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The C++ programming language is employed to improve the Computational Fluid Dynamics (CFD)- Discrete Element Method (DEM) coupling interface in this paper, the accuracy of solid-liquid two-phase flow numerical model are validated through experiments. Subsequently, the wear characteristics of the U-shaped elbows under different elbows spacing, bending diameter ratio, particle volume concentration, and particle size are investigated. The research results indicate that as the spacing between bends is increased, the phenomenon of particle sedimentation is intensified, and the maximum collision angle in elbow 2 is increased. The location of the maximum collision angle is closer to the outlet of elbow 2. However, both the collision frequency and wear rate are reduced due to the decrease in the number of particles. Smoother particle flow and a reduction in the collision angle and wear rate of particles on both bends are achieved by increasing the bend ratio. During the variation of the particle volume fraction from 0.5% to 7%, the increase in collision frequency and wear rate of both bends is slowed down. A greater decrease is observed in elbow 2, but the “shielding effect” is not observed. Furthermore, at low volume fractions, kinetic energy is lost by particles as they flow through elbow 1, resulting in a lower average wear rate in elbow 2 compared to elbow 1. Conversely, at high volume fractions, the opposite effect occurs. Finally, when keeping the particle volume fraction constant, an increase in the particle size leads to a smaller wear area in both bends. The wear rate in elbow 1 increases at a slower rate, while the wear rate in elbow 2 exhibits an initial increase followed by a decrease trend.
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1 INTRODUCTION
Pipeline transportation has the advantages of large transportation volume, continuous, stable, low investment, and less land occupation. It is widely used in long-distance transportation of oil, natural gas, ore, etc. Transportation types usually involve slurry transportation and gas transportation. In slurry transportation, the conveying medium commonly incorporates particles like sand and ore. The interaction of these particles with the pipe wall through friction and impact can result in erosion and wear of the conveying pipeline, leading to thinning or even complete deterioration of the pipe wall. Consequently, the anticipated service life of the pipeline is significantly reduced. Moreover, with pipe wear, eddy currents may arise within the transported fluid, causing an uneven distribution of the slurry across the pipe cross-section and consequently impacting the efficiency of the transportation process (Wang et al., 2021; Sun et al., 2022a; Wang et al., 2022; Wang et al., 2023). Therefore, research on the mechanism of pipeline wear has important theoretical value and engineering significance for reducing pipeline system failure.
In the pipeline transportation system, the elbow is usually utilized as a turning component and is prone to wear. Consequently, the wear mechanism of elbows in pipeline systems has been the focus of domestic and foreign scholars. The wear removal mechanism of brittle and ductile materials was first discussed by Finnie (Finnie, 1960; Finnie, 1979), and the theory of micro cutting corrosion wear was proposed. Bitter (Bitter, 1963a; Bitter, 1963b) believed that the removal of wall materials is primarily due to the repeated deformation of particles and cutting action of particles during the collision with the wall, and a related wear model was established. The wear models were established by Archard (Archard, 1953), Ahlert (Ahlert, 1994; Oka et al., 2005; Oka and Yoshida, 2005) based on specific experimental conditions. Such models can predict pipeline wear in industrial applications in some specific engineering environments. The effect of particle flow velocity on the wear of a 90° elbow under low concentration mass load for two-phase gas-solid flow was measured by (Vieira et al., 2016) through experiments. They established a related wear model and verified the accuracy of the wear model using CFD simulation.
The influence of particle mass load on elbow wear under different St numbers was studied by (Pouraria et al., 2020) through gas-solid two-phase flow experiments. The results indicated that there exists a critical particle mass load beyond which the wear rate of the elbow gradually declines. Moreover, the study found that the critical particle mass load of low St number flow is larger. (Bilal et al., 2021). used the paint removal method to investigate the wear of elbows with bending angles of 45° and 90° under curvature radii of 1.5D, 2.5D, and 5D based on multiphase flow. The results revealed that the wear rate declines with increasing bend radius. (Zhao et al., 2023).studied the influence of the sealing structure of the front chamber of the slurry pump on its sealing surface wear characteristics, and the research results provide a certain reference for the anti wear design of pipelines. (Li et al., 2023).research provides a certain reference for further optimizing hydraulic and structural design, and improving wear conditions. (Zeng et al., 2014). used array electrode technology to measure the wear rate at different positions of the X65 pipe elbow. This experiment provides a reference for the accuracy verification of the wear model in this paper. (Jia et al., 2021). studied the influence of gas velocity and fluid PH on the wear of a 90° elbow during the transport of gas-liquid-solid three-phase flow. The most serious wear areas were found to be the axial angle of the elbow between 20° and 50°, while the opposite phenomenon was observed at the corresponding position between 50° and 70°.
Although the most realistic wear of the elbow can be reflected by experiments, the details of the interaction between particles-particles and particle-walls cannot be directly observed. With the continuous development of Computational Fluid Dynamics (CFD), the application of Discrete Phase Models (DPM) and Computational Fluid Dynamics coupled with Discrete Element Method (CFD-DEM) for predicting wear caused by solid particles in fluids is gradually increasing (Hu et al., 2019; Xu et al., 2020; Zhong et al., 2021). The effects of parameters such as pipe diameter, particle size, inlet velocity, particle mass flow rate, and bending diameter ratio on the wear of elbows were studied by (Peng and Cao, 2016) based on DPM. However, as DPM itself ignores the interaction between particles, the wear rate continued to increase as the mass flow rate increased, which contradicts the simulation results of (Zheng et al., 2008), and the lift force on the particles was not considered in the simulation process. (Duarte et al., 2017). studied the effect of wall roughness, friction coefficient, and particle mass load on the wear of elbow pipe in gas-solid two-phase flow using CFD-DEM. The results showed that the wear depth decreases with the increase of wall roughness and the particle mass load, and rises with the improvement of friction coefficient.
