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Abstract

:

At present, there are few harvesters for dandelion (Taraxacum mongolicum) seeds, which limits the large-area planting of dandelion. Furthermore, manual harvesting is characterized by huge labor intensity, low efficiency, and high costs. Combining the material characteristics of dandelion plants and seeds with agronomic requirements for harvesting dandelion seeds, a self-propelled dandelion seed harvester was designed. The harvester is mainly composed of collection devices, separation devices, transmission devices, and a rack. It can facilitate seed collection from plants, seed transportation, and seed–pappus separation in one operation. The collection and separation processes of dandelion seeds were studied to ascertain the main factors that affect the collection rate. Then, the collection and separation devices were designed, and their parameters were analyzed. Taking the forward speed, wind velocity of blowers, and rate of rotation of the drum as test factors and the collection rate as the evaluation index, quadratic regression orthogonal rotating field tests were performed. In this way, the optimal combination of operation parameters was determined: the collection rate is optimal when the forward speed is 0.8 m·s−1, the air velocity from the blowers is 1.63 m·s−1, and the rate of rotation of the drum is 419 rpm. Field test results showed that a favorable harvesting effect was achieved after operation of the harvester, and only small amounts of dandelion seeds remained unharvested. Under the optimal parameter combination, the collection rate reached 89.1%, which could meet requirements for practical field harvesting of dandelion seeds. The test results satisfy the design requirement.
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1. Introduction


Dandelion (Taraxacum mongolicum) is a perennial herb that is rich in vitamins A and C and nutrient elements such as potassium [1,2,3,4] and that has high medicinal value [5,6] and economic value [7]. Dandelion leaves with extremely high medicinal value are commonly picked and sold as an herbal medicine (to considerable economic benefit). The harvesting of dandelion seeds requires suitable timeliness. Dandelion seeds need to be harvested quickly, or mature seeds will detach from the plants and fall with the wind, which brings difficulties to harvesting and reduces the yield of dandelion seeds. In order to meet the needs of food or medicine, people began to try to plant dandelion artificially. However, due to the special structure of dandelion seeds, the existing seed collection machine cannot be applied to the collection of dandelion seeds. After the maturation of dandelion, the seed collection process becomes complex, requiring a lot of manpower and material resources, and the collection efficiency is very low, which is not conducive to the artificial cultivation of dandelion.



At present, dandelion seed harvesters are hardly studied by foreign researchers. Some Chinese researchers have studied the mechanized harvesting of dandelion seeds. Xie [8] designed a handheld dandelion seed harvesting device which can initially achieve the purpose of dandelion seed collection, save labor and material resources to a certain extent, and improve the speed of collection. Zhang [9] designed a cross-walking remote-controlled dandelion seed harvester based on the principle of a vacuum cleaner. The adsorption seed collection device is connected with the walking device and with a car structure, and the height of the car body is adjustable. As the dandelion harvester can operate at different heights, multi-line dandelion seeds can be quickly harvested, and the efficiency of dandelion harvesting operations can be improved. Yin [10] devised a dandelion seed harvester on which the rocker is equipped with a seed-drawing disc, allowing seeds to be drawn into the seed storage tank. The harvester solves the time-consuming and laborious problems of artificial picking, although it still needs operators to bend over for a long time, leading to high labor intensity and low operational efficiency. Zhang [11] designed a dandelion seed harvester that draws seed–pappus mixtures of dandelion into the separation drum through an air-suction pipeline to separate seeds from pappi. Wang [12] designed a dandelion seed collection device. The controller can adjust the width of the feed port according to the actual data through image processing; moreover, the working powers of the servo-motor, vibration motor, and scattering motor can also be adjusted, which allows better harvesting. However, most relevant research on the topic in China is still in its infancy, and since the harvesters have not been verified as reliable in the field, they cannot be applied to practical production.



Aiming to improve the harvesting rate, reduce harvesting loss, decrease labor intensity, and increase the degree of mechanization, a self-propelled dandelion seed harvester was designed according to agronomic requirements for harvesting dandelion seeds and material characteristics of dandelion plants and seeds. By analyzing the collection and separation processes of dandelion seeds, the main factors that affect the collection rate were determined. Then, the collection and separation devices were designed, and their parameters were analyzed. Taking the forward speed, wind velocity of blowers, and rate of rotation of the drum as experimental factors, and taking the collection rate as the evaluation index, quadratic regression orthogonal rotating field tests were conducted. In this way, the optimal combination of operation parameters was determined. By conducting field tests, the harvesting quality of the harvester was assessed and the design was verified as being both reasonable and reliable.




2. The Structure and Working Mechanism


2.1. The Structure


The dandelion seed harvester was mainly composed of the collection devices, central control board, transmission pipeline, separation devices, seed storage tank, transmission system, and a rack. The three-dimensional (3D) structure of the harvester is shown in Figure 1. The collection devices mainly consist of a disturbing roller, a collection cover, negative-pressure blowers, and a height-regulating device. The separation devices mainly include a cap, bafflers, a concave board, and a separation drum. The collection devices draw dandelion seeds with pappi from plants to the devices using negative-pressure blowers. The separation devices separate seeds from pappi using a separation drum so that seeds fall in the seed storage tank. The parameter table of the dandelion seed harvester is shown in Table 1.




