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Abstract

:

The pneumatic centralized fertilizer discharge system is an important part of pneumatic fertilization machinery and mainly includes a fertilizer discharge device, an air–fertilizer mixing device and a pneumatic distribution device. In this paper, the mechanical structure, key parameters and research methods of pneumatic centralized discharge devices, air–fertilizer mixing devices and pneumatic distribution devices at home and abroad are briefly analyzed. The advantages and disadvantages of these existing devices are summarized, the existing problems are discussed and improvement methods are put forward. In this paper, the structural adaptability, uniformity and stability of the fertilizer discharge of different types of fertilizer discharge devices, such as external groove wheel types, spiral types and centrifugal types, are comprehensively analyzed. The working principle of air–fertilizer mixing devices using the Venturi effect to achieve the uniform mixing of fertilizer and airflow is expounded. The effects of air–fertilizer mixing devices with different structural forms and parameters on mixing performance and the motion characteristics of air–solid two-phase flows are analyzed. The influence of the internal structure, key parameters and distribution mode of pneumatic distribution devices on the uniformity and accuracy of fertilizer distribution are analyzed. This paper focuses on how to improve the uniformity, stability and consistency of discharge across rows provided by the pneumatic centralized fertilizer discharge system. The research status and progress made regarding the core components of the pneumatic centralized fertilizer discharge system at home and abroad are summarized. Based on different research results, the key factors and methods for improving the uniformity of fertilizer discharge are discussed.
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1. Introduction


As a strategic material to increase crop yield and ensure food security, fertilizer plays an important role in agriculture [1]. Reasonable fertilization and improving the utilization rate of chemical fertilizers can achieve not only a high quality and high yield of grain but also sustainable agricultural development. The traditional mechanical fertilization device has the problems of uneven fertilizer discharge, poor stability and low efficiency, and it does not meet the requirements of modern agriculture, including a high speed, wide width, high precision and high efficiency [2,3].



Pneumatic conveying technology for bulk materials, as a well-established and widely used material transportation method in the industrial sector, is particularly suitable for the continuous, efficient, and contactless transportation of granular, powdered, and other bulk materials. By precisely controlling airflow speed, pneumatic conveying technology ensures rapid, continuous, and uniform material transport. The design of agricultural equipment often draws on cutting-edge design ideas and research results from the industrial sector. In the agricultural field, the use of pneumatic conveying technology, especially in fertilizer application, pneumatic collection and discharge fertilizer systems that pneumatically transport fertilizer particles through pipelines not only improves the uniformity and efficiency of fertilization, but also reduces fertilizer waste and environmental pollution.



In recent years, the pneumatic centralized fertilization method has developed rapidly. It has the advantages of high accuracy, a simple structure and strong reliability. It can realize the uniform discharge of granular fertilizer. By controlling the speed and direction of the airflow, granular fertilizer can be accurately transported to the target area to ensure the uniformity and consistency of fertilization [4,5,6,7]. In the pneumatic centralized fertilizer discharge system, fertilizer is pneumatically transported through the pipeline. During the discharge process, the fertilizer particles are suspended, and the system has good adaptability to the size and shape of the fertilizer particles. Long-term contact and friction are not required to reduce the loss of fertilizer [8,9,10]. Compared with the traditional mechanical fertilization method, the pneumatic drainage system can maintain the integrity and nutritional value of the fertilizer to the greatest extent [11].



This paper introduces the mechanical structure and working principle of the pneumatic centralized fertilizer discharge system and presents a brief comprehensive analysis of the mechanical structure, key parameters and research methods of the pneumatic centralized fertilizer discharge device, air–fertilizer mixing device and pneumatic distribution device at home and abroad, summarizing the advantages and disadvantages of these existing devices and putting forward the existing problems and improvement methods. By analyzing the relationship between the structure and working parameters of each component of the pneumatic centralized fertilizer discharge system, it provides technical reference and theoretical support for the mechanical design and structural optimization of the pneumatic centralized fertilizer discharge system and points out the future research focus of the pneumatic centralized fertilizer discharge system in order to provide reference for the development of pneumatic fertilization machinery.




2. Mechanical Structure and Working Principle of Pneumatic Centralized Fertilizer Discharge System


The pneumatic centralized fertilizer discharge system is an important part of pneumatic fertilization machinery and mainly includes a fertilizer discharge device, an air–fertilizer mixing device and a pneumatic distribution device [12], as shown in Figure 1. The working process of the pneumatic centralized fertilizer discharge system is divided into four stages: fertilizer supply, fertilizer mixing, fertilizer distribution and fertilizer discharge [13,14,15]. The fertilizer discharge device discharges the fertilizer in the fertilizer box quantitatively, and the fertilizer particles enter the air–fertilizer mixing device via their own gravity and pressure difference. The air–fertilizer mixing device uses the Venturi principle to mix the quantitatively supplied fertilizer particles with the high-speed airflow to form an air–fertilizer mixed flow. The air–fertilizer mixed flow enters the bellows through the bend pipe, forms a uniform air–fertilizer mixed flow and enters the pneumatic distribution device. The distribution device evenly distributes the mixed flow to each fertilizer outlet. The allocated air–fertilizer mixture flows through the fertilizer discharge pipe to the opener, and the fertilizer is discharged into the soil [16,17,18,19].