The influence of particles with different sphericity on gas-solid two-phase flow wear in the elbow was studied by (Zeng et al., 2018) based on CFD-DEM and E/CRC wear model. The results indicated the impact velocity and angle have a significant influence on the elbow wear, whereas when the sphericity is greater than 0.77, the elbow wear is mainly caused by the impact concentration. (Laín and Sommerfeld, 2019). used the Euler-Lagrangian method to study the influence of spherical particles under different mass loads on the wear of the elbow during pneumatic conveying. The results suggested that with the increase of the particle mass load, the collision frequency between particles and particle walls increases; however, the wear rate of the elbow declines due to the decrease of the particle collision velocity and angle.
(Farokhipour et al., 2020) employed the CFD-DEM coupling model and E/CRC wear model, the wear rate, collision speed, and frequency are selected as evaluation parameters to study the influence of mass loads on elbow wear during pneumatic conveying. The results presented that as the mass load increases, the wear of the pneumatic conveying system reaches saturation due to the low velocity and frequency of particles collision with the end region, which forms a “shield effect”. The wear characteristics of square pipes and round pipes during pneumatic conveying were investigated by (Zolfagharnasab et al., 2021) based on CFD-DPM coupling model, and it was discovered that the wear rate of square pipes is lower than that of circular pipes, especially under higher conveying speeds or larger particle size conditions. (Zhao et al., 2022). studied the effect of particle volume fraction on the wear of the elbow using the CFD-DEM and the E/CRC wear model. The study revealed that the wear rate of the outermost side of the elbow nonlinearly increases with the improvement of the particle volume fraction. However, when the particle volume fraction reaches a specific value, the wear rate no longer increases.
In summary, in gas-solid two-phase flow and solid-liquid two-phase flow, domestic and foreign scholars have conducted a large number of experiments and simulation studies on the influence of particle mass load, particle size, pipe diameter, and other factors on the wear of an individual elbow. At the same time, (Zhang et al., 2023). Compared the effects of three two-fluid turbulence models on the calculation results of solid phase concentration and velocity in circular tubes under different solid phase conditions and different inlet liquid phase velocities, which provided a calculation model reference for this article. (Sun et al., 2022b). Used the SSTk-ω turbulence model and Tabakoff abrasion model to study the abrasion laws of Francis turbines with high sand content. The research results provide a certain reference for the prevention of abrasion. (Bai et al., 2022). Chose the drag model in dense gas-solid two-phase flow to improve the accuracy of numerical simulation results. Based on the CFD-DEM two-way coupling method, they numerically simulated the gas-solid fluidized bed, which provided a certain direction for the research of this article. (Zhao et al., 2022). showed that compared with the Saffman and Magnus lift developed by gas-solid two-phase flow, the Loth lift is more suitable for particle motion in solid-liquid two-phase flow, and the pressure gradient force and virtual mass force are also particularly important for particle motion in solid-liquid two-phase flow. Therefore, the C++ programming language was utilized to improve the CFD-DEM coupling interface in this paper, the Loth lift, virtual mass force, and pressure gradient force were introduced for simulating solid-liquid two-phase flows. Meanwhile, the transient fluctuations of flow velocity were employed on the particle motion by using the DRW model. The accuracy of numerical simulation was verified through experiments of the previous research. Subsequently, the improved numerical model of solid-liquid two-phase flow is employed to investigate the wear characteristics of U-shaped elbow under different parameters such as elbow spacing, bending diameter ratio, particle volume concentration, and particle size, which can provide the theoretical value and engineering significance for reducing pipeline system failure.
2 CFD-DEM MATHEMATICAL THEORY MODEL
2.1 Fluid governing equations
In this paper, the incompressible fluid is employed, and the solution is based on the Reynolds time-averaged Navier-Stokes equations. Moreover, considering the high local particle volume fraction generated during the simulation, the continuity and momentum equations of the fluid can be formulated:
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Where ρf represents the fluid density, vf represents fluid mean velocity, p stands for pressure, μf denotes fluid dynamic viscosity, μt signifies turbulent viscosity, f denotes the resultant force on particle i within a computational unit, m represents the number of particles in a computational unit, and V represents the volume of the computational unit. Additionally, αf represents the volume fraction occupied by the fluid and can be expressed as follows:
[image: image]
In the formula, Vk is the volume of particle k in the calculation unit. In this paper, the RNG k-ε turbulence model is adopted, and its turbulent kinetic energy and turbulent dissipation rate governing equations can be expressed as:
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In the formula, k and ε are the turbulent kinetic energy and turbulent dissipation rate, Gk is the turbulent kinetic energy caused by the average velocity gradient, Gb is the turbulent kinetic energy caused by buoyancy, αk and αε are the effective Prandtl reciprocals of k and ε, respectively. αk = 1.00, αε = 1.20, Cε1 = 1.44, Cε2 = 1.92, Cε3 = Cε2CεpRes1.416, Cεp = 0.058, Sk and Sε are the source terms of turbulent kinetic energy and turbulent dissipation rate.
2.2 Particle governing equations
The equation of motion for a single particle is described by the following first-order ordinary differential equation:
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In this formula, Fdrag represents the drag force on the particle, Fbg is the resultant force of gravity and buoyancy on the particle, Floth is the Loth lift force acting on the particle, Fpg stands for the pressure gradient force on the particle, Fvm denotes the additional mass force on the particle, and Fc denotes the force of contact between particles as well as between particles and the wall surface. Additionally, ωs is the particle angular velocity, Is the moment of inertia of the particle, Tc and Tf represent the particle contact torque and the torque generated by fluid phase, dvs/dt denotes particle translational acceleration, ms represents particle mass, and ds signifies particle size.
