained the relationship between the front velocity and the inlet velocity of the displaced fluid. Oladosu et al. [17] studied the differences in displacing flows between heterogeneous solutions, and found that displacing flows between heterogeneous solutions with a high Peclet number (Pe) showed similar flow characteristics. Chattopadhyay et al. [18,19,20,21] simulated the displacement flow of liquids with different densities driven by pressure. In the initial stage of displacement, the displacement rate was significant, and the volume fraction of the displaced liquid dropped rapidly. After a period of time, the displacement rate tended to be stable. The water-combined transport mode adopted in the fixed pipeline is essentially the flow process of oil displacing water, and the replacement between oil and water is accomplished by injecting diesel oil into the first station. Li [22] and Wang et al. [23] designed a physical model for predicting the location and distance of the dissatisfied flow in the pipeline and the volume fraction concentration of the oil–water mixture based on the sequential transport theory, aiming at the whole process of water-combined transport in a fixed pipeline with a large drop.



The current research on the mechanisms of water displacing oil primarily revolves around the oil–water mixture models for fixed pipelines and the displacement flow characteristics between immiscible liquids. A research gap remains in relation to the water displacement of oil flow characteristics in the down-hill sections of mobile pipelines. To investigate the mechanism of water displacing oil flow, this paper, based on the theory of liquid–liquid two-phase flow, establishes a hydrodynamic model for the water displacing oil process in the down-hill sections of mobile pipelines, and analyzes the impact of different initial water-phase velocities, dip angles, initial oil-phase thickness, and pipeline diameters on flow characteristics, providing recommendations for improving the displacement efficiency in mobile pipelines accordingly.




2. Mathematical Model


During the process of water displacing oil, the residual oil within the pipeline will enter the down-dip pipeline under the action of the water phase. Due to the change in the direction of gravity relative to the pipeline wall, the oil phase will float upwards. When the shear stress between the water–oil phase is less than the component of the buoyant force of the oil phase in the axial direction of the pipeline, the oil phase will accumulate at the upper part of the pipeline, and the accumulated oil phase in the pipeline will be in a slanted and relatively stationary state.



2.1. Two-Dimensional Liquid Layer Model


In mobile pipelines, there are joints and other recesses inside, but compared to the entire pipeline, the impact on the oil–water interface is relatively small. Therefore, it is assumed that the inner wall of the pipeline is smooth for the sake of convenience in the calculation. To study its motion, a two-dimensional cross-section is taken for analysis, and the geometric model is shown in Figure 1.



As is shown in Figure 1, there exists a residual oil layer with a certain thickness on the upper side of the down-dip straight circular pipe. Taking this oil layer as the research object, a geometric model is established considering the gravity, buoyancy, shear stress between the oil phase and the pipe wall, and the shear stress at the interface between the oil and water phases. Since the thickness of the oil layer is relatively small, compared to the pipe diameter, it can be considered as if the oil layer is spread on an inclined plane with an angle α. The average width of the oil layer is   l =  D 2  β  . Let the simplified cross-sectional area of the residual oil layer be equal to the cross-sectional area of the residual oil layer in the circular pipe, that is,


   D 2  β   h =    D 2   8  ( β − sin β   )  



(1)




where D represents the diameter of the cross-section of the inclined circular pipe; h denotes the thickness of the residual oil layer on the upper side of the pipeline; and β corresponds to the central angle of the residual oil layer. Therefore, it can be concluded that


  h =  D 4  ( 1 −   sin β  β  )  



(2)







The water-phase momentum conservation equation is established in the x direction by considering the microelement segment with axial length dx in the pipeline


   [   ρ w  gsin α −   d p   d x    ]  d x π    D 2   4  =  τ i   D 2  β d x +  τ w   (  2 π − β  )   D 2  d x  



(3)




where ρw represents the density of water; g stands for the acceleration due to gravity; α denotes the angle of inclination of the pipeline; p is the pressure at the cross-section x; D is the diameter of the cross-section of the inclined circular pipe; τi is the shear stress at the oil–water interface; and τw is the shear stress between the water phase and the pipeline wall. Therefore, the pressure gradient along the x-direction can be derived as follows:


  −   d p   d x   =  τ i    2 β   π D   +  τ w   2 D   (  2 −  β π   )  −  ρ w  g sin α  