3. Research Status of Fertilizer Discharge Devices


The fertilizer discharge device is a key component of the pneumatic centralized fertilizer discharge system. During the working process, the fertilizer discharge device discharges the fertilizer into the pneumatic conveying system. Under the action of high-speed airflow, the fertilizer is transported along the pipeline at a fixed point, and, finally, it is evenly distributed to each row and discharged from the fertilizer outlet [20,21,22,23]. In recent years, scholars at home and abroad have conducted extensive research on fertilizer discharge devices and achieved good results.



Aiming to solve the problem of poor uniformity of fertilizer discharge caused by the fluctuation of fertilizer discharge with time in the process of fertilizer transportation, Yang et al. [24] selected Russian Akang compound fertilizer (density 1320 kg/m3, diameter 3.6 mm) and studied the influence of the length and angle of the fertilizer outlet on the uniformity of fertilizer discharge. Their results showed that the length and angle of the fertilizer outlet had a significant effect on the performance of fertilizer discharge. When the angle of the fertilizer outlet was 135° and the length was 60 mm, the effect of fertilizer discharge was the best. The structure of a spiral fertilizer discharger is shown in Figure 2.



To achieve quantitative and variable fertilization, Lei et al. [25] designed a screw-type fertilizer feeding device, as shown in Figure 3. This fertilizer feeding device can realize variable, quantitative and centralized fertilizer discharge, and it meets the requirements of fertilization stability in agricultural production, but it is not suitable for fertilizers with a high powder content.



To improve the efficiency of fertilizer utilization, Du et al. [26] developed a hole fertilizer device and, using the simulation analysis method, studied the influence of the length of the fertilizer hole, the working speed and the airflow speed on the amount of fertilizer discharged. Their results showed that the airflow had a significant effect on the performance of the hole. Dun et al. [27] developed a double-gear fertilizer discharger. Taking the pressure angle of the fertilizer discharge wheel and the theoretical gap of the fertilizer discharge as the test factors, the quadratic general rotation combination test was used to establish a regression equation. The test results showed that changing the rotation speed of the fertilizer wheel could achieve the linear adjustment of the amount of fertilizer discharged. Liu et al. [28] improved the screw fertilizer device, as shown in Figure 4. Through a comparative analysis of the three hole structures, namely the symmetrical hole, the inclined hole and the straight hole, it was determined that the inclined hole had the best fertilizer discharge performance, and, within a certain range, the fertilizer discharge rate had a linear relationship with the rotation speed.



In order to improve the performance of fertilizer discharge and reduce the requirements of fertilizer discharge devices to accommodate for fertilizer morphological characteristics, Chen et al. [29] developed a two-stage spiral fertilizer discharge device. Batian compound fertilizer and powdered rice special fertilizer developed by South China Agricultural University were selected as experimental fertilizers (moisture content 2.0–10.8%). The results showed that there was a linear relationship between the amount of fertilizer discharged by the spiral fertilizer discharger and the rotational speed at 10~200 r/min, and the overall linear determination coefficient was greater than 0.998. The spiral fertilizer device had a good effect on powder fertilizer and granular fertilizer after moisture absorption. Zhang et al. [30] used a spiral grooved wheel instead of a straight grooved wheel, and they optimized the key structural parameters of the spiral grooved wheel fertilizer discharger. Discrete element method was used to compare and analyze the different spiral angles of the spiral grooved wheel fertilizer discharger, and it was concluded that, when the spiral angle of the spiral grooved wheel was 60.83°, the fertilizer discharge performance was the best. The structure of the spiral grooved wheel fertilizer discharger is shown in Figure 5.



To address the issues of the poor uniformity and the unstable fertilizer discharge performance of side-deep fertilizer applicators in paddy fields, Wang et al. [31] developed a conical disc push-plate double-row fertilizer discharger. By constructing a mechanical model and performing a simulation analysis, it was concluded that when the number of push plates was eight, the performance of the fertilizer discharger was the best. Bangura et al. [32] designed a spiral grooved wheel fertilizer device to replace the traditional straight grooved wheel fertilizer device. The measured three-axis sizes of the two fertilizers (compound fertilizer and urea fertilizer) were small, and the sphericity was greater than 90%. They used the discrete element method (DEM) to compare and analyze the fertilizer discharge performance of the two grooved wheel mechanisms. The research showed that the uniformity of the spiral grooved wheel was obviously better than that of the straight grooved wheel. Gao et al. [33] designed a type of staggered symmetrical spiral groove seed feeding wheel, as shown in Figure 6. A full factor simulation test was carried out on the inclination angle and length of the spiral groove, and it was concluded that the staggered symmetrical spiral groove metering wheel greatly improved the uniformity of seeding.