2.2.1 Di Felice drag force
The Di Felice drag force model is employed in the calculation (Di Felice, 1994), which considers the influence of fluid volume fraction and porosity on the drag force. The expression for this model is as follows:
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Where Res,α represents the particle Reynolds number considering the fluid volume fraction, which can be expressed as follow:
[image: image]
The drag coefficient CD for spherical particles can be expressed by the following formula:
[image: image]
The calculation formula for drag coefficient CD of non-spherical particles adopts the research results of Haider and Levensoiel (Haider and Levenspiel, 1989):
[image: image]
In this formula, the calculation formulas for b1, b2, b3 and b4 are provided as follows:
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2.2.2 The resultant force of gravity and buoyancy
The following formula can be used to express the resultant force of gravitational buoyancy:
[image: image]
In this formula, the particle density ρs and gravitational acceleration g are utilized.
2.2.3 Loth lift force
The Loth lift force is employed in this paper, the lift coefficient in the Loth lift (Zhao et al., 2021) is composed of shear and rotation lift coefficients. The expression for lift force is as follows:
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The formula involves the fluid vorticity ωf and the lift coefficient CL, which can be expressed by the following formula:
[image: image]
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In this formula, the relative vorticity ωf* of the fluid, the relative angular velocity ωs* of the particle, and the Reynolds number Rs,ω of the particle rotation are all included.
2.2.4 Pressure gradient force and virtual mass force
The pressure gradient force is induced by the movement of particles in a flow field with a pressure gradient, while the surface of the particle is subjected to the pressure difference generated when the fluid accelerates:
[image: image]
When the velocity of the particle is greater than the velocity of the surrounding fluid, the additional mass force is generated which can push the surrounding fluid to do accelerated motion:
[image: image]
2.2.5 Particle contact force
In EDEM, the Hertz-Mindlin (no slip) model is utilized for the contact force model between particles and walls. This model is bifurcated into normal contact force and tangential contact force via the soft-sphere model (Tarodiya and Gandhi, 2019). The corresponding ζn,AB and ζt,AB denote the normal displacement and tangential displacement of particles, respectively. Furthermore, Fcn,AB and Fct,AB represent the normal contact force and tangential contact force:
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In this formula, kn,AB and kt,AB denote the normal elastic stiffness and tangential elastic stiffness of the spring, respectively. Moreover, γn,AB and γt,AB represent the normal and tangential damping coefficients, while vn,AB and vt,AB indicate the normal and tangential relative velocity vector of particles A and B during contact.
When the sliding friction is generated, the tangential contact force Fct,AB can be expressed as Coulomb friction:
[image: image]
Where fs is the sliding friction coefficient and ζt,AB/|ζt,AB| is the tangential unit vector.
2.2.6 Discrete random walk model
The application of the instantaneous fluctuation of flow velocity to drive particle movement is implemented in the DRW model utilized throughout this paper. It should be noted that in eddy currents, the instantaneous fluid velocity is comprised of both an average velocity and a fluctuation velocity:
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By assuming that a Gaussian probability distribution governs turbulent fluctuation velocity, the following formula can be utilized for its expression:
[image: image]
In this formula, the random numbers ξi, ξj and ξk are governed by the Gaussian distribution. If the turbulent flow is isotropic, the root mean square (RMS) of fluctuating velocity can be calculated by:
[image: image]
Where k is the turbulent kinetic energy parameter, which can be calculated by the RNG k-ε turbulence equation.
2.2.7 E/CRC wear model
In the present paper, the E/CRC model is applied, which is developed by Zhang (Zhang et al., 2007) for predicting erosion in elbows, tees, and several other pipe fittings. The mathematical expression is provided as follows:
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Where ER is the wear rate expressed by the wear amount of material under unit load per unit time (unit: kg/kg), BH is the Brinell hardness of the wall material, Fs is the shape factor of particles. Notably, the sharp particles are designated as Fs = 1, semicircular particles as Fs = 0.53, and round particles as Fs = 0.2. Furthermore, the empirical constants C = 2.17 × 10−7 and n = 2.41 are also utilized, α is the particle impact angle (unit: radian).
According to Formula 36, the value of F(ɑ) plays a dominant role in influencing the wear rate of the outer wall with the specific materials and working conditions. The relationship between F(ɑ) and ɑ is illustrated in Figure 1, it can be seen that F(ɑ) exhibits a trend of sharp increase followed by gradual decrease with the improvement of ɑ. Notably, when ɑ reaches approximately 50°, the corresponding value of F(ɑ) attains its maximum point, indicating that the wear rate is also maximum at this point.
[image: Figure 1]FIGURE 1 | The relationship between F(ɑ) and ɑ.
3 VERIFICATION OF SOLID-LIQUID TWO-PHASE FLOW MODEL AND WEAR MODEL
3.1 Validation of solid-liquid two-phase flow model
Particle transport experiments in the vertical pipe are conducted by (Alajbegović et al., 1994), and the ratio of the radius of the concentric circle (r) to the radius of the vertical pipe (R) is defined as r/R. The particle velocity, fluid velocity, and particle volume fraction are measured in the vertical pipe. Notably, the diameter of vertical pipe D is 30.6mm, while the length of pipe L is 3060 mm. The Standard k-ε model is adopted in the turbulence model, with a turbulence intensity set at 3.5%. The grid height of the first wall layer is configured at 0.5mm, while the calculated y + range is kept within 30-40. Meanwhile, the particle is generated at the entrance in EDEM, with the particle entry time is 0.01s. The calculation time step is set at 2 × 10-5s in EDEM, and the velocity inlet (1.888 m/s) and the pressure outlet (1atm) are applied. The calculation time step is set at 2 × 10-4s in Fluent, the total simulation time is 4s, the detailed calibration parameters of relevant EDEM simulations are included in Table 1, while the vertical pipe model and grid division are shown in Figure 2.
