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Abstract

:

Aiming at the problems of high energy consumption and particle breakage in the pneumatic conveying process of large-scale breeding enterprises, in this paper, based on the theoretical calculated value of particle suspension velocity, a computational fluid model and a discrete element model are established based on computational fluid dynamics (CFD) and discrete element method (DEM). Then, through the numerical simulation of gas-solid two-phase flow, the influence of four factors of conveying wind speed, particle mass flow rate, pipe diameter, and particle size on the velocity distribution of particles in a horizontal pipe, dynamic pressure change in the pipe, pressure drop in the pipe, and solid mass concentration are studied. The results show that the k-ε turbulence model can better simulate the movement of gas-solid two-phase flow, and through the analysis of the simulation, the influence of four different factors on the conveying characteristics is obtained, which provides a scientific basis for the construction of the conveying line.
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1. Introduction


With the rapid development of the world economy, large-scale breeding enterprises are also constantly realizing their own economy through technological innovation. However, for a long time, the breeding industry has been facing various problems such as energy consumption and environmental pollution. Bin Xie et al. [1] used the stable isotopic values of SPOM to label suspended particulate organic matter in dense cage culture to assess the level of water pollution. Gizachew Hailegebreal et al. [2] studied the morbidity and mortality of chickens in poultry farms, concluding that infectious diseases were the main constraint to increasing chicken production. Uri Yogev et al. [3] conducted research on phosphorus residues in aquaculture, and achieved sustainable reuse of phosphorus through phosphorus recovery and avoided environmental pollution. However, there are not only environmental and energy problems in pig breeding, but also feed transportation problems, how to ensure dry and complete pellet feed while taking into account the clean conveying is also one of the economic problems faced by the development of enterprises, so finding a suitable conveying mechanism is particularly important for enterprises. Currently, with the continuous development of conveying technology, pneumatic conveying with air flow as power source is increasingly used by some industries, especially the large-scale breeding industry [4,5,6], which greatly improves the economy of enterprises.



Traditional large-scale breeding enterprises commonly used particle feedstuff transportation mode with a stopper conveyor and screw conveyor [7,8,9]; although they can achieve sealed transportation, they cause component wear, particle breakage, and other shortcomings in the conveying process, which increases the cost in the conveying process and is not conducive to the long-term development of large breeding enterprises, so these devices are gradually eliminated. Compared with the traditional mechanical transportation mode, the pneumatic conveying device has the advantages of simple structure, convenient operation, and high conveying efficiency. The device is not limited by the site and can realize long-distance and multi-directional transportation. In recent years, large-scale breeding enterprises have adopted this transportation mode. The initial application of pneumatic conveying technology was proposed by Medhurst in 1810 to use pipes for pneumatic conveying of mail, and D.F. Othmer [10] studied fluidization in 1956. Then, R.D. Marcus [11] and others gave a detailed introduction to the working principle of pneumatic conveying and conveying characteristics, which deepened people’s understanding of pneumatic conveying. Mills et al. [12] provided a large number of practical data for the design of pneumatic conveying system through the analysis of actual cases and theoretical research, laying a foundation for the large-scale development of pneumatic conveying equipment. Reinauer [13] analyzed the sanitary and economic advantages of pneumatic conveying, laying a foundation for the large-scale use of pneumatic conveying. Liansuo An [14] introduced an acoustic emission monitoring system into a pneumatic conveying device, therefore improving the accuracy of monitoring pneumatic conveying devices.



Pneumatic conveying is an air-powered transportation method mainly for granular materials. In the conveying process, the energy consumption is high, and the materials are also easy to break, which affects the economy of enterprises. Therefore, scholars are required to find scientific and reasonable design methods to develop pneumatic conveying systems suitable for particle materials with low energy consumption and high efficiency [15,16,17,18]. At the early stage of the development of pneumatic conveying technology, Cornish and Pinkus Oscar [19,20] and others studied the pressure drop in the pipe of pneumatic conveying. Fadeev, Bikbaev, and Bahmani Sina [21,22,23] studied friction and wear in pneumatic conveying. Gorshkov [24] studied the collision between particles and pipeline wall in pneumatic conveying. With the deepening of the understanding of pneumatic conveying theory, scholars have also improved the pneumatic conveying equipment through research, among which Lodes Antonin et al. [25] optimized the energy consumption in pneumatic conveying. J. Li et al. [26] developed an experimental technique for analyzing the plug flow in pneumatic conveying pipelines by using pressure measurement. Wonsik Chung [27] optimized the garbage pneumatic conveying system based on the facility diagnosis results. Niranjana Behera et al. [28] established a mathematical model of solid friction coefficient, which realized a low error to predict the pressure drop of the pneumatic conveying system.