(4)








2.2. Calculation of Shear Stress


The theory of oil–water two-phase flow provides an empirical formula for interfacial shear stress [24,25,26,27], which includes the empirical formula for shear stress between the liquid and the wall, as well as the shear stress between the oil–water two-phase interface. The shear stress between the oil–water interface can be determined by the following formula:


   τ i  =  1 2   λ w   ρ w     (   u w  −  u ¯   )   2   



(5)






   u ¯  = Q / h  



(6)




where τi represents the shear stress at the oil–water interface; λw is the friction factor for the water flow; ρw is the density of the water phase; uw is the velocity of the water flow;    u ¯    is the average velocity of the oil phase; Q is the flow rate of the oil phase; and h is the thickness of the oil phase.



The shear stress between the water phase and the wall can be calculated using the following empirical formula:


   τ w  =  1 2   λ w   ρ w     u w   2  ,  λ w  =  {      16   Re   − 1         0.046   Re   − 0.2                         Re ≤ 1500       Re > 1500                 , Re =    ρ w   u w  D    μ w     



(7)




where τw represents the shear stress between the water phase and the wall; Re is the Reynolds number of the water flow; and μw is the dynamic viscosity of the liquid water. By combining Equations (5)–(7), the following results can be obtained:


   τ i  =  {      8   Re   − 1    ρ w     (   u w  −  Q h   )   2        0.023   Re   − 0.2    ρ w     (   u w  −  Q h   )   2                          Re ≤ 1500              Re > 1500      



(8)







From the above formula, it is apparent that the shear stress between the oil–water phase is related to parameters such as the Reynolds number of the water flow, the density of the water phase, the thickness of the residual oil layer, and the velocity difference between the two phases, among which the velocity difference between the oil and water phases has the greatest influence on the change in shear stress.




2.3. Oil-Phase Flow Momentum Transfer Equation


According to the coordinate system in Figure 2, the retained oil layer in the circular pipe is still simplified as being spread flat on an inclined plane. A small control volume with a thickness of b is taken for analysis. Based on the Lagrange rule and considering the conservation of oil-phase mass and momentum, it is assumed that the thickness of the oil layer h varies with the position in the x direction. Therefore, the volumetric flow rate of the oil layer per unit width is:


  Q =    ∫ 0 h    u o  d y     



(9)




where uo represents the velocity of the oil phase. According to the principles of mass conservation and momentum conservation, one can derive the following:


    d Q   d t   =   d h   d t    u i  +    ∫ 0 h     d u   d t   d y    = 0  



(10)






  ρ  d  d t    (     ∫ 0 h    u o  b d y     )  =  (   τ i  −  τ o   )  b −  ρ 0  g h b sin α − h   d p   d x   b  



(11)




where ui is the interface velocity; ρo is the density of the oil phase; and τo is the shear stress between the oil layer and the wall. Substituting Equation (4) into Equation (11), the left side of the equation can be further obtained as follows:


   d  d t      ∫ 0 h    u o  b d y    = −   d h   d t    u i  b  



(12)







Assuming that other physical quantities do not change with time, one can further obtain the variation in the residual oil layer height with time:


    d h   d t   = −    τ i     ρ o   u i     (  1 +   2 β h   π D    )  +    τ o     ρ o   u i    −    τ w     ρ o   u i      2 h  D   (  2 −  β π   )  +   g h    u i    sin α  (  1 +    ρ w     ρ o     )   



(13)







Through analyzing the above equation, it reveals that the change in the oil layer height over time is related to the shear stress between the oil phase and the wall, the shear stress between the water phase and the wall, as well as the shear stress between the oil and water phases. In addition, the interface velocity, pipe diameter, pipeline dip angle, and oil density are all main parameters in this model for evaluating the water displacing oil process. Therefore, analyzing the detailed impact of each factor on the oil layer height based on this model can provide a scientific basis for actual water displacing oil operations, thereby optimizing the process of mobile pipeline displacing operations.