TABLE 1 | EDEM simulation parameters.
[image: Table 1][image: Figure 2]FIGURE 2 | The model and structure grid of vertical pipe.
The balance of the particle number in the vertical pipe is attained within 1.8s. The section situated at a height of 2200 mm from the inlet is selected, and simulated data within the interval of 2–3s is collected at intervals of 0.1s. The section is divided into 35 points in both the circumferential and radial directions, thus forming a series of concentric circles consisting of point sets. The data on the corresponding concentric circles are averaged, and time-average processing is performed thereafter. Figure 3 illustrates the relationship between the particle volume fraction, velocity of particles, fluid velocity, fluid root mean square velocity and r/R. It can be observed that the trends of the simulated and experimental results are close and exhibit good agreement, it shows that the CFD-DEM mathematical model adopted in this paper can simulate solid-liquid two-phase flow more accurately.
[image: Figure 3]FIGURE 3 | The experiment and simulation comparison of solid-liquid two-phase flow. (A) Particle volume fraction. (B) Particle velocity. (C) Fluid velocity. (D) Fluid RMS velocity.
3.2 Verification of wear model
The wear rate of different positions of the X65 elbow pipe is measured by Zeng et al. (Zeng et al., 2014) using the array electrode technology. In this study, a geometric model consistent with the experiment is established, in which the pipe diameter D is 50mm, the bending diameter ratio R/D is 1.5, and the horizontal section L1 is 20D, while the vertical section L2 is 15D. The RNG k-ε model is selected as the turbulence model, and the turbulence intensity is adjusted to 3.5%. The grid height of the first wall layer is set at 0.3mm, while the calculated y + range is controlled within 30-60, and the particle is generated at the entrance in EDEM, the particle entry time is 0.01s. Additional calibration details of EDEM simulation parameters can be found in Table 2. The elbow model and its grid division are displayed in Figure 4.
TABLE 2 | EDEM simulation parameter calibration for 90° elbow.
[image: Table 2][image: Figure 4]FIGURE 4 | Wear model verification. (A) Elbow model, (B) Structured grid of elbow.
Figure 5 displays the experimental and simulation wear rate of the 90° elbow. Here, the azimuth angle that corresponds to the outermost side of the 90° elbow is defined as 180°. It can be observed from the figure that the trend of simulation and experimental results is similar, therefore, the wear of elbows can be more accurately predicted by adopting the E/CRC wear model.
[image: Figure 5]FIGURE 5 | Comparison of wear experiment and simulation in 90° elbow.
3.3 Analysis of U-shaped elbow model
3.3.1 Geometric model of U-shaped elbow and simulation method
During the process of ore transportation, multiple elbows in series are frequently employed. In this paper, a U-shaped elbow has been established, wherein the two elbows are connected by horizontal and vertical pipelines. The initial value of the pipeline design parameters dictated that the diameter D of the elbow is 30mm, while the bending diameter ratio R/D of the two elbows is fixed at 1.5. Moreover, the distance L2 between the elbows is set as 7D, the water inlet vertical section L1 is designed to be 15D, and the water outlet vertical section L3 is specified to be 15D.
In this study, the turbulent flow model of RNG k-ε model is employed, the turbulent flow intensity is 5%, the calculated range of y + between 40 and 90. The particles are generated at the inlet in EDEM, where the particles started to generate from 0.01s. The wall wear rate is obtained through the E/CRC wear model. In Fluent, velocity inlet and pressure outlet are utilized. Notably, the outlet pressure is fixed at 1atm, and the calculation time step is established to be 1 × 10-4s. For calibration details of the basic parameters used in EDEM and Fluent, as shown in Table 3. Additionally, Figure 6 presents the U-shaped bend pipe model and the model of grid division.
TABLE 3 | Basic parameters for EDEM simulation of series elbows.
[image: Table 3][image: Figure 6]FIGURE 6 | U-shaped bend pipe model and structured grid division. (A) U-shaped bend pipe model, (B) Structured grid of U-shaped bend pipe.
3.3.2 Independence verification of grid and simulation time
In this study, 81,599, 105,984, and 134,235 three sets of structural girds are established for the U-shaped elbows, by applying the data processing method of the vertical pipe section, the relationship between the fluid velocity of 0° and 90° section of the elbow 1 with the r/R ratio is obtained.
As depicted in Figure 7 (a) and (b), it indicated that the maximum relative error between the coarse grid and the medium grid is 4.21%, whereas the maximum relative error between the fine grid and the medium grid is 1.02% for the 0° section. Meanwhile, the maximum error between the coarse grid and the medium grid is found to be 3.21%, while the maximum error between the fine grid and the medium grid is measured to be 2.35% for the 90° section. Considering the computing resources, the fluid velocity of the medium grid at 0° and 90° sections is closer to the fine grid, it is deemed appropriate to adopt the medium grid for simulation calculations.
[image: Figure 7]FIGURE 7 | Independence verification of U-shaped elbow grid. (A) Fluid velocity of elbow 0° section, (B) Fluid velocity of elbow 90° section.
In order to evaluate the calculation time error in wear statistics, the simulation time of the U-shaped elbows is verified to be an independent factor. The particle size used for simulation is 1mm, with a corresponding volume fraction of 1%. The wear rate of the elbow 1 and elbow 2 is determined at 1s, 2s, and 3s respectively.