With the development of computer technology, CFD numerical simulation method is often used in fluid analysis. In recent years, by using the CFD-DEM coupling method, Guanguo Ma et al. [29] simulated a gas-solid two-phase flow of concrete ejection motion in pipe with different ratio of bending diameter, Wenlei Liu et al. [30] studied the radial velocity of soybean under vertical pressure and the resulting pressure drop, and Rong Xue et al. [31] analyzed the energy loss of a low specific speed pump with a fully sealed structure. Some scholars have also solved some problems in pneumatic conveying by using CFD numerical analysis method. For example, Ghafori H. [32] and others proposed a new type of elbow with auxiliary air equipment, and verified by experiments that the average pressure drop of the elbow with a 45° auxiliary air elbow was small, the collision between the particles and the wall surface was less, and particle fragmentation was reduced, but the cost and life of the elbow when used on an industrial scale are not verified. Ying Wang et al. [33] analyzed the bypass pneumatic conveying gas-solid two-phase flow model, compared the pressure drop results of multiple experimental cases and numerical models to prove the applicability and effectiveness of the pressure drop prediction model, but ignored the particle characteristics such as permeability, degassing, particle size distribution, and particle shape in this study. Hasan Ghafori et al. [34] proposed a new technology of porous double pipe, which used an additional air injection system in the pipe to compensate for the pressure drop and verified the reliability of porous double pipe through experiments. However, this technology consumes more materials in long-distance conveying, which reduces the economy. Daolong Yang [35] analyzed the effects of particle size, flow rate, solid gas ratio, and pipe diameter on wall wear through multi-factor simulation, providing a simulation reference and designing guidance for pneumatic conveying of large particles, but did not consider the influence of coal particle shape. Shibo Kuang et al. [36] proposed a CFD-DEM model considering the effect of air compressibility, which can be used to simulate large-scale delivery systems. The effectiveness of the model was verified by comparing the predicted pressure drop and the measured pressure drop of the dilute phase delivery system under different solid and gas flow rates.



Although many scholars have done research on pneumatic conveying devices, factors such as manufacturing and processing, site layout, and service life of the device should be considered in practical application. Therefore, this paper takes a company as the background to study the pneumatic conveying equipment of a large breeding enterprises, based on the economics of pneumatic conveying, in the horizontal pipeline when the conveying is stable. The four factors of the conveying wind speed, particle mass flow rate, pipe diameter, and particle size are studied on the velocity distribution of the particle in the horizontal pipe, the dynamic pressure change in the pipe, the pressure drop in the pipe, the solid mass concentration, and other pneumatic conveying characteristics, so as to ensure the maximum economic realization while meeting the conveying requirements, and the paper provides theoretical guidance for the company to build pneumatic conveying equipment.




2. Mathematical Model


2.1. Particle Suspension Velocity


Particles can be transported by air only when they meet a certain airflow velocity, that is, suspension velocity [37,38,39]. However, in a horizontal pipeline, particles are easy to be deposited at the lower part of the pipeline under the action of gravity, so in horizontal pneumatic conveying, the airflow velocity is generally greater than the suspension velocity. There are a variety of calculation formulas for suspension velocity in pneumatic conveying, the most widely used of which is the partitioned suspension velocity formula and its applicable particle size method, which is as follows:
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and   2.2        μ 2     ρ a     ρ b  −  ρ a           1 3    ≤  d b  ≤ 20.4        μ 2    ρ    ρ b  −  ρ a           1 3     
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   u b  = 5.45      d b     ρ b  −  ρ a       ρ a       



(3)




and   20.4        μ 2     ρ a     ρ b  −  ρ a           1 3    ≤  d b  ≤ 1100        μ 2     ρ a     ρ b  −  ρ a           1 3     



Where:    u b    is the airflow velocity when the particles are suspended, m/s;    ρ a    is air density;    ρ b    is particle density;    d b    is particle size;  μ  is the aerodynamic viscosity.



The suspension velocity is calculated as 10.8 m/s. In the actual conveying process, due to the energy loss caused by collision and friction, as well as the air flow nonuniformity in the pipeline, the actual conveying wind speed is generally 1.5–3.0 times of the particle suspension velocity [40]. Therefore, considering the reliability of the test device, the actual air velocity used in this study is 18 m/s, 22 m/s, 26 m/s, and 30 m/s.




2.2. Gas Phase Control Equation


Gas phase is a continuous phase, considering the mass and momentum transfer between phases, and its motion law is controlled by the Navier–Stocks (N-S) equation [41,42,43]. Among them



Gas phase continuity equation:


    ∂  ε a   ρ a    ∂ t   + ∇ •    ε a   ρ a   v a    = 0  



(4)







Gas phase momentum conservation equation:


    ∂  ε a   ρ a   v a    ∂ t   + ∇ •    ε a   ρ a   μ a   v a    = −  ε a  ∇ p + ∇ •    ε a   μ a  ∇  v a    +  ε a   ρ a  g − F  



(5)




where:    ρ a    is fluid density; t is the time;    v a    is the fluid velocity;    ε a    is the volume fraction;    μ a    is aerodynamic viscosity; p is fluid pressure; g is the acceleration of gravity, which is 9.81   m /  s 2   ; F is the volumetric force between particles and the fluid; and


  F =     ∑  i = 1  n    F  D , i      V   



(6)




where: V is the volume of the computational cell.




