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Abstract: With the advancement of oilfield extraction technology, since oil-water emulsions in waxy crude oil are prone to be deposited on the pipe wall, increasing the difficulty of crude oil extraction. In this paper, the mesoscopic dissipative particle dynamics method is used to study the mechanism of the crystallization and deposition adsorbed on the wall. The results show that in the absence of water molecules, the paraffin molecules near the substrate are deposited on the metallic surface with a horizontal morphology, while the paraffin molecules close to the fluid side are arranged in a vertical column morphology. In the emulsified system, more water molecules will be absorbed on the metallic substrate than paraffin molecules, which obstructed the direct interaction between paraffin molecules and solid surface. Therefore, the addition of water molecules hinders the crystallization of wax near the substrate. Perversely, on the fluid side, water molecules promote the formation of paraffin crystallization. The research in this paper reveals the crystallization mechanism of paraffin wax in oil-water emulsions in the pipeline from the microscopic scale, which provides theoretical support for improving the recovery of wax-containing crude oil and enhancing the transport efficiency.
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1  Introduction

Fuel fossils is the predominant energy source right now. With the continuous development of oil and gas resources, the crude oil produced in China has the characteristics of a high freezing point, high wax content, and high viscosity. Under the traditional temperature conditions of mining and transportation, the paraffin component in crude oil easily reaches its freezing point [1], which leads to the gradual precipitation of paraffin molecules from the crude oil component, and the mutual eutectic forms a large network structure attached and deposited on the inner wall of the pipeline [2]. This phenomenon will cause problems such as pipeline blockage and corrosion of pipeline equipment, which becomes one of the key issues to be solved in the crude oil production process.

Crude oil is composed of saturated alkanes, asphaltenes, paraffins, asphalt colloids, and other macromolecular organic compounds [3,4]. This complex structure brings severe challenges to the study of the precipitation process of paraffin crystals from crude oil. In addition, with the in-depth development of oilfields, the water content of the produced crude oil has increased year by year, and the multiphase mixed transportation technology of emulsified water-containing waxy crude oil has gradually become the main way onshore and offshore [5,6]. Most of the current research uses the classical single-phase crude oil wax molecular diffusion theory to explain the precipitation, crystallization and deposition process of paraffin crystals [7,8]. However, there are few studies on the mechanism of the existence of multiphase dispersed water droplets on the wax crystallization and deposition process, of which most reports on this problem mainly focus on experimental and theoretical models.

Haj-Shafiei et al. [9] explored the structure and growth morphology of paraffin crystals under different cooling rates by laser scanning confocal microscopy. Zheng et al. [10] investigated the effect of water droplets on the diffusion of wax molecules in water-in-oil dispersions by means of nuclear magnetic resonance. Paso et al. [11] observed the crystallization process of paraffin crystals and divided it into nucleation lag stage, supersaturated growth stage and equilibrium growth stage. Besides, with the development of computer science and technology, molecular simulation (MS) methods were applied to study the phase transition, aggregation, morphological structure and crystal morphology of paraffin molecules in waxy crude oil [12,13].

In terms of micro- and nano-scale molecular simulations, many scholars have established simplified molecular dynamics models for paraffin system [14–16]. San-Miguel et al. [17] used the molecular dynamics (MD) method to study the deposition process of paraffin molecules (C28) on the surface of Fe2O3, and found that paraffin molecules on the (0001) crystal plane are easier to be deposited. Similarly in general, the method of microscopic simulation has the disadvantages of relatively small research system and short simulation time, and cannot establish a direct link between macroscopic experiments and simulation in terms of micro scale. However, the mesoscopic scale simulation can solve the above problems to a certain extent, making the waxy crude oil system closer to the macroscopic system in space and time, and then establishing the connection between the microscopic simulation and the macroscopic experiment. In recent years, the dissipative particle dynamics (DPD) method at the mesoscopic scale has been gradually developed and applied to the fields such as petroleum systems [18,19]. Bustamante-Rendón et al. [20] employed DPD to study the effects of cationic and anionic surfactants on oil recovery, and found that surfactants can effectively reduce the surface tension of the oil-water interface. Wang et al. [21] studied the effect of Janus nanoparticles on the oil-water interfacial tension. Moncayo-Riascos et al. [22] combined MD and DPD method to reveal the interaction of fluids and fluid/solid surfaces, and simulated the deposition of asphaltenes on hematite (Fe2O3) surfaces. McDonagh et al. [23] investigated the crystallization process of single-component and mixed-component paraffin linear alkanes and branched alkanes at 298 K. In general, the previous DPD reports mainly focus on oil-water interfacial tension and modification, polymer surfactants and aggregation of asphaltenes [24]. However, the phenomenon of paraffin crystallization in emulsified waxy crude oil and the action mechanism of dispersed water droplets on paraffin crystals in emulsified crude oil still need to be solved.

To this end, the DPD method is employed in this paper to simulate the crystallization process and morphology of single-component paraffin crystals in the emulsified waxy crude oil on the tube surface from the mesoscopic scale, by using open source software LAMMPS [25]. The mechanisms of water molecules on the crystallization, migration, growth and deposition of paraffin crystals is analyzed.