2.4. The Setting of Numerical Simulation Parameters


A 3D pipeline model can more truly and accurately reflect the flow state compared to a 2D pipeline model, so this paper selected a 3D pipeline model for simulation, with a pipe diameter of 15 mm and 20 mm. To eliminate the influence of the inlet stress and to ensure that the entire evacuation process is fully developed, the length of the horizontal pipe section is usually not less than 20 times the pipe diameter in the research of the flow characteristics in the down-dip pipe section. Consequently, a length of 0.5 m for the horizontal pipe section and 1 m for the down-dip pipe section were chosen; the curvature radius at the bend R was greater than or equal to 5D, with a curvature radius of 100 mm being taken. The dip angles were 5°, 15°, 30°, and 45°, and the initial oil-phase heights were 2.5 mm, 5 mm, and 7.5 mm. The model was established using the three-dimensional modeling software SolidWorks 2022. Figure 3 shows a three-dimensional pipeline model established for a simulated pipe section with a diameter of 20 mm and a dip angle of 15° for instance.



The model employs polyhedral mesh division. Since the oil layer is always positioned on the upper wall of the pipeline, the model is processed by mesh refinement near the wall. Through the analysis of the calculation results, the model established in this paper has improved the calculation speed by 15% compared to the previous oil–water flow model [2,4]. The divided cross-sectional mesh is shown in Figure 4.





3. Results and Discussion


3.1. Classification of Oil–Water Interface during Flow


Due to the differences in parameters such as water-phase velocity, pipe diameter, and dip angle, the oil–water interface will display varying flow patterns. As shown in Figure 5, the oil–water interface can be divided into four types: a smooth interface, a wavy interface, and two types of unstable interfaces. A smooth interface generally appears under conditions with a small water-phase velocity and dip angle, where the oil–water interface is relatively flat and smooth along the pipeline axis. When the flow velocity increases, the oil–water interface begins to fluctuate, but the oil phase is still relatively stationary and not dispersed by the water flow at this time. When the water-phase velocity continues to increase, the oil–water interface produces more violent fluctuations, the oil phase begins to lose stability and produce oil droplets that are carried away by the water phase, and at this time, the oil phase may break; this type of oil–water interface is transient, and the state of the oil phase will also change over time.



Equation (13) shows that the initial water-phase velocity, dip angle, initial oil-phase height, and pipe diameter all directly affect the thickness of the residual oil layer on the upper side of the pipeline during the oil-carrying process of water flow in the inclined pipeline. Therefore, this paper mainly focuses on these parameters and then conducts research, analyzing how these types of factors affect the water-assisted oil drainage process.




3.2. Effect of Initial Water-Phase Velocity on Oil–Water Two-Phase Distribution Pattern


Taking a pipe diameter of 15 mm, a dip angle of 5°, and an initial oil-phase height of 7.5 mm as an example, Figure 6 shows the oil–water distribution patterns and velocity vectors under the conditions of water-phase velocities of 0.1 m/s, 0.2 m/s, 0.4 m/s, and 0.8 m/s, respectively.



From Figure 6a,c,e,g, it can be found that the oil phase gradually moves from the horizontal pipe section to the down-dip pipe section along with the water phase, under the action of shear force. In the meantime, its thickness gradually reduces after the oil layer enters the down-dip section. Under low flow velocities, the oil–water two-phase flow exhibits a distinct, smooth stratified flow pattern; however, as the flow velocity increases, the disturbance at the oil–water interface intensifies, and the interface begins to fluctuate, causing the oil–water two-phase flow pattern to gradually transition from a smooth stratified flow to a wavy stratified flow. When the flow velocity continues to increase and the interface disturbance reaches a certain level, the oil phase begins to detach and disperse into the water phase, eventually resulting in an intermittent flow.



From Figure 6b,d,f,h, it can be observed that the oil–water interface velocities along the axial direction of the pipelines are all positive, and the velocity vectors show that the maximum flow velocity occurs at the lower part of the oil–water interface. The velocity of the oil phase near the wall decreases significantly and under conditions of low water-phase velocity, an oil-phase backflow occurs near the wall, as shown in Figure 7. Therefore, it can be considered that under the action of the oil-phase backflow, the cross-sectional oil-phase content increases, and accordingly, the area occupied by the water phase decreases, the velocity rises, and the shear force increases, thus forming vortices. The corresponding velocity vectors show that the wave peaks coincide with the positions where vortices are generated. The change in flow patterns during the two-phase flow of water carrying oil is caused by the disturbance and destabilization of the oil–water interface, rather than being due to the increase in kinetic energy of the continuous phase as in the traditional oil–water two-phase flows.