From Figure 8, it can be observed that the trend in wear rate for the outer side of elbow 1 and elbow 2 is similar when the simulation time is set at 1s, 2s, and 3s. Compared with the wear rate corresponding to 1s and 2s, the wear rate at 2s and 3s is found to be closer. Thus, in consideration of achieving high simulation accuracy while saving computational time, the simulation time is set as 2s.
[image: Figure 8]FIGURE 8 | Independence verification of simulation time. (A) Wear rate of the elbow 1, (B) Wear rate of the elbow 2.
4 RESULTS AND DISCUSSION
4.1 Effect of elbows spacing
Considering the ore transportation process, the distance between the elbows of the series pipelines is often adjusted according to the geographical location. Therefore, the effect of spacing between elbows on wear characteristics is analyzed. As shown in Figure 9A, the spacing model of 2D, 7D, and 12D are established, and the numerical simulations are conducted for transporting particles with a volume concentration of 3%, particle size of 1mm, and speed of 3 m/s through U-shaped elbows.
[image: Figure 9]FIGURE 9 | U-shaped elbows with different elbow spacing. (A) 2D, (B) 7D, (C) 12D.
In Figure 10A, the average impact frequency and wear rate of elbow 1 and elbow 2 different elbows spacing are shown. It can be observed that the average impact frequency (the average number of collisions between a particle and other particles per unit time) and wear rate (the amount of material wear under unit load per unit time) of elbow 1 are generally consistent, while the average impact frequency and wear rate of elbow 2 exhibit a decreasing trend as the elbow spacing increases.
[image: Figure 10]FIGURE 10 | The wear characteristics of U-shaped bends under different elbow spacing. (A) Average impact frequency and wear rate of elbow 1 and elbow 2, (B) The impact frequency of elbow 2, (C) Wear rate of elbow 2, (D) Impact angle of elbow 2.
Furthermore, under the elbow spacing of 2D and 7D, the average impact frequency and wear rate of elbow 2 are much higher than elbow 1. Considering most of the particles concentrate on the outer wall after flowing through elbow 1, and insufficient flow is generated due to the short distance between the two elbows, the secondary flow generated by elbow 1 continues to develop with the mainstream, causing the fluid flow outward. What is more, the inertial effects of the particle are dominant compared to the gravity, which causes some particles to be entrained from the elbow inside to the outside, increasing the impact frequency between the particles and elbow 2.
However, when the distance between elbows is 12D, the average impact frequency and wear rate of elbow 2 are much lower than elbow 1. Due to the distance between elbows being too long, the flow is relatively sufficient, and the influence of the secondary flow gradually weakens. The gravity of the particles dominates compared to the inertial effect, causing the particles to settle, and the contact between the particles and the wall decreases. Furthermore, with increasing elbows distance, the number of particles flowing through elbow 2 gradually decreases, and the impact frequency reduces significantly. Therefore, the corresponding average impact frequency and wear rate decrease as the distance between the elbows increases.
Figure 10B, (c), and (d) show the relationship between the outer wall impact frequency, wear rate, and collision angle of elbow 2 with bending angle under different elbow spacing. It can be observed that the impact frequency and wear rate increase with improving bending angle, and significantly decrease with increased elbow spacing. Additionally, for elbow spacing of 2D and 7D, the growth trend of impact frequency and wear rate exhibits a sharp increase at first followed by a slow increase.
When the spacing is 2D, the impact frequency after 50° bending angle and the wear rate after 30° bending angle present the slow increasing trend. When the spacing is 7D, the starting position of the slow increasing range of the impact frequency and wear rate is relatively backward, and the corresponding bending angle is 75°. However, when the spacing is 12D, the impact frequency and wear rate present the slow increasing trend. Additionally, due to the influence of gravity, the particles settle is generated under 7D and 12D elbows spacing, which results in decreasing contact frequency between particles and wall surfaces. Therefore, the impact frequency, wear rate, and impact angle of elbow 2 from 0° to 15° bend angle cannot be found. Starting from 15°, particles impact the pipe wall at a certain angle, increasing the contact frequency between particles and wall surfaces, consequently causing the improvement of impact frequency and wear rate.
However, in contrast to the impact frequency and wear rate, the impact angle initially increases and then decreases as the bending angle improves, and the maximum impact angle and corresponding bending angle are enhanced as the elbows spacing increases. When the spacing is 2D, a hump appears near the bending angle of 25°, accompanied by a corresponding impact angle of 3.6°. Similarly, when the spacing is 7D, a hump appears near the bending angle of 35°, with a corresponding impact angle of 7.7°. Finally, when the spacing is 12D, a hump emerges near the bending angle of 45°, with a corresponding impact angle of 9.3°.
Furthermore, the impact angle becomes more stable closer to the elbow outlet after the hump. Figure 11 shows the particle trajectories, particles settlement is generated under the effect of gravity. With the increasing of elbows spacing, the settlement height is higher, which differs from the contact form of 2D spacing. Therefore, as the corresponding bending angle and maximum impact angle increase, the impact angle after the hump also increases, and the falling curve of the impact angle becomes steeper. Moreover, Eq. 36 indicates that when the impact angle is less than 50°, the value of F(ɑ) increases as the impact angle increases, leading to an improvement in the corresponding wear rate. However, due to the influence of impact frequency, the wear rate under different elbow spacing exhibits a downward trend.
[image: Figure 11]FIGURE 11 | Schematic diagram of particle collision under different elbow spacing. (A) 2D, (B) 7D, (C) 12D.