2  Simulation Methodology

DPD was first proposed by Hooger-brugge and Koelman et al. and improved by Groot et al. [26,27]. Its basic principle is to use bead to replace one or several groups of molecules, or to use a large number of beads to represent a kind of fluid. This reasonable simplification of the interactions between the beads enables the simulations to greatly increase the time and space scales [19]. The force field parameters selected in this paper refer to the DPD force field parameters of Bray et al. [28]. Meanwhile, the 12-6 Lennard-Jones (L-J) interaction potential function is selected to depict the interaction between the beads and the metallic surface, See Appendix for details of the force field parameters (Appendix-A1 Table 1 to Table 3).

As displayed in Fig. 1, two models, paraffin molecule (n-C35)/metallic substrate and paraffin molecule (n-C35)/water molecule/metal wall, were established, respectively. FCC is the face-centered lattice, and the lattice constant is set to 3.67. The size of the simulation box is 30 × 30 × 250 DPD units. The height of the metal wall is 15 DPD units, and the density of the system composed of water beads is ρ = 3 DPD units. The interaction of the system is described by the mixed interaction potential, in which the interaction between paraffin beads and beads is described by DPD potential function, and the potential function between paraffin and metal wall is described by 12-6 Lennard-Jones potential function. The time step of the simulation is 0.001 DPD units, and the model is fully relaxed with a relaxation time of 300 × 104 steps. The NVT ensemble is used for the fluid, the metal wall is fixed, the simulation time is 400 × 104 steps, and the simulation temperature is T = 1 DPD units (reference temperature is 298.15 K), more details see about DPD units in Attachment (Appendix-A1 Table 4).
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Figure 1: Models of the two systems (a) paraffin molecule (n-C35)/metal wall; (b) paraffin molecule (n-C35)/water molecule/metal wall

3  Results and Discussions

By simulating two paraffinic alkanes with different chain lengths and comparing with the literature [28], the accuracy of the simulated force field was verified (More information in Appendix-A2).

3.1 Crystallization and Deposition of Single-Phase Emulsified Crude Oil Paraffin

For the model of the system with metal wall and paraffin, at different temperatures including 278, 288, 298 and 313 K, the crystallization and deposition of paraffin molecules on the metal wall were simulated. The snapshots of the simulation process under different temperature are captured as shown in Fig. 2.
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Figure 2: Snapshots of the crystallization and deposition of paraffin molecules on the metal wall at different temperature

With the increase of temperature, the orderly arrangement of paraffin molecules decreases, indicating that with the increase of temperature, the structure is transformed that paraffin crystals gradually change from the ordered structure of the solid phase to the disordered lattice of the liquid phase. In addition, it can be found that in the area far from the wall surface, the overall structure of the paraffin crystal lattice is arranged vertically, while in the near wall surface, the paraffin molecules adsorbed on the metal wall surface are arranged horizontally, as shown in Fig. 3.
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Figure 3: Arrangement and distribution of paraffin molecules on the metal wall

Next, the ordered parameters S is employed to analysis the simulation. In the simulation of the system with paraffin and metal wall, the Z direction of the box is much longer than the X and Y directions, so the geometric center of the fluid area above the wall is taken as the origin, and the molecules, located in the cube whose centroid coordinates is 30 × 30 × 90 DPD units are selected as the calculation object. The specific selection criteria are shown in Fig. 4a, and nematic parameter S are displayed in Fig. 4b.
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Figure 4: Nematic parameters S under different temperature. (a) selection criteria, (b) nematic parameter

As presented in Fig. 4b, it can be seen that with the continuous increase of the temperature of the paraffin molecules, the orientation and nematic parameters S of the wax crystals gradually increase, and the wax crystals gradually change from the amorphous state to the crystalline state. With the further decrease of the temperature, the value of the nematic parameter S gradually tends to 1.0 and reaches stability. In addition, it can also be found that the changes of the nematic parameter S generally show the same change trends, which indicates the transition time from the amorphous state to the crystalline state is relatively short, and a stable crystal structure can be achieved in a quick period of time. Zhao et al. [29] called the abrupt point of the directional nematic parameter at each temperature as the nematic-isotropic transition temperature, which indicated that within this time range and at the same temperature, the transition time of paraffin crystals from non-ordered state to ordered state is short, and the nematic parameter S changes abruptly. It can be found that the lattice arrangement of paraffin crystals far from the wall also presents a nematic structure. Paraffin crystals and rigid nematic liquid crystals are similar in crystal structure, and the change trend of the nematic parameter S of the two is also consistent, indicating that paraffin crystals and rigid liquid crystal structures are similar in crystal structure.