In summary, it can be concluded that the fundamental reason the oil phase cannot be carried away from the pipeline by the water flow is the backflow effect of the oil phase. When the carrying action of the water phase on the oil phase is greater than the backflow effect of the oil phase, the oil phase can be carried away from the pipeline, thus preventing the further accumulation of the residual oil.




3.3. Effect of Pipe Dip Angle on Oil–Water Two-Phase Distribution Pattern


Taking the pipe diameter of 15 mm, the water-phase flow rate of 0.4 m/s, and the initial oil-phase height of 7.5 mm as an example, Figure 8 shows the oil–water distribution patterns and velocity vectors under the conditions of dip angle α of 5°, 15°, 30°, and 45°, respectively.



From the figures above, it can be observed that as the dip angle increases, the water-phase velocity magnitude in the down-dip pipeline becomes higher, and the shear force also increases accordingly. The fluctuations at the oil–water interface become more intense, and the oil phase even begins to break at a dip angle of 30°, transitioning from a stratified flow to a wavy flow pattern. When the dip angle reaches 45°, the oil phase starts to become discontinuous. Additionally, from the velocity vectors, it can be found that as the angle increases, the backflow effect becomes more pronounced, with a decrease in velocity magnitude at the location ahead of the oil-phase front, causing severe oil-phase accumulation. The shape of the oil-phase front also transitions from a sharp wedge to a rounded wedge.




3.4. Effect of Initial Oil-Phase Height on Oil–Water Two-Phase Distribution Pattern


The simulations were conducted with a pipe diameter of 15 mm, a dip angle of 15°, and an initial water-phase velocity of 0.4 m/s, respectively. The oil–water distribution patterns and velocity vectors for initial oil-phase heights h of 2.5 mm, 5 mm, and 7.5 mm are depicted in Figure 9.



From Figure 9a,c,e, it can be found that as the initial oil-phase height increases, the shape of the oil-phase front remains unchanged, and the oil–water interface gradually transitions from a smooth interface to an unstable interface. From Figure 9b,d,f, it is shown that the intensification in interface fluctuations is due to the increase in the cross-sectional area occupied by the oil phase as the oil-phase height increases, resulting in a decrease in the area through which the water phase flows. Consequently, an increase in the water-phase velocity to an increase in the interaction forces between the oil and water phases, enhancing the severity of the fluctuations. As a result, it can be considered that, with other conditions held constant, an increase in the initial oil-phase height will promote the transition of the oil–water two-phase distribution from a stable state to an unstable state.




3.5. Effect of Pipe Diameter on Oil–Water Two-Phase Distribution Pattern


The simulations were conducted using pipelines with diameters of 15 mm and 20 mm, both with a dip angle of 15° and an initial water-phase velocity of 0.1 m/s. To ensure that the initial liquid content ratio is consistent for both pipe diameters, the initial oil-phase height is set to 7.5 mm for the 15 mm diameter pipeline and 10 mm for the 20 mm diameter pipeline. Figure 10 shows the oil-phase volume fraction contours and velocity vectors for the two different pipe diameters at 0.5 s. Comparing Figure 10a,c, it can be observed that after the increase in pipe diameter, the fluctuation in the oil–water interface is reduced, and the interface transitions from a wavy interface to a smooth interface. Through analyzing Figure 10b,d, it reveals that, with other parameters held constant according to similar principles, as the pipe diameter increases, the area occupied by the water phase in the cross-section increases, leading to a decrease in the water-phase velocity magnitude through the oil–water interface. Moreover, the shear force reduces, thus making the oil–water interface more stable.



Therefore, it can be concluded that, as the pipe diameter increases, the distribution pattern of the oil–water two-phase system becomes more stable, with other parameters held constant.



All in all, when applying water displacing oil in practical mobile pipeline emptying operations, for down-dip pipelines, methods such as increasing the initial water-phase velocity, enlarging the dip angle, and raising the oil-phase height can be adopted to improve the pipeline emptying efficiency. At the same time, when the flow rate can meet the oil transportation requirements, pipelines with smaller diameters can be used for oil transportation, which can enhance the pipeline emptying efficiency.