2.3. Solid Phase Control Equation


As a solid phase in a two-phase flow, the motion of particles satisfies Newton’s second law, and when solved in EDEM, its motion state can be decomposed into translation and rotation. The expressions of the two motion modes are:



Translational control equation:


   m i    d  v  b , i     d t   =   ∑  j = 1    k i      F  i j     +  m i  g  



(7)




rotation the control equation:


   I i    d  w  p , i     d t   =   ∑  j = 1    k i      T  i j      



(8)




where:    v  b , i     is the particle translational velocity;    F  i j     is the interaction force between the particle and the fluid;    m i    is the particle mass;    I i    is the moment of inertia of the particle;    w  p , i     is the particle angular velocity;    T  i j     is the particle torque.





3. Numerical Simulation Mode


After market research, it was found that the feed was particle, and the pig feed that was sold better was shaped like a two-bottom uneven cylinder, as shown in Figure 1. In this paper, particles with the largest number of four particle sizes were selected for modeling. In order to make the shape of the discrete element model more similar to that of feed particles and improve the simulation speed and effectiveness, this paper selected the tool of Particle for modeling in EDEM and used four spherules with equal diameter to stack into a discrete element model of feed, as shown in Figure 2.



According to the data of about 85 mm pipe diameter provided by the cooperative company, we selected 80 mm, 85 mm, 90 mm, and 95 mm internal diameter pipes to study the influence of pipe diameter on conveying characteristics. After creating the pipeline model, we first meshed the pipeline using ICEM software v 17.0. Among them, O-type segmentation is adopted in ICEM, and the grid type is hexahedral unstructured mesh, the wall surface is encrypted to different degrees, then the mesh is output. We verified the grid independence and obtained the most appropriate number of grids under the four pipe diameters. Figure 3 shows the grid division results with a pipe diameter of 85 mm, a-a is the cross section of the grid, and b-b is a subsection of the sampling section.



3.1. Pipe and Particle Parameters


In order to make the test results of the subsequent test bench easy to observe, the pipeline material selects acrylic plates with good transparency, strong insulation, and high recovery rate, whose density, Poisson’s ratio, and shear modulus are 1200 kg/m3, 0.4, and 1.07 × 109 Pa, respectively. Particle parameters were calibrated according to the injection cross section method of Peng Fei et al. [44], as shown in Table 1.




3.2. Benchmark Working Conditions and Simulation Parameter Settings


In order to study the influence of different factors on pneumatic conveying characteristics, the benchmark working conditions parameters established as follows: the conveying wind speed is 22 m/s, the particle mass flow rate is 0.2 kg/s, the pipe diameter is 85 mm, and the particle size is 3 mm. The simulation grouping and parameters settings are shown in Table 2.



Firstly, the simulation results under the benchmark working condition were analyzed to obtain the general rules. Then, the control variable method was used to simulate and analyze different influencing factors, and the influence of conveying wind speed, particle mass flow, pipe diameter, particle size, and other factors on the pneumatic conveying characteristics was studied.




3.3. Simulation Parameter Settings


The simulation was solved by CFD-DEM coupling. In EDEM, firstly, we import the mesh into EDEM, then create particles, set parameter of particles and pipes according to Table 1. Next, add the contact parameters between particles and particles and between particles and pipes, and set the size of the parameters according to Table 1. At the same time, a particle factory was created 0.2 m away from the inlet in “Geometries”, and mass flow rate of particles was set according to the simulation requirements. The particle contact model was Hertz–Mindlin (no slip) with RVD Rolling Friction, and the particle–pipeline contact model was Hertz–Mindlin with Archard Wear. The direction of gravity acceleration is set to the negative Z-axis, the size is 9.81 m/s2. Finally, the Rayleigh time step is set to 3 × 10−6, and the Cell size is set to 5R.



In Fluent, firstly, we choose 3D double precision for the solver. After, we import the mesh and check, select the pressure base, transient solution, and set the gravitational acceleration to the negative Z-axis, with the size of 9.81 m/s2. Then, connected with EDEM, the solution selection is set as follows:



Models: The model adopts the standard k-ε turbulence model;



Boundary Conditions: Inlet choose the velocity inlet, outlet choose the pressure outlet, hydraulic diameter is set as the size of the actual pipe diameter;



Solution Methods: Choose the SIMPLEC algorithm;



Solution Initialization: Choose the Standard Initialization, and initialize from the inlet;



Finally, we set the time step to 3 × 10−4 and the number of time steps is 12,000.