4.2 Effec t of bending diameter ratio
The bending diameter ratio represents the bending degree of the elbow and is expressed as R/D, as shown in Figure 12. The fluent flow field of the elbow can be obtained with a larger bending diameter ratio. In this paper, the wear characteristics of the U-shaped elbow with different bending diameter ratios are analyzed, the transport velocity is 3 m/s, particle volume concentration of 3%, and particle diameter of 1 mm are employed, Figure 13 (a) and (b) show the impact frequency and wear rate of elbow 1.
[image: Figure 12]FIGURE 12 | Schematic diagram of different bend diameter ratios for the same pipe diameter. (A) R/D=1.5, (B) R/D=2, (C) R/D=3, (D) R/D=4, (E) R/D=5.
[image: Figure 13]FIGURE 13 | Wear characteristics of elbow 1 with different bending diameter ratios. (A) Impact frequency of outer wall, (B) Wear rate of the outer wall, (C) Impact angle of outer wall, (D) Average impact frequency and average wear rate of elbow 1.
As the bending diameter ratio increases from 1.5 to 5, the particle-wall collision area and impact frequency gradually increase, and the curves corresponding to different bending diameter ratios exhibit three growth regulations with the increases of bending angle.
As shown in Figure 13 (a), the slow growth zone is the bend angle from 0° to 35°, where the pipe wall is parallel to the particle motion direction, resulting in less contact between the particles and the wall surface. Therefore, the impact frequency remains close to 0. The medium speed growth zone ranges from 35° to 65°, and the pipe wall and particle movement direction form a certain angle. As particle-wall contact increases, the particles collide with the outer wall surface, which results in the improvement of impact frequency. The rapid growth zone extends from 65° to 83°, where continuous collisions occur between particles and the outer wall, intensifying particle-wall contact and resulting in a sharp increase in impact frequency.
As the bending diameter ratio increases from 1.5 to 3, the impact angle keeps decreasing, but the wear rate still increases. When the bending diameter ratio exceeds 3, the pipeline path becomes longer, allowing particles to pass through the elbow more smoothly, which leads to the decrease of the wall impact and further decreases the impact angle. Additionally, secondary flow is generated and persists for a longer duration with greater particle kinetic energy loss, and the wear rate presents a downward trend, the investigation result is consistent with the experimental findings of Farokhipour (Jia et al., 2021).
Furthermore, Figure 13C reveals the relationship between the impact angle and bending angle under different bending diameter ratios. As the bending diameter ratio increases, the bending degree of the elbow gradually decreases, and solid particles flow more smoothly. Consequently, the impact angle between the particles and wall is small, and the position of the maximum impact angle is closer to the elbow entrance with the increase of the bending diameter ratio.
Figure 14 displays the wear characteristics of elbow 2, the relationship between the impact frequency, wear rate, and impact angle with the bending diameter ratio remains consistent with elbow 1. However, compared to the elbow 1, the impact frequency increasing rate of elbow 2 gradually slows down as the bending diameter ratio increases. The impact angle of elbow 2 exhibits a relatively stable trend within the 65°–85° range, which has a similar variation trend under different elbows spacing.
[image: Figure 14]FIGURE 14 | Wear characteristics of the elbow 2 with different bending diameter ratios. (A) Impact frequency of outer wall, (B) Wear rate of the outer wall, (C) Impact angle of outer wall, (D) Average impact frequency and average wear rate of elbow 2.
4.3 Effect of particle volume concentration
In pipeline transportation systems, particle mass loading is a crucial factor that significantly affects pipe wall wear. According to the previous research on the wear of gas-solid two-phase flow in pipeline transportation (Jia et al., 2021; Zhao et al., 2023), the shield effect (In particle flow, the shielding effect refers to the phenomenon where smaller particles are constrained by larger particles, preventing them from colliding with the pipeline walls. This reduces the wear on the pipeline walls and provides a certain level of protection) will form with the increases of particle mass loading, which results in the wear saturation. However, few studies have been conducted on this type of flow in solid-liquid two-phase flow. Therefore, the wear characteristics of U-shaped elbows under different particle volume concentrations are simulated in this article using 1 mm particle and 3 m/s flow velocity.
The wear characteristics of elbow 1 under different particle volume concentrations are presented in Figure 15. The corresponding growth rates under operating conditions of 0.5%-1%, 1%–3%, 3%–5%, and 5%–7% are defined as X1, X2, X3, and X4, respectively. It is observed from the results that the growth rate of the maximum impact frequency and wear rate on elbow 1 first increases and then decreases with the increase of particle volume concentration, and the impact frequency and wear rate exhibit a non-linear increase.
[image: Figure 15]FIGURE 15 | Wear characteristics of the elbow 1 under different particle volume concentrations. (A) Growth rate of maximum impact frequency and wear rate, (B) Impact frequency of outer wall, (C) Wear rate of outer wall, (D) Impact angle of outer wall.
When the particle volume concentration is 0.5%, the maximum impact frequency and wear rate are 1,162 times/s and 19.98 nm/year, respectively. As the particle volume concentration rises to 1%, the maximum impact frequency and wear rate increase to 3,110 times/s and 98.32 nm/year, respectively, with growth rates of 170% and 400% for impact frequency and wear rate, respectively. Further increasing the particle volume concentration to 3%, the maximum impact frequency and wear rate improved to 27,681 times/s and 1897.83 nm/year, respectively, with the impact frequency and wear rate showing significant increase and corresponding growth rates of about 790% and 1830%, respectively. With the particle volume concentration increase from 0.5% to 3%, more and more particles impact the wall, which leads to substantial increases in the impact frequency and wear rate, while the corresponding growth rate also reaches a peak.