4. Conclusions


Based on the analysis of the water flow carrying oil in the inclined pipelines and the theory of liquid–liquid two-phase flow, a hydrodynamic model of oil and water is established. This model takes the residual oil in the upper part of the inclined pipeline as the research object, and comprehensively considers factors such as gravity, buoyancy, shear stress, and momentum transfer of the oil-phase flow, thereby deriving the relationship between the thickness of the residual oil layer in the inclined pipeline and factors such as shear stress, interface velocity, pipeline inclination angle, oil density, and pipe diameter. This paper analyzes the changes in the residual oil layer in the water displacing oil process in the inclined pipeline under five initial water-phase velocities of 0.05 m/s, 0.1 m/s, 0.2 m/s, 0.4 m/s, and 0.8 m/s, four dip angles of 5°, 15°, 30°, and 45°, three retained oil layer thicknesses of 2.5 mm, 5 mm, and 7.5 mm, and two pipeline diameters of 15 mm and 20 mm, respectively.



It is found that the fundamental reason the oil phase is difficult to be carried away by the water flow is the backflow effect of the oil phase. When the carrying action of the water phase on the oil phase is greater than the backflow effect of the oil phase, the oil phase can be carried away from the pipeline, thus preventing the formation of residual oil. Moreover, increasing the initial water-phase velocity, dip angle, and initial oil-phase height will increase the fluctuation degree of the oil–water interface, leading to a transition from stratified flow to dispersed flow in the oil–water two-phase flow, making it easier for the residual oil to be carried away by the water flow. On the other hand, with all other parameters held constant, increasing the pipeline diameter will keep the oil–water flow pattern more stable, making it difficult for the residual oil to be carried away by the water flow.







Author Contributions


Conceptualization, methodology, validation, and formal analysis, J.D.; software, G.L.; investigation, Z.K.; resources and data curation, S.C. and Y.C.; writing—original draft preparation, G.L. and G.F.; writing—review and editing, G.L. and G.F.; visualization, G.L.; supervision, Y.C.; project administration, J.D.; funding acquisition, J.D. and Y.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Natural Science Foundation of China (52302422 and 52272338), a Major Project of the Science and Technology Research Program of the Chongqing Education Commission of China (KJZD-M202212901, KJZD-M202212903), and the Young Elite Scientists Sponsorship Program (2020-JCJQ-QT-005).




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available as the research is still ongoing and the data are not finalized.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yong, Q.; Jiang, J.; He, D.; Li, J. Development and Enlightenment of Foreign Army Field Pipeline. J. Sichuan Ordnance 2018, 39, 129–132. [Google Scholar]

	



Zheng, J.; Zhang, W.; Jiang, J.; Li, J.; Guo, R. Oil Residual Layers in Water-oil Displacement Flow. Chem. Eng. Trans. (CET J.) 2017, 62, 295–300. [Google Scholar]

	



Al-Wahaibi, T.; Angeli, P. Transition between stratified and non-stratified horizontal oil–water flows. Part I: Stability analysis. Chem. Eng. Sci. 2007, 62, 2915–2928. [Google Scholar] [CrossRef]

	



Zheng, J.; Zhang, W.; Jiang, J.; Guo, R. CFD simulation and experimental study of water-oil displacement flow in an inclined pipe. Int. J. Heat Technol. 2017, 35, 663–667. [Google Scholar] [CrossRef]

	



Zhang, W.; Jia, D.; Li, J.; Chen, W.; Yu, J. Design of Capacitive Detection Device for Oil-Water Mixture in Field Pipeline. J. Sichuan Ordnance 2015, 36, 59–62. [Google Scholar]

	



Zhang, W.; Li, Z.; Guo, P.; Guo, R. Study on the Oil-water Mixing Model of Water Cap Oil Batch Pipelining. J. Logist. Eng. Univ. 2015, 31, 32–35. [Google Scholar]

	



Zhang, Q.; Zhao, H.; Wang, S.; Li, H. Phoenics-based intermixing study for batch transportation of gaslion with water. Autom. Petrochem. Ind. 2006, 42, 57–59. [Google Scholar]

	