3.2 Crystallization and Deposition of Multiphase Aqueous Emulsified Crude Paraffin

For further investigate the effect of water molecules on the crystallization and deposition of paraffin on the metal tube wall, a structural model was established as shown in Fig. 1b. When the temperature is 283 K, the simulation snapshots are presented in Fig. 5.
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Figure 5: Snapshots of the system with paraffin molecule (n-C35)/water molecule/metal wall

It can be seen from Fig. 5a that when the temperature at 298 K, the arrangement of paraffin molecules has gradually tended to an ordered crystalline structure from Fig. 5b, in the part close to the metal wall, which adsorbs more water molecules than paraffin molecules.

The density distribution curves of paraffin molecules and water molecules along the Z-axis direction were calculated and shown in Fig. 6. It can be found that the distribution of water molecules is mostly on the near-wall side (Z > 15), while the distribution of paraffin molecules is relatively uniform. This reason for that is when the temperature under 298 K, the paraffin molecules have already crystallized with each other, while for the water molecules, they are still in a liquid state, and thus easier to migrate to the wall. The water molecules are more easily absorbed on the wall than paraffin molecules.
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Figure 6: Density distribution of paraffin molecules and water molecules in the Z direction

It can be revealed from Fig. 7, near the wall, the kinetic energy of paraffin molecules increases firstly and then decreases along the Z direction. As the distance in the Z direction increases, the density distribution of paraffin molecules gradually presents a uniform state with some bubble-like distributions. Therefore, on the near-wall side, the paraffin molecules are mainly adsorbed on the water film or the metal wall, so the kinetic energy is relatively small. Since most of the water molecules are gathered in the area near the wall, and the kinetic energy of the water molecules is greater than that of the paraffin molecules, and the kinetic energy of the water molecules can be transferred to the paraffin molecules, and the speed of the paraffin molecules will increase near the wall. As the distribution number of water molecules gradually decreases along the Z direction, it is easier to form a stable crystalline structure between paraffin molecules, which leads to a gradual decrease in the kinetic energy of paraffin molecules. Additionally, the bubble-like velocity distribution on the side away from the wall is due to the increase of the kinetic energy of the local paraffin molecules caused by a small amount of water molecules.
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Figure 7: Velocity distribution map of paraffin molecules along the Y and Z directions

In order to further investigate the effect of adding water molecules on the crystallization and deposition of paraffin on the metal wall, Fig. 8 shows the changes of the nematic parameter S of the system before and after adding water molecules.
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Figure 8: Nematic parameters of paraffin molecules before and after the addition of water molecules

It can be found from Fig. 8 that for the two systems, at the temperature of 288 K. with the addition of water molecules, the nematic parameter S of paraffin crystals decreased significantly, and the fluctuation became severe.

The above results can indicate that water molecules inhibit the crystallization behavior of paraffin crystals to a certain extent, and hinder the formation of more ordered and stable crystal structures between paraffin molecules. This conclusion is in line with the results reported by Zheng et al. [30]. In addition, the reason for the fluctuation of the above curve can be explained by the velocity distribution in Fig. 7, that is, the water molecules transfer its kinetic energy to the paraffin molecules so that the paraffin molecules that should be crystallized at this temperature can generate a certain translation and rotation. Besides, since water molecules are adsorbed on the metal wall first, which causes paraffin molecules to be less likely to be deposited on the metal wall, the paraffin in the deposited layer is reduced. This conclusion is consistent with the previous experiments results, which is the wax content of the sedimentary layer decreases gradually with the increase of water content.

4  Conclusion

In this paper, the DPD method is used to analyze the crystallization process, structural characteristics and crystal morphology of single-component paraffin molecules in aqueous emulsified waxy crude oil. Then, the influence of water molecules on the crystallization and deposition of paraffin molecules on the metal wall was analyzed. The main conclusions are as follows:

(1) The morphology of single-component paraffin crystals deposited on the wall can be mainly divided into two types: on the near-wall side, paraffin crystals are distributed on the metal wall in a horizontal manner; On the fluid side (the side away from the wall surface), the distribution of paraffin crystals exhibits a nematic vertical distribution. Meanwhile, with the increase of temperature, the orderly degree of paraffin crystals decreased gradually.

(2) On the near-wall side, by comparing the changes of the nematic parameter of the system before and after the addition of water molecules, the results show that the addition of water molecules significantly reduces the crystallographic order of paraffin crystals. By studying the density distribution, it was found that the water molecules are more densely distributed on the near-wall side and adsorbed on the metal earlier than the paraffin molecules. This shows that in the paraffin deposition layer, on the one hand, a large amount of water is distributed near the metal wall surface, which weakens the interaction between paraffin molecules and the metal wall, and hinders the deposition of paraffin molecules to a certain extent. On the other hand, based on the velocity distribution, it is indicated that the near-wall water molecules exchange momentum with the paraffin molecules, which hinders the formation of a stable three-dimensional network crystal structure between the paraffin molecules.

(3) On the fluid side, the kinetic energy conversion between paraffin molecules and water molecules gradually weakens due to the gradual decrease in the content of water molecules, which explains the reason for the fluctuation of the system nematic parameters at this time. Meanwhile, the network crystal structure formed between the paraffin molecules surrounds the water molecules.
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