Aiming to solve the problem of fertilizer particles having strong hygroscopicity and often agglomerating, which leads to the problem of the outer groove wheel fertilizer discharger easily becoming blocked, Song et al. [34] studied the influence of the different working parameters of a spiral grooved wheel on fertilizer discharge performance, and they determined the best working parameter combination for spiral grooved wheels. Sugribay et al. [35] designed a pin-roller metering device, as shown in Figure 7, which can improve the discharge and uniformity of granular fertilizer.



To solve the problem of uneven fertilization, Dun et al. [36] designed a type of helical fertilizer discharger with an inclined mouth. In an experimental study, urea fertilizer (equivalent diameter 2.05 mm, density 0.948 g/cm3) was selected, the length, angle and width of the inclined mouth were taken as the experimental factors, and the flow rate and coefficient of variation were taken as the indices. The results showed that when the rotation speed was 60 r/min, the variation coefficient of the amount of fertilizer discharged by the inclined spiral fertilizer discharger was 13.59%, and the fertilizer discharge performance was better. Gao et al. [37] designed an inclined slot-type fertilizer discharge device, as shown in Figure 8. Through a theoretical analysis and model calculations of the fertilizer filling stage and fertilizer discharge stage of the fertilizer discharge device, the optimal parameter combination for fertilizer discharge was determined.



In view of the lack of in-depth research on the related theory and analytical models of fertilizer dispensers, Liu et al. [38] established a motion model of fertilizer particles in fertilizer dispensers. The quadratic regression orthogonal rotation combination test was used to determine the optimal horizontal inclination of fertilizer dispensers, and it was found that the angle is 30.4°, the cone disc speed is 130 r/min, and the radial deflection angle of the push plate is 3.2°. Lv et al. [39] designed a screw-propelled fertilizer applicator which uses two sets of opposite spirals symmetrically arranged on the same axis and fertilizes two rows of crops at the same time. A test showed that the relative error of single-rotation displacement was 1.6% and the rotation speed and displacement were linear.



To sum up, at present, the fertilizer discharge devices studied and designed at home and abroad mainly include outer groove wheel types, air delivery types, centrifugal types and spiral types, among which the outer groove wheel-type and spiral-type fertilizer discharge devices are the most widely used [40,41,42,43,44,45]. The outer groove wheel-type fertilizer discharge device has a simple structure, easy operation and low price, and it can meet the needs of large fertilizer discharge [46,47].



There are various types of grooved wheels in outer groove wheel-type fertilizer dischargers: the straight grooved type, the inclined grooved type and the staggered grooved type [48,49,50,51]. The traditional straight grooved pulley has a simple structure, but it has problems relating to broken fertilization bars and pulsation [52]. The interlaced straight grooved wheel type adopts the interlaced form of bilateral tooth grooves to discharge fertilizer, thus avoiding the discontinuous and pulsating phenomenon of fertilizer discharge caused by the grooves and groove teeth of the straight grooved wheel [53]. The inclined grooved wheel type can promote the continuous discharge of fertilizer particles through the continuous rotation of its spiral, which increases the uniformity of fertilization [54]. A spiral fertilizer discharge device has a simple structure and convenient operation. It is suitable for granular fertilizer with good fluidity. The linear adjustment of fertilizer discharge can be realized by changing the rotation speed of the fertilizer discharge wheel, which improves the accuracy of fertilizer discharge and results in good fertilizer discharge performance [55].



Spiral fertilizer discharge devices belong to various types, including the spiral propulsion type, the spiral combination type, the inclined spiral type, and the staggered symmetrical spiral groove type. Spiral propulsion fertilizer discharge devices are suitable for loose fertilizer and compound granular fertilizer with good fluidity, but can easily cause the extrusion deformation and crushing of fertilizer particles during the working process. Spiral combined fertilizer discharge devices have a large amount of fertilizer and good uniformity of fertilizer discharge, but the structure is more complicated. The structure of inclined spiral fertilizer discharge devices is relatively simple and is suitable for dry and loose fertilizers. The fertilizer discharge performance is good, but it is not suitable for the discharge of fertilizers with strong hygroscopicity, which is prone to overhead and broken bars. The filling rate of the spiral blade gap of staggered symmetrical spiral groove type fertilizer discharge devices is reduced, which avoids the problem of excessive filling of the fertilizer, and these devices have the characteristics of uniform fertilizer discharge, not being easy to block, and strong adaptability to the fertilizer.