Li, Z.; Zhang, W.; Jia, D.; Yu, J. Study on the Manifold for Oil-water Mixture Cut during Mobile Pipeline Evacuation. J. Logist. Eng. Univ. 2013, 29, 30–35. [Google Scholar]

	



Li, Z.; Zhang, W.; Jiang, J.; Zhou, L. Flow Simulation and Experimental Study on Mobile Pipeline Mix-oil Cut by Three Way Ball Valve. J. Sichuan Ordnance 2014, 35, 79–83. [Google Scholar]

	



Xu, G. Investigation on the Mechanism of Deposited Water Displaced by Flowing Oil in Inclined Products Oil Pipeline. Ph.D. Thesis, China University of Petroleum (East China), Dongying, China, 2011. [Google Scholar]

	



Zhang, P.; Zhang, J.; Li, W.; Jiang, H.; Gong, J. Research on Oil-Water Displacement in Upward Inclined Pipes. Nat. Gas Oil 2019, 37, 8–14. [Google Scholar]

	



Taghavi, S.M.; Alba, K.; Seon, T.; Wielage-Burchard, K.; Martinez, D.M.; Frigaard, I.A. Miscible displacement flows in near-horizontal ducts at low Atwood number. J. Fluid Mech. 2012, 696, 175–214. [Google Scholar] [CrossRef]

	



Taghavi, S.M.; Alba, K.; Frigaard, I.A. Buoyant miscible displacement flows at moderate viscosity ratios and low Atwood numbers in near-horizontal ducts. Chem. Eng. Sci. 2011, 69, 404–418. [Google Scholar] [CrossRef]

	



Caliman, H.M.; Soares, E.J.; Thompson, R.L. An experimental investigation on the Newtonian-Newtonian and viscoplastic-Newtonian displacement in a capillary tube. J. Non-Newton. Fluid Mech. 2017, 247, 207–220. [Google Scholar] [CrossRef]

	



Hasnain, A.; Alba, K. Buoyant displacement flow of immiscible fluids in inclined ducts: A theoretical approach. Phys. Fluids 2017, 29, 52102. [Google Scholar] [CrossRef]

	



Hasnain, A.; Segura, E.; Alba, K. Buoyant displacement flow of immiscible fluids in inclined pipes. J. Fluid Mech. 2017, 824, 661–687. [Google Scholar] [CrossRef]

	



Oladosu, O.; Hasnain, A.; Brown, P.; Frigaard, I.; Alba, K. Density-stable displacement flow of immiscible fluids in inclined pipes. Phys. Rev. Fluids 2019, 4, 44007. [Google Scholar] [CrossRef]

	



Chattopadhyay, G.; Usha, R.; Shukla, P. Finite amplitude instability in a two-layer plane Poiseuille flow. Int. J. Multiph. Flow 2019, 123, 103122. [Google Scholar]

	



Chattopadhyay, G.; Sahu, K.C.; Usha, R. Spatio-temporal instability of two superposed fluids in a channel with boundary slip. Int. J. Multiph. Flow 2019, 113, 264–278. [Google Scholar] [CrossRef]

	



Chattopadhyay, G.; Usha, R. On the Yih–Marangoni instability of a two-phase plane Poiseuille flow in a hydrophobic channel. Chem. Eng. Sci. 2016, 145, 214–232. [Google Scholar] [CrossRef]

	



Millet, S.; Usha, R.; Botton, V.; Rousset, F. The mechanism of long-wave instability in a shear-thinning film flow on a porous substrate. Acta Mech. 2019, 230, 2201–2220. [Google Scholar] [CrossRef]

	



Li, Y.; Han, D.; Ding, D.; Lv, H.; Liang, Y. Simulation on the whole water commissioning process of hilly products pipelines. Oil Gas Storage Transp. 2018, 37, 1368–1375. [Google Scholar]

	



Wang, J.; Wenxi, D.; Zheng, J.; Liu, J. Study on the Oil Emulsification in Commissioning of Large Drop Products Pipeline. Contemp. Chem. Ind. 2018, 47, 2425–2429. [Google Scholar]

	



Brauner, N.; Maron, D.M.; Rovinsky, J. A two-fluid model for stratified flows with curved interfaces. Int. J. Multiph. Flow 1998, 24, 975–1004. [Google Scholar] [CrossRef]

	