The simulation parameters as shown in Figure 4.





4. Simulation Results and Analysis


The benchmark working conditions were simulated, and the simulation results show that after entering the pipeline, the particles accelerate forward under the drag force provided by the wind. At the same time, the particles settle down under the action of gravity until they collide with the pipe wall. After obtaining enough momentum, the particles begin to suspend in the pipeline. When the motion reaches dynamic stability, more particles are deposited at the bottom of the pipeline, and the closer to the upper part of the pipe, the fewer the particles, the more obvious the suspension phenomenon.



In the dynamic stability stage of suspension movement, a pipe with a length of 0.5 m at a distance of 7.5–8 m from the inlet was intercepted for analysis. In the process of conveying, the particle velocities at different positions vary greatly, so this paper divides the interception section into three zones: low-speed zone, transition zone, and high-speed zone according to the particle velocity, as shown in Figure 5. The experimental results show that from the high-speed zone to the transition zone to the low-speed zone, the number of particles increases, and the solid phase concentration per unit volume increases. Meanwhile, the collisions between particles and between particles and walls increase, leading to the increase of energy loss. At the same time, the porosity decreases, which leads to the decrease of particle acceleration space and therefore particle velocity decreases.



4.1. Simulation Results and Analysis of Different Conveying Wind Speeds


In order to study the influence of conveying wind speed on the conveying characteristics of particles, the conveying wind speed of other working conditions is set to 18 m/s, 26 m/s, and 30 m/s based on the benchmark working conditions, and the control variable method is used for simulation analysis. The simulation results are as follows. Figure 6a is the fluid dynamic pressure cloud diagram under different conveying wind speeds in the sampling section. It can be seen from (a) that, with the increase of conveying wind speed, the maximum dynamic pressure in the pipe increases from 300 Pa to 758 Pa, and the minimum from 29 Pa to 274 Pa, showing an overall increasing trend. Figure 6b shows the cloud diagram of particle mass concentration changes under different conveying wind speeds in the sampling section. It can be seen from (b) that, with the increase of conveying wind speed, the particle mass concentration in the pipe presents a decreasing trend, and the maximum dynamic pressure and minimum mass concentration appear in the high-speed zone, while the minimum dynamic pressure and maximum mass concentration appear in the low-speed zone.



When the conveying wind speed increases, the dynamic pressure increases and the particle mass concentration decreases. The analysis shows that, when the dynamic pressure increases, the kinetic energy of the particles increases, and the particles will be transported out faster in the pipeline. Meanwhile, the number of particles in the pipeline of the same length decreases, so the particle mass concentration decreases. At this time, the porosity of particles increases, which means that the interval between particles increases, and the probability of particle collision decreases. In actual transportation, collision will lead to breakage, and the breakage of particles reduced by collision will also be reduced. That is, the number of complete particles transported will increase, and the transportation efficiency will increase, which is conducive to the economy of transportation.



Figure 7 shows the relationship between the average velocity of particles in the 0.5 m pipe length in the three zones with time under different conveying wind speeds. It can be seen from Figure 7 that the final stable velocity of particle groups in the three zones differs significantly with the change of conveying wind speed. The larger the conveying wind speed, the sooner the particles arrive at the sampling section, and the smaller the conveying wind speed, the later the time for particles to reach dynamic equilibrium in the sampling section, which is in line with the actual conditions.



Figure 8a shows the average value of the final stable velocity of the particles in the three zones with the change of the conveying wind speed. From (a), we see that with the increase of conveying wind speed, the average velocity of the particle group after stabilization increases approximately linearly, and the value of the average velocity changes greatly. The trend of change is consistent in the three zones. Figure 8b shows the pressure drop of fluid along the pipe under different conveying wind speeds in the sampling section 7.5 m to 8 m away from the inlet. As can be seen from (b), the pressure drop gradually increases with the increase of conveying wind speed, but when the wind speed increases from 18 m/s to 22 m/s, the pressure drop increase rate is small. The pressure drop in gas-solid two-phase flow refers to the size of the driving force being consumed. In this paper, the significance is generally speaking the quantity of transported particles. The higher the mass concentration of particles in the pipe, the fewer particles are transported out and the smaller the pressure drop. Therefore, the pressure drop is changing because when the conveying wind speed is 18 m/s and 22 m/s, the particle mass concentration is large, and the difference is small, and when the conveying wind speed is 26 m/s and 30 m/s, the particle mass concentration is significantly reduced, and the difference is large compared with the previous two working conditions, so there will be a large difference in the change rate of pressure drop, At the same time, when there are more particles in the pipe, the porosity between particles is small, which will lead to the increase of particle collision and energy loss. Therefore, the economic wind speed of this group of simulation is 30 m/s.