4. Research Progress of Air–Fertilizer Mixing Devices


The air–fertilizer mixing device is a core component of the pneumatic centralized fertilizer discharge system, using high-speed airflow to mix the air–solid two-phase flow evenly. The air–fertilizer mixing device uses the Venturi effect to achieve the uniform mixing of the airflow and fertilizer. It is a key component in achieving continuous fertilizer supply. Scholars at home and abroad have conducted extensive research on the internal structure and key parameters of air–fertilizer mixing devices, achieving good results. Yang et al. [12] designed an air–fertilizer mixing device for the problem of fertilizer falling into the fertilizer inlet of the fertilizer discharge system, as shown in Figure 9. The commercial compound fertilizer was selected, with an equivalent diameter of 3.26 mm and a density of 1448 kg/m3. Through a theoretical analysis, the optimal parameters for fully mixing the fertilizer and airflow field in the air–fertilizer mixing device were determined.



Addressing the issue of the uneven distribution of fertilizers during the fertilization process in paddy fields, Hu et al. [56] designed a Venturi tube mixing cavity and analyzed the flow field. According to the angle between the fertilizer inlet and the air inlet, mixing chambers can be divided into the right angle type, the acute angle type and the obtuse angle type, as shown in Table 1. This study showed that when the diameter of the mixing chamber was 15 mm, and the fertilizer inlet and the air inlet were acutely angled, the air–fertilizer mixing uniformity was better, there was no backflow at the fertilizer outlet, and fertilizer transportation was faster and smoother.



Li et al. [57] used the discrete element method and computational fluid dynamics to carry out air–solid coupling numerical research on the air–fertilizer mixing device of a rice fertilizer applicator. The movement law of airflow and fertilizer particles was analyzed by studying the influence of the internal structure parameters, air inlet pressure and fertilizer discharge rate of the air–fertilizer mixing device. In order to improve the uniformity of the Venturi feeding tube, Gao et al. [58] analyzed the variation in the internal flow field under different contraction angles of the nozzle port by using the coupling simulation method. It was concluded that when the contraction angle was 70°, the pneumatic conveying effect was the best, and the coupling field did not appear. The phenomenon of blockage and accumulation, in addition to transportation, was continuous and smooth. The test showed that the main factors affecting the uniformity of seed supply were displacement and wind speed. The structure of the seed supply tube is shown in Figure 10.



To increase the uniformity of fertilizer discharge, Jia et al. [59] designed a mixed fertilization device. Through simulation experiments, the movement law of the fertilizer particles in the fertilizer mixer was analyzed, and the optimal structural parameters of the fertilizer mixer were determined. Zhang et al. [60] designed a Venturi fertilizer applicator and analyzed its performance by carrying out a numerical simulation. Ma et al. [61] studied the influence of the structural parameters of the Venturi tube on the variation characteristics of the airflow field during the pneumatic conveying process, and they determined the optimal parameter combination of the Venturi tube. Lei et al. [62] designed a seed supply device, as shown in Figure 11. The discrete element method and computational fluid dynamics coupling method were used to simulate the influence of the throat section structure, throat length, airflow inlet velocity and inlet velocity on the seed motion characteristics in the airflow field, and the optimal structural parameters of the seed supply device were determined.



In order to improve the uniformity of feeding, Li et al. [63] designed a Venturi feeder, and they studied the characteristics of the internal flow field of the feeder and the influence of different structural parameters on the performance of pneumatic conveying. Their research showed that the material conveying performance of the feeder is good, but, inside the feeder, pile up and blockage easily occur, and the structural design needs to be improved. Wang et al. [64] designed a forced discrete mixed fertilizer system. Its working principle is that several fertilizer particles are blown into a discrete state in the pipeline by means of the strong air flow generated by a fan, and then several fertilizer particles are fully mixed through the mixing device. Khasanov et al. [65] established a mathematical calculation model for the pneumatic distribution system of a seeder by using the two-phase flow mechanics method, analyzed the flow characteristics of the air–solid mixed flow in the spiral mixer and determined the optimal structural parameters of the mixer.



In summary, most air–fertilizer mixing devices are designed according to the Venturi principle. The structural parameters affect not only the movement characteristics of fertilizer particles and the uniformity of air–fertilizer mixing but also the overall pressure loss of the pneumatic centralized fertilizer discharge system. Designing a suitable air–fertilizer mixing device is of great significance for the continuous and smooth discharge of fertilizer and for reducing energy loss.




5. Research Progress of Pneumatic Distribution Devices


The pneumatic distribution device is a core component of the pneumatic centralized fertilizer discharge system, and it evenly distributes the mixed flow of air and fertilizer to each row of fertilizer outlets to achieve high-speed and uniform fertilization [66]. Domestic and foreign scholars have conducted extensive research on the mechanical composition, internal structure, and key parameters of pneumatic fertilizer separation devices, achieving good research results.



To improve distribution uniformity, Wang et al. [67] developed a dome-shaped distribution device, as shown in Figure 12. The relationship between the dome-shaped surface equation of the distribution device and the key parameters was analyzed. The DEM-CFD air–solid coupling simulation was used to study the influence of the radius of the sphere where the dome-shaped upper arc plate is located, the length of the diversion baffle and the height of the seed guide on the consistency of the displacement of each row of the dome-shaped distribution device.