When the particle volume is 5%, the maximum impact frequency and wear rate are 90,047 times/s and 7556.07 nm/year, respectively. The impact frequency and wear rate are still increasing, but the growth rates decline by about 230% and 300%, respectively. When the particle volume concentration is further increased to 7%, the maximum impact frequency and wear rate reach 139,135 times/s and 11,931.82 nm/year, respectively, with the growth rates of the impact frequency and wear rate further reduced by about 50% and 60%.
This phenomenon is contributed to the improvement of the particle volume concentration, the particle impact at the outer wall, and bounces at a certain angle, which strikes the ensuing particle. So the particles adjacent to the wall form a “virtual barrier” that inhibits the surrounding particles impacting the elbow wall directly, thereby reducing the impact frequency between particles and the elbow wall. This process is further enhanced with an increase in particle volume concentration, which slows down the acceleration of the impact frequency and wear rate.
Figure 15D displays the relationship between the wall impact angle with particle volume concentration and bending angle. When the bending angle increase from 0° to 50°, the impact angle initially increases and then decreases with the improvement of particle volume concentration. Furthermore, when the bending angle is within the range of 50°-90°, particles near the wall exchange momentum with incoming particles, moving toward areas of high particle volume concentration and impacting with the wall again at a lower impact angle. Consequently, the impact angle decreases with an increase in particle volume concentration, thereby further slowing down the increase of wear rate.
Figure 16 displays the wear characteristics of elbow 2, which is the same as that of elbow 1, and the corresponding growth rates under the conditions of 0.5%-1%, 1%–3%, 3%–5%, and 5%–7% are defined as X5, X6, X7, and X8, respectively. As shown in Figure 16 (a), the results indicate that as particle volume concentration increases, the growth trend of the maximum impact frequency and wear rate on elbow 2 are consistent with elbow 1. Most of the particles are concentrated on the outer wall, which leads to the peak value of impact frequency and wear rate of elbow 2 being higher than in elbow 1 b y 1,520% and 5030%, respectively. The corresponding decline rate of elbow 2 is also greater than elbow 1 b y 40% and 50%, respectively, indicating that the “shield effect” appears earlier in elbow 2 than in elbow 1. Secondly, as revealed in Figure 16. (b) and (c) that impact frequency and wear rate of elbow 1 increase with an improvement of bending angle. However, the growth trend of impact frequency and wear rate of elbow 2 exhibit a trend of sharp increase and then slow increase.
[image: Figure 16]FIGURE 16 | Wear characteristics elbow 2 under different particle volume concentrations. (A) Growth rate of maximum impact frequency and wear rate, (B) The impact frequency of the outer wall, (C) Wear rate of outer wall, (D) Average impact frequency and average wear rate of elbow 1 and 2.
Moreover, the transverse acceleration of particles is continuously influenced by the longitudinal secondary flow that develops alongside the main flow of solid-liquid two-phase flow transported by pipeline, thus hampering the particle acceleration process. Although the impact frequency increases slightly compared to elbow 1, the increase is not sufficient to produce a significantly higher wear rate than that of elbow 1. However, with an increase in particle concentration, the impact frequency between particles and the wall surface obviously increases, leading to a higher wear rate of elbow 2 compared to elbow 1.
4.4 Effect of particle size
In pipeline transportation, particle size is a crucial physical parameter. In this paper, the wear characteristics of U-shaped elbow with different particle sizes are simulated, the conveying speed is 3 m/s and the particle volume concentration is 3%. Figure 17 illustrates the wear characteristics of elbow 1 with different particle sizes. Considering the particle volume concentration is constant, the number of particles transported in the pipe declines with an increase in particle size. As a result, the contact position of the pipe wall moves relatively backward, and the impact frequency accordingly decreases.
[image: Figure 17]FIGURE 17 | Wear characteristics of the elbow 1 under different particle sizes. (A) Impact frequency of elbow 1, (B) Wear rate of elbow 1.
The wear rate exhibits an upward trend with an increase in particle size, this phenomenon is attributed to the increase of particle size, which leads to the decrease of particle number and momentum loss of particle collisions. Furthermore, the influence of inertial force on particle movement is gradually enhanced, but the influence of the secondary flow effect at the elbow on particle movement is weakened, and the particles gradually move away from the streamline. At the same time, under the effect of the inertial force, the particles directly impact the outer wall of the elbow 1, causing serious wear on the outer wall. Nonetheless, as the impact frequency decreases with the improvement of particle size, the growth rate of the wear rate gradually slows down.
Figure 18 presents the impact frequency distribution of the elbow 1 for particle sizes of 1 mm, 1.5 mm, and 2 mm. It is observed that the collision areas are symmetrically distributed about the centerline of the pipeline, beginning from the bending angle of 45° and extending to the elbow outlet. As the particle size increases, the number of conveyed particles decreases, and the high-frequency collision area gradually transforms from an original steeple shape to a dot shape while the corresponding maximum impact frequency also gradually decreases. Meanwhile, the low-frequency collision area is gradually narrowed.
[image: Figure 18]FIGURE 18 | Impact frequency distribution of elbow1 under different particle sizes. (A) 1 mm, (B) 1.5 mm, (C) 2 mm.
Figure 19 shows the wear rate distribution of elbow 1. Consistent with the impact frequency distribution, the wear area is also symmetrically distributed about the centerline. The area of high wear area decreases with the increase in particle size. However, the influence of inertial force gradually dominates, leading particles to directly impact the elbow 1 outer wall, thus promoting the maximum wear rate. Specifically, when the particle size is 1mm, the maximum wear rate is 1897.83 nm/year, and the particle size is 1.5mm, and the maximum wear rate is 2596.77 nm/year. When the particle size is 2mm, the maximum wear rate is 2925.71 nm/year.