Therefore, in actual production, within the range allowed by calculation, the selection of wind speed should consider the collision, pressure drop, conveying efficiency, and other factors. The simulation results show that the conveying effect is better when the conveying wind speed is three times the calculated value based on the theoretical suspension velocity. That is, when    G s    = 0.2 kg/s, d = 3 mm, and D = 85 mm, the conveying effect is ideal when V = 30 m/s is selected.




4.2. Simulation Results and Analysis of Different Mass Flow Rates


In order to study the influence of mass flow rate on the conveying characteristics of particles, the mass flow rate of other working conditions is set to 0.4 kg/s, 0.6 kg/s, or 0.8 kg/s based on the benchmark working conditions, and the control variable method is used for simulation analysis. The simulation results are as follows. Figure 9a is the fluid dynamic pressure cloud diagram under different mass flow rates in the sampling section. Figure 9b shows the cloud diagram of particle mass concentration changes under different mass flow rates in the sampling section. It can be seen from Figure 9 that the overall dynamic pressure in the pipe does not change much with the increase of particle mass flow rate. From the specific value, the maximum value of dynamic pressure in the pipe increases, while the minimum value decreases, showing different changing trends. The increase of particle mass flow rate means that the number of particles in the pipeline increases. However, the conveying wind speed is unchanged, that is, the total energy transferred to the particles by the wind is unchanged. When the number of particles increases, the energy obtained by each particle will decrease, and the dynamic pressure is small, resulting in a small particle velocity. The number of particles suspended in the high-speed zone is little, the kinetic energy of each particle is larger, and the dynamic pressure is larger.



As can be clearly seen from the picture, with the increase of particle mass flow rate, the particle mass concentration in the pipeline also increases, which is in line with the actual situation. From the perspective of the low-speed zone, when the particle mass flow rate increases at the rate of 0.2 kg/s, the increment of particle mass concentration is 73, 60, and 180 respectively, that is, when the particle mass flow rate increases from 0.6 kg/s to 0.8 kg/s, the particle mass concentration changes the most, at this time, the porosity of particles is small, and the collision between particles increases, and it will lead to the increase of breakage in actual transportation.



Figure 10 shows the relationship between the average velocity of particles in the 0.5 m pipes length in the three zones with time under different mass flow rates. It can be seen from Figure 10 that under the condition of a certain conveying wind speed, the increase of particle mass flow rate has almost no effect on the time for the first particle to arrive at the sampling section, but has an impact on the time for the particle group to reach stability in the 0.5 m long sampling section, that is, the greater the particle mass flow rate, the longer the time for dynamic equilibrium. It can also be seen from the figure that the influence of particle mass flow rate on the average velocity of particle groups in the high-speed zone is lower than that in the low-speed zone.



Figure 11a shows the average value of the final stable velocity of the particles in the three zones with the change of the mass flow rates, it can be seen from Figure 11a that in the stability of the conveying stage, with the increase of particle mass flow rate, the average stable speed in the high-speed zone decreases by 1.56, the transition zone decreases by 2.62, and the low-speed zone decreases by 2.97. The overall changes are small, but the change in the high-speed region is the smallest, indicating that the mass flow rate has a greater impact on the low-speed zone when other conditions remain unchanged.



Figure 11b shows the pressure drop of fluid along the pipe under different mass flow rates in the sampling section 7.5 m to 8 m away from the inlet. From Figure 11b, it can be seen that with the increase of mass flow rate, the pressure drops in the 0.5 m long pipeline and increases gradually. Specifically, when the particle mass flow rate is 0.2–0.6 kg/s, the pressure drop increases roughly linearly, and when the particle mass flow rate increases from 0.6 kg/s to 0.8 kg/s, the increase range of pressure drop decreases. From the analysis of the particle mass concentration in the pipe, it can be seen that when the particle mass flow rate increases from 0.6 kg/s to 0.8 kg/s in the low-speed zone, the particle mass concentration increment is 180, indicating that the particle retention time in the pipe becomes longer, and the time used to completely transport the particle out of the pipe increases. The amount of particles output per unit time increases less than when the mass flow rate is 0.6 kg/s, and the pressure drop increases less. More pressure drop indicates that there are many losses in the conveying process. However, when the particle mass flow rate increases from 0.6 kg/s to 0.8 kg/s, the increase rate of pressure drops decreases. In other words, when the particle throughput increases, the increment of pressure drops decreases, indicating the economic mass flow rate of 0.8 kg/s under the working conditions of this group.



This study is for thin phase pneumatic conveying, and the particle mass flow rate is small. From the simulation results, the larger the mass flow rate, the better the conveying effect. However, in the actual transportation, when the particle mass flow rate is too large and the wind speed is unchanged, the particles will be blocked due to the failure to send out in time. Therefore, in the actual production, the particle mass flow rate should be set with a larger value according to the demand of the enterprise on the premise of not causing accumulation and blockage. This group of simulations shows that when V = 22 m/s, d = 3 mm, and D = 85 mm, the conveying effect is better when    G s    = 0.8 kg/s.