To enhance the working performance of fertilizer applicators. Ma et al. [68] optimized the design of a distribution head. In order to study the influence of different types of end caps on the internal flow field characteristics, parallel, convex arc and concave cone end caps were compared and analyzed. The results showed that the distribution head of the concave cone end cap had a small gradient of flow velocity, and there was no eddy current zone or retention zone, which is beneficial for the uniform distribution of air–solid two-phase flow. Dai [69] developed a distributor, as shown in Figure 13. Through a CFD simulation analysis and bench test, the distribution uniformity of the distributor was studied. The results showed that the distribution uniformity of the distributor was related to the input air pressure and the diameter of the bellows. The best inlet diameter for the distributor was 58 mm, and the best outlet diameter was 20 mm.



In order to improve the uniformity and stability of fertilizer distribution, Yang et al. [70] designed a fertilizer adjustment device, as shown in Figure 14. The density of the granular compound fertilizer measured by means of the fine salt filling method was 1476 kg/m3, the average triaxial size was 3.686 × 3.369 × 3.076 mm, and the sphericity rate was 0.91. In the simulation model, the fertilizer particles were simplified to a sphere with a diameter of 3.38 mm. The research showed that, when the cone angle θ of the rotating cone was 120°, it could effectively avoid the turbulence inside the distribution mechanism and improve the stability and reliability of the fertilizer distribution.



To enhance the uniformity and accuracy of granular fertilizer distribution, Yang et al. [71] used the CFD-DEM coupling simulation method to study the flow characteristics of fertilizer particles in a pneumatic centralized fertilizer distribution device. Three kinds of compound fertilizers (Stanley, Woft, Sakefu) were selected as the research objects. The fertilizer particles were regarded as spheres with a diameter of 3.56 mm. The average density of the three fertilizers was 1461 kg/m3. The results showed that when the cone angle of the distributor cap was 120° and the diameter of the bellows was 80 mm, the flow and uniformity of the air–fertilizer two-phase flow in the fertilizer distribution device were optimal. The distribution device is shown in Figure 15.



To determine the optimal combination of key parameters for distributors, YATSKUL et al. [72] carried out theoretical analysis and experimental research on the pneumatic conveying system of a pneumatic centralized seeding machine. Their research showed that three parameters affected the conveying performance of the materials in the pipeline, namely wind speed, material concentration and pipe diameter, and that the geometric shape and structural parameters of the distribution device were among the most critical aspects of the conveying system. By comparing several commonly used outlet pipe diameter parameters, the optimal outlet pipe diameter of the distributor was determined.



Reich et al. [73] invented a pneumatic distribution device, as shown in Figure 16, which achieved the uniform distribution and efficient utilization of granular materials through clever design and technological innovation. This device utilizes aerodynamics to achieve uniform distribution and efficient utilization of particle materials, cleverly combining pneumatic conveying and distribution technology to improve the uniformity of particle material distribution.



Mudarisov et al. [74] numerically simulated the air–solid two-phase flow in a pneumatic centralized seeder distribution system, which provided a reference for studying and improving the structural parameters of pneumatic centralized distribution systems.



Wang et al. [75] invented a pneumatic centralized spatial layered fertilization device which achieved the uniform distribution and efficient utilization of fertilizers through clever design and technological innovation. The distributor of this device is one of its core components, consisting of a distributor housing and a distributor conical cap. The design of the distributor housing takes into account the fluidity and distribution requirements of the fertilizer, while the conical cap guides and controls the flow path of the fertilizer through its unique shape and structure.



Kirchmayr et al. [76] invented a distributor head for a fertilizer applicator, as shown in Figure 17. The design of the distributor head is very clever. It combines pneumatic distribution elements, blocking elements, and return devices, which can solve the problem of blockage during material transportation, achieve the efficient and precise control of granular fertilizers, and improve the uniformity of fertilizer distribution.



Bourges et al. [77] determined the minimum velocity of the air–solid mixed flow in a distribution device by carrying out a numerical analysis of the flow characteristics of the air–solid mixed flow in the distribution device. Zhang et al. [78] designed a pneumatic distribution system. Through a CFD simulation analysis and theoretical research, it was concluded that when the pipe diameter was 50 mm, the corrugated length was 16 mm, the cone angle of the distributor outer cover was 120°, and the corrugated pipe angle was 90°, the distribution system had the best distribution effect. Hu et al. [79] studied the influence of different structural and working parameters of a distribution device on the seed motion characteristics and airflow field, and they determined the optimal diameter–height ratio, inner cone angle and streamline structure of the distributor.