[image: Figure 19]FIGURE 19 | The wear rate distribution of elbow 1 under different particle sizes. (A) 1 mm, (B) 1.5 mm, (C) 2 mm.
In Figure 20, the wear characteristics of elbow 2 are presented. It is observed that the average impact frequency of the two elbows decreases with the improvement of particle size, the average impact frequency and wear rate of elbow 2 is larger than elbow 1. Moreover, the average wear rate of elbow 2 first increases and then declines with the improvement of particle size. In addition, the same as elbow 1, affected by the number of particles transported in the pipe, the impact frequency of elbow 2 also gradually decreases with the increase of particle size, and when the transport particle size is greater than 1mm, the impact frequency does not appear to increase sharply first and then slowly increasing trend, which is consistent with the delivery of low particle volume concentration.
[image: Figure 20]FIGURE 20 | Wear characteristics of elbow 2 under different particle sizes. (A) Average impact frequency of elbow 1 and 2, (B) Average wear rate of elbow 1 and 2, (C) Impact frequency of the elbow 2, (D) Wear rate of the elbow 2.
However, the wear rate has the same variation trend as the average wear rate. The critical particle size is 1.5mm, when the particle size is below 1.5mm, the wear rate elevates with an increase in particle size whereas above this particle size, the trend declines. Furthermore, by comparing the wear rate of the pipeline when the particle size of 1 mm and 2mm, it found that the area of bending angle from 0° to 55° and elbow outlet, the wear rate of 2 mm particle is larger than 1 mm. Meanwhile, in the 55°–82° interval, the wear rate for the 2 mm particle size is less than that for the 1 mm particle.
Figure 21 presents the impact frequency distribution of elbow 2, the collision area is symmetrically distributed about the centerline. As the particle size increases, the high-frequency collision area gradually reduces, while the initial position of high-frequency collision shifts toward the elbow outlet. Since the particles are less affected by the secondary flow effect, the inertial force is enhanced, causing the initial collision area position to move toward the elbow inlet.
[image: Figure 21]FIGURE 21 | Impact frequency distribution of elbow2 under different particle sizes. (A) 1 mm, (B) 1.5 mm, (C) 2 mm.
In Figure 22, the wear rate distribution of elbow 2 is depicted, the wear area is symmetrically distributed about the centerline. The high wear areas are vase-shaped for particle sizes of 1mm and 1.5 mm while becoming spire-shaped for a particle size of 2 mm. Furthermore, the high wear area decreases as particle size increases, and the maximum wear rate shows a trend of initial increase and then decrease. When the particle size is 1mm, the maximum wear rate reaches 2548.47 nm/year, while for particle sizes of 1.5 mm and 2mm, the maximum wear rates are 4873.72 nm/year and 2733.96 nm/year, respectively. Similar to the collision area of elbow 2, the initial position of the wear area shifts towards the elbow inlet as particle size increases.
[image: Figure 22]FIGURE 22 | The wear rate distribution of elbow 1 under different particle sizes. (A) 1 mm, (B) 1.5 mm, (C) 2 mm.
5 CONCLUSION
The C++ programming language was utilized to improve the CFD-DEM coupling interface in this paper, and the Loth lift, virtual mass force, and pressure gradient force were introduced for simulating solid-liquid two-phase flows. Meanwhile, the transient fluctuations of flow velocity were employed on the particle motion by using the DRW model. The accuracy of numerical simulation was verified through experiments of the previous research. Subsequently, the improved numerical model of solid-liquid two-phase flow is employed to investigate the wear characteristics of U-shaped elbow under different parameters such as elbow spacing, bending diameter ratio, particle volume concentration, and particle size. The conclusions were obtained as follows:
Increasing the spacing between elbows enhances the effect of gravity on particles, leading to particle settling. The longer the elbow spacing, the higher the settlement, and the lower the position of particle impacts on elbow 2, resulting in increased corresponding bending angles and maximum impact angles. Due to the reduced number of particles inside the pipe, the collision frequency and wear rate decrease significantly, and this improvement in elbow spacing has no impact on Elbow 1. Additionally, under elbow spacing of 2D and 7D, the average impact frequency and wear rate of elbow 2 are much higher than those of elbow 1. When the elbow distance is 12D, the gravity of the particles dominates over the inertial effect, causing the average impact frequency and wear rate of elbow 2 to be much lower than those of elbow 1. Therefore, increasing the elbow spacing is beneficial for reducing wear in elbow pipes.
The improvement of the bending diameter ratio denotes that particles need to traverse a longer pipeline path, thus resulting in larger particle-wall collision areas and gradually increasing impact frequency, the curves corresponding to different bending diameter ratios exhibit three growth regulations of the wear rate. Further, the reduction of the bending degree of the elbow makes the flow of solid particles smoother, and the particles impact the wall at a smaller angle, and the secondary flow will occur earlier and last longer, which will have a greater impact on the kinetic energy loss of the particles, and the wear rate presents the downward trend. Therefore, with the increase of the bending diameter ratio, the wear rate will continue to decrease, and the use of larger-diameter elbows is beneficial to reduce elbow wear.
Considering the influence of inertial force on particle movement is gradually enhanced, the particles move away from the streamline and impact the outer wall of the elbow 1, causing serious wear on the outer wall. Nonetheless, as the impact frequency decreases with the improvement of particle size, the growth rate of the wear rate continually slows down. Additionally, the critical particle size is 1.5 mm, when the particle size is below 1.5mm, the wear rate elevates with an increase in particle size whereas above this particle size, the trend declines. Moreover, with the increase of the particle size, the particles are less affected by the secondary flow effect, and the inertial force is enhanced, causing the initial collision area position to move toward the elbow 2 inlet.
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