4.3. Simulation Results and Analysis of Different Pipe Diameters


In order to study the influence of pipe diameter on the conveying characteristics of particles, the pipe diameter of other working conditions is set to 80 mm, 90 mm, or 95 mm based on the benchmark working conditions, and the control variable method is used for simulation analysis. The simulation results are as follows. Figure 12a is the fluid dynamic pressure cloud diagram under different pipe diameters in the sampling section. Figure 12b shows the cloud diagram of particle mass concentration changes under different pipe diameters in the sampling section. It can be seen from Figure 12 that when other conditions remain unchanged and pipe diameter increases by 5 mm, the numerical variation of dynamic pressure and particle mass concentration in the pipe is small, and the solid phase mass concentration distribution is slightly different. It shows that when the diameter of the pipe is changed in a small range under the condition that conveying wind speed, mass flow rate, and pipe diameter are unchanged, the impact on the motion state of the particles is small.



Figure 13 shows the relationship between the average velocity of particles in the 0.5 m pipes length in the three zones with time under different pipe diameters. It can be seen from Figure 13, the average velocity of particles in the three zones within different pipe diameters is not very different, and the time of first arriving at the sampling section is irregular. From the point of view of the average velocity after stable conveying, the change of pipe diameter in a small range has little influence on the average velocity of conveying particles in each region. On the local magnified view after the convey is stabilized, we can see that the speed changes with time in the high-speed zone are more severe than in the transition zone and the low-speed zone.



Figure 14a shows the average value of the final stable velocity of the particles in the three zones with the change of the pipe diameters, Figure 14b shows the pressure drop of fluid along the pipe under different pipe diameters in the sampling section 7.5 m to 8 m away from the inlet. From the specific value of Figure 14a, with the increase of pipe diameter, the average velocity in the high-speed zone decreases with a small value, and the average velocity of particles in the transition zone and the low-speed zone is the smallest when the pipe diameter is 90 mm, showing different changing trends. From Figure 14b, in the 0.5 m long pipe, when the conveying wind speed is 22 m/s and the particle mass flow rate is 0.2 kg/s, the pressure drop in the pipe gradually decreases with the increase of the pipe diameter. The pressure drop decreases linearly when the pipe diameter increases from 80 mm to 90 mm, and the pressure drop decreases becomes smaller when the pipe diameter increases from 90 mm to 95 mm. Pressure loss in gas-solid two-phase flow includes accelerated pressure loss, frictional pressure loss, gravitational compression, and local pressure loss. The analysis of the changes of pressure loss in different pipe diameters shows that when the pipe diameter increases from 80 mm to 90 mm, the average velocity of particles in the pipe gradually decreases, which means that acceleration decreases with the increase of pipe diameter, so accelerated pressure loss decreases. When the pipe diameter increases from 90 mm to 95 mm, the average velocity of particles in the low-speed zone and transition zone increases slightly, while the average velocity of particles in the high-speed zone decreases. Therefore, when the pipe diameter increases from 90 mm to 95 mm, the accelerated pressure loss is less than that in the previous working condition. Under the condition of constant wind speed, with the increase of pipe diameter, the flow of wind in the pipe increases. In actual production, larger pipe diameter requires the use of more powerful fans, so the actual power consumption will also increase. From the analysis of pressure drop, when the pipe diameter increases, the pressure drop does not decrease much. At the same time, large diameter pipe will also consume more raw material. Therefore, considering the actual power consumption and the raw materials for the pipes, the economic diameter of this group of working conditions is 80 mm.



Therefore, in actual production, because pipe diameter has little influence on particle velocity and pipe pressure drop, taking into account power consumption in actual production and pipe consumables, pipe diameter should be set to a small value. This group of simulations shows that when V = 22 m/s,    G s    = 0.2 kg/s, and d = 3 mm, the conveying effect is more ideal when D = 80 mm.




4.4. Simulation Results and Analysis of Different Particle Sizes


In order to study the influence of particle size on the conveying characteristics of particles, the particle size of other working conditions is set to 2 mm, 4 mm, or 5 mm based on the benchmark working conditions, and the control variable method is used for simulation analysis. The simulation results are as follows. Figure 15a is the fluid dynamic pressure cloud diagram under different particle sizes in the sampling section. Figure 15b shows the cloud diagram of particle mass concentration changes under different particle sizes in the sampling section.



It can be seen from Figure 15 that the dynamic pressure of the fluid in the three zones has little change under different particle sizes, while the mass concentration of the particles in the low-speed zone changes significantly when the particle size increases from 4 mm to 5 mm. When the mass flow rate of particles is the same, the change of particle size will affect the number of particles. If the mass flow rate is the same, the total mass of different particle sizes in unit time is the same. Under the condition of constant density, the larger the particle size, the larger the mass of a single particle, so the total number of particles will be reduced. In Figure 15a, the dynamic pressure of particles with different particle sizes changes little, indicating that the total energy obtained by particles has little difference, that is, the average velocity difference of particle groups is small. In Figure 15b, the abrupt change of particle mass concentration in the low-speed region indicates that the total mass of particles with 5 mm diameter is more than that of particles transported out of the pipeline in the same time.