Brüggemann et al. [80] invented a distribution device which can realize the rapid and accurate transportation of granular fertilizer under the action of high-speed airflow and improve the transportation efficiency of fertilizer. Horsch et al. [81] invented a distribution device that can switch between single-row and multi-row fertilization. This flexibility allows the distribution device to adapt to a variety of different operating scenarios and improves the accuracy and reliability of fertilization. Pirkenseer et al. [82] invented a distribution device, as shown in Figure 18, which achieves the efficient and uniform distribution of fertilizers by skillfully using the design of airflow and distribution head. The core component of this distribution device is a circular distribution head, which is surrounded by multiple outlets. In the manifold head, a central manifold air volume flow is converted into multiple manifold part air volume flow according to the number of outlets, improving the uniformity of fertilizer distribution and ensuring the consistency of each row displacement.



In summary, the structural forms of distribution devices mainly include flat-topped, cone-topped and dome-topped forms, among which the dome-topped form is the most widely used [83,84,85,86,87]. Corrugated pipes are often used at the inlet of the distributor to increase the mixing uniformity of the air–solid two-phase flow [88]. The internal structure, key parameters and distribution mode of the distribution device have a great influence on the uniformity and accuracy of fertilizer distribution. It is of great significance to study the different structures and working parameters of the distribution device to improve the uniformity of fertilizer distribution and the consistency of row displacement [89,90,91].




6. Conclusions


The mechanical structure design and working principle of a pneumatic centralized fertilizer discharge system, as the core part of pneumatic fertilization machinery, play a decisive role in the fertilization effect and equipment performance. The conveying performance of fertilizer particles in the pipeline of a pneumatic centralized fertilizer discharge system is affected by many parameters, mainly including the particle size, the density and shape of fertilizer particles, the airflow pressure, velocity and temperature, the pipeline diameter, length, bending, and branching, and other key parameters. A pneumatic centralized fertilizer discharge system mainly includes a fertilizer discharge device, an air–fertilizer mixing device and a pneumatic distribution device. This paper comprehensively analyzes the research progress made in pneumatic centralized fertilizer discharge systems at home and abroad, including the mechanical structure, key parameters and research methods of fertilizer discharge devices, air–fertilizer mixing devices and pneumatic distribution devices. Through comparative analysis, the advantages and disadvantages of the existing devices are summarized, and the existing problems and improvement directions are pointed out. The mechanical structure and existing problems of the key components of pneumatic centralized fertilizer systems are discussed in depth from the following perspectives:



(1) There are three main types of fertilizer discharge devices, namely the external groove wheel type, the spiral type, and the double tooth wheel type. Among these, external groove wheel-type and spiral-type fertilizer discharge devices are the most widely used. External groove wheel fertilizer discharge devices have the characteristics of a simple structure and convenient operation, with the main types including the straight groove, inclined groove, staggered groove and other types. The straight groove structure is simple, but there are problems with fertilization breakage and fluctuation in the fertilization amount. An inclined groove drives the fertilizer to be discharged through continuous spiral rotation, which can increase the uniformity of fertilization, but the rate of fertilizer particle damage is high. A staggered straight groove can effectively avoid the phenomenon of discontinuous and pulsating fertilizer discharge and improve the uniformity of fertilization. A spiral fertilizer discharge device has a simple structure, convenient operation, and is suitable for granular fertilizers with good fluidity. Spiral fertilizer discharge devices mainly include the spiral combination type, the oblique spiral type, the staggered symmetric spiral groove type, and other types. Spiral combination fertilizer discharge devices distribute a large amount of fertilizer with good uniformity, but their structure is complex and not suitable for fertilizers with a high powder content. The oblique spiral type is suitable for dry and loose fertilizers, with good fertilizer discharge performance, but is not suitable for fertilizers with strong moisture absorption. The staggered symmetric spiral groove reduces the filling rate of the gaps in the spiral blades, avoids the overfilling of fertilizer, and has the characteristics of uniform fertilizer discharge, less clogging, and a strong adaptability to fertilizer.



(2) The air–fertilizer mixing device usually adopts the Venturi tube structure design to realize the mixing and transportation of air–solid two-phase flow. In the air–fertilizer mixing device, the air–solid two-phase flow involves a variety of motion mechanisms, including collision between solid particles, friction and resistance between particles and airflow and the suspension and diffusion of particles. The interaction of these mechanisms leads to the complex trajectories and distribution of granular fertilizers in the mixing device. The structural parameters of the air–fertilizer mixing device not only affect the motion characteristics of the fertilizer particles and the uniformity of the air–fertilizer mixing, but also affect the overall pressure loss of the pneumatic centralized fertilizer discharge system. The key parameters of the air–fertilizer mixing device mainly include the mechanical structure design parameters and working parameters. The mechanical structural design parameters mainly include the structural form of the air–fertilizer mixing chamber, the contraction angle of the nozzle port, the throat section structure, the throat length, etc. The working parameters mainly include airflow velocity, fertilizer emission velocity, working environment temperature and so on. Designing the appropriate internal mechanical structure of the air–fertilizer mixing device and determining the optimal structural and working parameters are essential to ensuring the continuity and smoothness of fertilizer discharge and reducing energy loss.