Sathish, T.; Kaliyaperumal, G.; Velmurugan, G.; Arul, S.J.; Nanthakumar, P. Investigation on augmentation of mechanical properties of AA6262 aluminium alloy composite with magnesium oxide and silicon carbide. Mater. Today Proc. 2021, 46, 4322–4325. [Google Scholar] [CrossRef]

	



Ullmann, A.; Zamir, M.; Ludmer, Z.; Brauner, N. Stratified laminar countercurrent flow of two liquid phases in inclined tubes. Int. J. Multiph. Flow 2003, 29, 1583–1604. [Google Scholar] [CrossRef]

	



Vasudevan, A.; Kumar, B.N.; Depoures, M.V.; Maridurai, T.; Mohanavel, V. Tensile and flexural behaviour of glass fibre reinforced plastic–Aluminium hybrid laminate manufactured by vacuum resin transfer moulding technique (VARTM). Mater. Today Proc. 2021, 37, 2132–2140. [Google Scholar] [CrossRef]








[image: Processes 12 00880 g001] 





Figure 1. Geometric model of residual oil layer. 
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Figure 2. Schematic diagram of an oil layer simplified to lie on a flat plate. 
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Figure 3. A 3D pipeline geometric model. 
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Figure 4. Grid division of pipeline section. 
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Figure 5. Oil–water interface morphology classification. (a) Smooth interface (d = 15 mm, v = 0.2 m/s, α = 5°, t = 2.7 s); (b) wavy interface (d = 15 mm, v = 0.4 m/s, α = 5°, t = 2.1 s); (c) unstable interface (oil precipitation and d = 15 mm, v = 0.4 m/s, α = 30°, t = 0.8 s); (d) unstable interface (interface fracture and d = 20 mm, v = 0.8 m/s, α = 15°, t = 0.8 s). 
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Figure 6. Oil–water distribution pattern and oil–water velocity vector at different flow rates. (a) v = 0.1 m/s, t = 1.5 s, oil–water distribution pattern; (b) v = 0.1 m/s, t = 1.5 s, oil–water velocity vector; (c) v = 0.2 m/s, t = 1.5 s, oil–water distribution pattern; (d) v = 0.2 m/s, t = 1.5 s, oil–water velocity vector; (e) v = 0.4 m/s, t = 1.5 s, oil–water distribution pattern; (f) v = 0.4 m/s, t = 1.5 s, oil–water velocity vector; (g) v = 0.8 m/s, t = 0.8 s, oil–water distribution pattern; (h) v = 0.8 m/s, t = 0.8 s, oil–water velocity vector. 
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Figure 7. The velocity vectors near the wall at v = 0.05 m/s. 
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Figure 8. Oil–water distribution pattern and oil–water velocity vector at different dip angles. (a) α = 5°, t = 2 s, oil–water distribution pattern; (b) α = 5°, t = 2 s, oil–water velocity vector; (c) α = 15°, t = 2 s, oil–water distribution pattern; (d) α = 15°, t = 2 s, oil–water velocity vector; (e) α = 30°, t = 2 s, oil–water distribution pattern; (f) α = 30°, t = 2 s, oil–water velocity vector; (g) α = 45°, t = 2 s, oil–water distribution pattern; (h) α = 45°, t = 2 s, oil–water velocity vector. 
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Figure 9. Oil–water distribution pattern and oil–water velocity vector under different initial oil-phase heights. (a) h = 2.5 mm, t = 0.6 s, oil–water distribution pattern; (b) h = 2.5 mm, t = 0.6 s, oil–water velocity vector; (c) h = 5 mm, t = 0.6 s, oil–water distribution pattern; (d) h = 5 mm, t = 0.6 s, oil–water velocity vector; (e) h = 7.5 mm, t = 0.6 s, oil–water distribution pattern; (f) h = 7.5 mm, t = 0.6 s, oil–water velocity vector. 
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Figure 10. Oil–water distribution pattern and oil–water velocity vector at different pipe diameters. (a) D = 15 mm, t = 0.5 mm, oil–water distribution pattern; (b) D = 15 mm, h = 0.5 mm, oil–water velocity vector; (c) D = 20 mm, h = 0.5 mm, oil–water distribution pattern; (d) D = 20 mm, h = 0.5 mm, oil–water velocity vector. 
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