Figure 16 shows the relationship between the average velocity of particles in the 0.5 m pipes length in the three zones with time under different particle sizes. As can be seen from Figure 16, the first time for particles of different sizes to reach the sampling segment varies slightly in the three zones. The first arrival time of particles with different sizes in the low-speed zone is almost the same, while the time when the high-speed zone and the transition zone first reach the sampling section is significantly different than that in the low-speed zone. In addition, the average velocity of 2 mm particle group in the sampling section reaches dynamic equilibrium first.



Figure 17a shows the average value of the final stable velocity of the particles in the three zones with the change of the particle sizes, Figure 17b shows the pressure drop of fluid along the pipe under different particle sizes in the sampling section 7.5 m to 8 m away from the inlet. It can be seen from Figure 17a that the average velocity of particle groups in the three zones decreases approximately linearly with the increase of particle size, and the change trend is consistent. The decreases in the three zones are 2.26, 2.23, and 2.28 respectively. It can be seen from Figure 17b that the pressure drops inside the 0.5 m length pipe gradually increases with the increase of particle size, and the pressure drop increases by 0.8, 0.5, and 1.2, respectively. The pressure drop increases the most when the particle size increases from 4 mm to 5 mm. From the analysis of particle mass concentration, when the particle size increases from 4 mm to 5 mm, the mass concentration of particles in the low-speed zone changes greatly, indicating that there is a large difference in the quantity of particles in the conveying pipe, so the pressure drop is large. From the analysis of particle size, the larger the particle size, the greater the loss caused by the collision, the more energy the wind pressure is used to compensate for the collision, and the pressure drop in the pipeline will increase.



Generally speaking, when the particle size increases, the average velocity of the particle group decreases in the three zones, and the pressure drop gradually increases. However, the specific numerical changes are not significant, that is, under the condition of a certain conveying wind speed, mass flow rate, and pipe diameter, the change of particle size in a small range has little influence on the conveying characteristics. From the suspension velocity formula, the larger the particle size is, the larger the wind speed required for suspension motion is. From Figure 17a, when the particle size increases from 2 mm to 3 mm, the stability velocity of the particle group decreases less. Therefore, in order to achieve good fluidity, the velocity should not be too small, so the particle size of 3 mm under this group of working conditions is the economic particle size.



Therefore, in the actual production, when transporting large particle materials, it is necessary to provide greater wind speed. This group of simulations shows that when V = 22 m/s,    G s    = 0.2 kg/s, and D = 85 mm, the conveying effect is better when d = 3 mm.





5. Conclusions


In this paper, through the analysis of the simulation experimental results, the influence of different factors on the conveying characteristics is obtained, which is as follows:




	
The conveying wind speed has the greatest influence on pneumatic conveying. With the increase of conveying wind speed, the dynamic pressure increases, while the mass concentration of particles decreases. The final stable velocity of the particle group in the three zones increases linearly with the increase of the conveying wind speed, and the greater the wind speed, the shorter the time for the particles to reach the dynamic stability. The pressure drops in the pipe also increased with the increase of the conveying wind speed, but the change rate of pressure drop was small when the conveying wind speed increased from 18 m/s to 22 m/s. In actual production, the greater the wind speed, the greater the required fan power and the more power consumption, so the selection of wind speed should be a comprehensive consideration of collision, pressure drop, transport efficiency and other factors.



	
Particle mass flow rate has great influence on mass concentration. With the increase of particle mass flow rate, the maximum value of dynamic pressure increases and the minimum value decreases, showing different changing trends, and the particle mass concentration increases obviously. With the increase of the mass flow rate, the final stable velocity of the particle group in the three zones decreases, and the smaller the mass flow rate, the shorter the time for the particle group to reach the dynamic stability. The pressure drops also increased with the increase of mass flow rate, but when the mass flow rate of particles increased from 0.6 kg/s to 0.8 kg/s, the increase of pressure drop decreased. In the actual production, when the particle mass flow rate is too large and the wind speed is unchanged, the particles will be blocked due to the failure to send out in time. In this paper, it is thin phase transportation, and no blockage occurs.



	
Pipe diameter has little effect on conveying characteristics. When the pipe diameter is changed in a small range, the dynamic pressure in the tube and the mass concentration of the particles have little effect. The final stable velocity of the particle group in the high-speed zone decreases with the increase of the diameter of the pipe, while the transition zone and the low-speed zone first decrease and then increase. Generally speaking, the velocity values change little. The pressure drops decrease with the increase of pipe diameter. In actual production, the pipe diameter has little influence on particle movement, so the selection of pipe diameter should refer to the pipeline consumables and the power of the fan.