(3) The structural forms of pneumatic distribution devices are mainly flat-topped, cone-topped, and dome-topped, among which the dome-topped form is the most widely used. Flat-topped distribution devices have a simple structure and low cost, but the distribution uniformity is poor. Due to the structural characteristics of flat-topped distribution device, it may be difficult to ensure the uniform distribution of fertilizer in some specific cases. Especially, in the treatment of fertilizers with different particle sizes, shapes or densities, the distribution uniformity may be greatly affected. Cone-topped distribution devices have a tapered structure that gradually shrinks, which helps to guide the material to the outlet of the distribution device, thereby improving the fluidity of the material. Dome-type distribution devices can adapt to granular fertilizers with different particle sizes, shapes and densities. By accurately controlling the inlet pressure and airflow velocity of dome-type distribution devices, the precise control of the fertilizer flow can be achieved.




7. Future Research Directions


In recent years, the technology of pneumatic centralized fertilizer discharge has developed rapidly. A large number of scholars at home and abroad have designed and improved the structure of the traditional pneumatic centralized fertilizer discharge system according to the characteristics of granular fertilizer, with strong hygroscopicity, cohesiveness, overhead and fluidity deviation. However, the research on the pneumatic centralized fertilizer discharge system in China started late, and the uniformity and stability of the fertilizer discharge system still need to be improved. In the future, theoretical innovation and technological breakthroughs can be explored from the following perspectives:



(1) The structure of a fertilizer discharge device has poor adaptability to granular fertilizers. Due to the irregular shape and size of granular fertilizers, in a fertilizer discharge device, the crushing and uneven distribution of granular fertilizer can easily occur in the process of fertilizer discharge. At present, the structure of fertilizer dischargers is mostly designed according to the structural size of the fertilizer, and the adaptability is poor. Thus, it is necessary to continue to optimize the mechanical structure and key parameters of fertilizer discharge devices.



(2) In air–fertilizer mixing devices, there are problems such as fertilizer backflow at the fertilizer outlet, uneven velocity distribution, accumulation and blockage of fertilizer particles. In the future, it is necessary to continue to optimize the internal mechanical structure of the air–fertilizer mixing chamber and determine the optimal combination of key parameters, such as the contraction angle of the nozzle port, the throat section structure, and the throat length of the air–fertilizer mixing device.



(3) At present, domestic and foreign researchers are using CFD-DEM coupled simulation methods to study the flow characteristics of fertilizer particles in pneumatic centralized fertilizer discharge systems in order to simplify the fertilizer particles into a single diameter spherical model. Although this simplification assumption is convenient for calculation and analysis, it ignores the actual situation of irregular shape and size of fertilizer particles, which may lead to deviations between simulation results and actual situations. In future research, multiple sizes of fertilizer particle simulation models should be set up according to the actual proportions to more accurately reflect the distribution and flow status of fertilizer particles in the system. In addition to size differences, the shape of fertilizer particles is also an important factor affecting their flow characteristics. Future research can attempt to establish irregularly shaped fertilizer particle models to more comprehensively consider the influence of fertilizer particle shape on flow characteristics.



(4) Because granular fertilizer has certain hygroscopicity and cohesiveness, adherence easily occurs between the particles, which leads to the blockage of the fertilizer in the pneumatic distribution device and affects distribution uniformity. Due to the evenness of the ground, the fertilizer applicator vibrates and deviates when walking, resulting in the pneumatic centralized fertilizer discharge system applying fertilizer unevenly to each row, and there are problems such as more fertilization, less fertilization and missed fertilization. When the device is tilted, there are problems such as uneven fertilizer distribution and poor consistency in each row in the pneumatic distribution device. In the future, developments regarding automation and intelligence can be targeted in order to keep the pneumatic distribution device level throughout the work engineering. In the future, intelligent pneumatic centralized fertilization systems can be developed, which can enable the fertilization system to apply fertilizer quantitatively based on the growth status of crops and the walking speed variables of the fertilization machine.
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Figure 1. Structural schematic diagram of a pneumatic centralized fertilizing system. 1. Fertilizing pipe. 2. Air–fertilizer separation device. 3. Bellows. 4. Distributor outlet. 5. Distributor. 6. Fertilizer box. 7. Fertilizing motor. 8. Fan. 9. Airflow conveying pipe. 10. Air–fertilizer mixing device. 11. Outer–groove wheel fertilizer feeder. 12. Air–fertilizer conveying pipe. 13. Layered deep fertilizing shovel. 
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Figure 2. Structural diagram of a spiral fertilizer device. 1. Drive motor. 2. Coupling. 3. Feeding inlet. 4. Screw. 5. Screw shell. 6. Discharge port. 7. Concentrator. 
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Figure 3. Structural diagram of a screw-type fertilizer feeding device: (a) structure of fertilizer feeding device; (b) fertilizer feeding mechanism. 1. Fertilizer box. 2. Fertilizer churning mechanism. 3. Fertilizer filling room. 4. Shell. 5. Blocking plate. 6. Brush. 7. Unloaded plate. 8. Screw-type fertilizer feeding unit. 9. Feeding port. 10. Discharging shaft. 11. End cover. 12. Replace wheel. 13. Clapboard. 