	
Particle size has some influence on pneumatic conveying. With the increase of particle size, the change of dynamic pressure is not obvious, and the particle mass concentration changes greatly when the particle size increases from 4 mm to 5 mm. The final stable velocity of particle groups in the three zones decreases with the increase of particle size. The pressure drop increases with the increase of particle size, and when the particle size increases from 4 mm to 5 mm, the pressure drop increases the most. In actual production, it is known from the suspension speed formula that a larger wind speed should be provided when transporting large-sized particle materials to ensure good fluidity of particles.
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Nomenclature




	V
	Conveying wind speed, m/s



	    G s    
	Mass flow rates, kg/s



	D
	Pipe diameters, mm



	d
	Particle size, mm



	    u b    
	airflow velocity, m/s



	    ρ a    
	air density, kg/m3



	    ρ b    
	particle density, kg/m3



	  μ  
	aerodynamic viscosity



	    v a    
	gas velocity, m/s



	    v b    
	solid velocity, m/s



	    ε a    
	volume concentration of the gas



	    ε b    
	volume concentration of the solid



	    μ a    
	effective viscosity of gas



	    μ b    
	effective viscosity of solid



	P
	gas phase pressure



	β
	drag coefficient
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Figure 1. Particle feed morphology. 
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Figure 2. Discrete element model of particle feed. 
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Figure 3. Horizontal pipe meshing. 
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Figure 4. Simulation model parameters. 
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Figure 5. Horizontal cross-sectional partition cloud diagram. 
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Figure 6. Distribution cloud diagram of fluid dynamic pressure and solid mass concentration under different conveying wind speeds. (a) Fluid dynamic pressure cloud diagram, Pa; (b) particle mass concentration cloud diagram, kg/m3. 
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Figure 7. Variation of average particle velocity with time under different conveying wind speeds. 
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Figure 8. Velocity and pressure drop change curve with conveying wind speed. (a) Variation of average value of final stable velocity with conveying wind speed; (b) Variation of pipe pressure drop with conveying wind speed. 
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Figure 9. Distribution cloud diagram of fluid dynamic pressure and solid mass concentration under different mass flow rates. (a) Fluid dynamic pressure cloud diagram, Pa; (b) particle mass concentration cloud diagram, kg/m3. 
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Figure 10. Variation of average particle velocity with time under different mass flow rate. 
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Figure 11. Velocity and pressure drop change curve with mass flow rate. (a) Variation of average value of final stable velocity with mass flow rate; (b) Variation of pipe pressure drop with mass flow rate. 
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Figure 12. Distribution cloud diagram of fluid dynamic pressure and solid mass concentration under different pipe diameters. (a) Fluid dynamic pressure cloud diagram, Pa; (b) particle mass concentration cloud diagram, kg/m3. 
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Figure 13. Variation of average particle velocity with time under different pipe diameters. 
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Figure 14. Velocity and pressure drop change curve with pipe diameter. (a) Variation of average value of final stable velocity with pipe diameter; (b) variation of pipe pressure drop with pipe diameter. 
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Figure 15. Distribution cloud diagram of fluid dynamic pressure and solid mass concentration under different particle sizes. (a) Fluid dynamic pressure cloud diagram, Pa; (b) particle mass concentration cloud diagram, kg/m3. 
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Figure 16. Variation of average particle velocity with time under different particle sizes. 
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Figure 17. Velocity and pressure drop change curve with pipe diameter. (a) Variation of average value of final stable velocity with particle size; (b) variation of pipe pressure drop with particle size. 
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Table 1. Pipe and particle parameters.
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	Parameters
	Pipeline
	Particle





	Density (kg/m3)
	1200
	800



	Poisson’s ratio
	0.4
	0.4



	shear modulus (Pa)
	1.07 × 109
	3.93 × 107



	coefficient of collision restitution
	0.5
	0.53



	coefficient of static friction
	0.5
	0.41



	coefficient of rolling friction
	0.01
	0.08










[image: Table] 





Table 2. Simulation grouping and parameters settings.
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	Conveying Wind Speed (m/s)
	Particle Mass Flow Rate (kg/m3)
	Pipe Diameter (mm)
	Particle Size

(mm)





	1
	18
	0.2
	85
	3



	2
	22
	0.2
	85
	3



	3
	26
	0.2
	85
	3



	4
	30
	0.2
	85
	3



	5
	22
	0.4
	85
	3



	6
	22
	0.6
	85
	3



	7
	22
	0.8
	85
	3



	8
	22
	0.2
	80
	3



	9
	22
	0.2
	90
	3



	10
	22
	0.2
	95
	3



	11
	22
	0.2
	85
	2



	12
	22
	0.2
	85
	4



	13
	22
	0.2
	85
	5
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