Figure 3. Structural diagram of a screw-type fertilizer feeding device: (a) structure of fertilizer feeding device; (b) fertilizer feeding mechanism. 1. Fertilizer box. 2. Fertilizer churning mechanism. 3. Fertilizer filling room. 4. Shell. 5. Blocking plate. 6. Brush. 7. Unloaded plate. 8. Screw-type fertilizer feeding unit. 9. Feeding port. 10. Discharging shaft. 11. End cover. 12. Replace wheel. 13. Clapboard.



[image: Applsci 14 03884 g003]







[image: Applsci 14 03884 g004] 





Figure 4. Screw fertilizer device: (a) fertilizer mechanism; (b) schematic diagram. 1. Fertilizer box. 2. Fertilizer shell. 3. Fertilizer plate. 4. Arc base brush. 5. Arc base. 6. Arc rear cover. 7. Fertilizer wheel. 8. Back cover arc brush. 9. D shaft. 10. Replace wheel. 11. Partition plate. 12. Through-shaft motor. 
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Figure 5. Spiral groove wheel fertilizer feeder graph. 
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Figure 6. Structure diagram of staggered symmetrical spiral grooved seed feeding. 
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Figure 7. Test rig to optimize pin-roller parameters. 1. Hopper. 2. Metering device frame. 3. Left and right outer caps. 4. Left and right inner caps. 5. Lower flap 6. Bolt adjuster 7. Hexagonal roller shaft 8. Pin-roller 9. Inclined top flap. 
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Figure 8. Force analysis before the slipping of the granular fertilizer. 
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Figure 9. Structural schematic diagram of an air–fertilizer mixing device. 1. Air–fertilizer mixing chamber. 2. Transition room. 3. Fertilizer receiving room. 4. Fertilizer inlet. 5. Nozzle. 
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Figure 10. Structure diagram of Venturi feeding tube. 
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Figure 11. Two-dimensional sketch of a feeding device. 
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Figure 12. Seeding principle sketch of a dome-shaped distributor device. 1. Conveying air flow. 2. Seeds in the feeding area. 3. Seeds in the secondary mixing area. 4. Seeds in the seeding area. I. Seeding area. II. Secondary mixing zone of seed and transport airflow. III. Seeding area. 
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Figure 13. Distributor structure diagram. 1. Inlet. 2. Outer cover. 3. Inner cover. 4. Metering disc. 5. Distribution port. 6. Duct. 
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Figure 14. Structural schematic diagram of fertilizer amount adjustment device: (a) main view; (b) sectional view. 1. Bellows. 2. Fertilizer outlet. 3. Sector-slider. 4. Adjusting handle. 5. Bearing bracket. 6. Bearing. 7. Coupling. 8. Direct current motor. 9. Motor shaft. 10. Rotary cone shaft. 11. Rotary cone with push tooth. 12. Sector cylinder. 13. Fertilizer outlet. 14. Fixing bolt. I. Fertilizer outlet I distribution area. II. Fertilizer outlet II distribution area. 
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Figure 15. Structural schematic of a pneumatic centralized fertilizer distribution device. 1. Ripple pipe. 2. Distributor shell. 3. Fertilizer outlet. 4. Distributor cap. 
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Figure 16. Schematic diagram of a pneumatic distribution device structure. 
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Figure 17. Schematic diagram of a distributor head structure. 7. Pipe. 8. Distributor head. 13. Distributor chamber. 14. Outlet. 15. Distributor body. 16. Distributor chamber base. 17. Bypass opening. 18. Closure elements. 20. Funnel. 21. Nozzle element. 20o. The upper rim of the funnel. 20u. The lower rim of the funnel. 
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Figure 18. Schematic diagram of a distribution device structure: (a) overall structural diagram; (b) partial structure diagram. 
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Table 1. Structure analysis of air–fertilizer mixing devices.
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	Structural Style
	Structural Diagram
	Characteristic





	Right Angle Type
	[image: Applsci 14 03884 i001]
	There is turbulence at the fertilizer inlet, and the flow of fertilizer particles is not smooth, which is not conducive to fertilizer discharge.



	Acute Angle Type
	[image: Applsci 14 03884 i002]
	The high wind speed at the fertilizer inlet is conducive to the fertilizer entering the mixing chamber, and the mixing uniformity of air and fertilizer is good.



	Obtuse Angle Type
	[image: Applsci 14 03884 i003]
	There is turbulent flow at the inlet of the fertilizer, which is not conducive to the uniform mixing of air–solid two-phase flow.
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