2.2. Working Mechanism


The harvester uses a harvesting scheme that collects dandelion seeds using negative-pressure blowers and separates seeds using the separation drum. A schematic representation of the operation of the harvester is shown in Figure 2. Before field operation, the height-adjusting device is adjusted so that the collection devices have an approximate height, and operation parameters of various devices are adjusted to their desired values. Thereafter, the harvester is set to work in the field.



	(1)

	
Collection. The disturbing roller in the lower part of the collection device is used to disturb plants so that seeds have a lower connection force to the plant and even fall from the plant. As a result, the wind velocity of blowers needed to collect seeds can be decreased, easing their collection. The negative-pressure blowers create a negative-pressure environment near the feed port to collect seeds with pappi in the devices [13,14,15]. The mixtures are then transported to the separation devices via the transmission pipeline.




	(2)

	
Separation. Seeds with pappi are transported to the separation devices through the transmission pipeline. Two types of separation elements, namely, wire-loops and hairbrushes on the separation drum, beat and rub seeds with pappi so that the seeds are uniformly dispersed in the devices, followed by the separation of seeds from pappi.







The separated seeds fall off in the seed storage tank and pass through holes on the concave board for separation. The separated pappi are discharged from the harvester by the impurity removal mechanism on one side of the harvester.





3. Design of Key Components


3.1. Material Characteristics


Material characteristics of dandelion plants and seeds provide an important basis for the design of the harvester [16]. To determine key parameters including the plant height, diameter of spherical seed heads, and moisture content of seeds, 100 dandelion plants were randomly selected in the field and measured. The material characteristics of measured dandelion plants and seeds are summarized in Table 2.




3.2. Design of the Collection Devices


Collection is one of the key processes required to finish the harvesting of dandelion seeds. The collection devices mainly include the disturbing roller, collection cover, negative-pressure blowers, and the height-regulating device. The 3D structure of the collection devices is illustrated in Figure 3. Dandelion seeds with pappi detach from plants after being disturbed by the disturbing roller and then collect to the collection cover using negative-pressure blowers, thus completing their collection [17,18]. The design solves problems of difficulty collecting dandelion seeds with pappi, high labor intensity, and low harvesting efficiency.



3.2.1. Design of the Disturbing Roller


The disturbing roller is one of the core components of the collection devices. The collection quality, to a great extent, is influenced by the device [19,20]. Figure 4 illustrates the 3D structure of the disturbing roller, which mainly consists of a drive motor, a support frame, a rotation shaft, and spring-teeth; it is driven by the motor.



In this article, the diameter range of 4~6 cm was obtained by measuring the crown balls of 100 dandelion plants. The maximum diameter of 6 cm was used as the design basis; that is, the minimum horizontal length of the elastic teeth is 6 cm. At the same time, in order to better make the downed seeds move to the lower part of the fan, the head of the spring teeth is bent. The horizontal length of the bent spring teeth is 2 cm, and the horizontal length of the spring teeth is at least 6 cm. In this paper, when designing the horizontal spacing of the spring teeth, the minimum diameter of the crown ball was measured to be 4 cm, so the horizontal distance between the two spring teeth should be set to be less than 4 cm. In order to better facilitate contact between the disturbance roller and the crown ball, we designed the horizontal distance between the spring teeth to be 2 cm, ensuring that at least two spring teeth have contact with the crown ball at the same time and improving the shooting ability of the spring teeth. After analyzing the shape of the spring teeth of a wheat combine harvester and baler, it was determined that they have a cylindrical shape; therefore, the spring teeth designed in this paper are spring steel with a diameter of 6 mm. The spring teeth are evenly arranged on the disturbance roller with a horizontal spacing of 2 cm, and the horizontal length of the spring teeth is 6 cm.



As shown in Figure 5, when collecting dandelion seeds the disturbing roller first disturbs dandelion plants to loosen the connection between the plants and seeds or to cause seeds to detach from the plants. Negative-pressure blowers are then used to finish the collection. It can be seen from Figure 5b that in order to improve the collection efficiency, it is necessary to position the spring-teeth just below the blowers and rotate them by 90°. For this to be effective, the advance time t1 of the harvester needs to be equal to the period of rotation t2 of the disturbing roller.


   t 1  =  R V   



(1)






   t 2  =    π 2    2 π N   =  1  4 N    



(2)




where V, R, and N represent the forward speed of the harvester (m·s−1), radius of rotation of the disturbing roller (m), and rotational speed of the disturbing roller (rpm), respectively.



It is calculated that


  N =  V  4 R    



(3)







According to Equation (3), to make spring-teeth appear just below the blowers after the rotation of 90° intended to enhance the collection effect, the rotational speed of the disturbing roller should be related to the radius of rotation of the disturbing roller and the forward speed of the harvester.



The radius of rotation of the disturbing roller needs to be designed according to the diameter of the spherical seed heads of dandelion. It can be seen from Table 2 that the diameter of spherical seed heads is 4~6 cm; that is, the radius of rotation of the disturbing roller is


  R = r + d  



(4)




where R is the radius of rotation of the disturbing roller (m); r is the radius of the rotation shaft of the disturbing roller (m); and d denotes the diameter of the spherical seed heads of dandelion plants (m).



The diameter of the rotation shaft of the disturbing roller is set to be 3 cm by comprehensively considering the feasibility of the entire design and the dimension reliability of the disturbing roller. That is, R ≥ 4.5 cm, then R = 5 cm, the horizontal length of the spring-teeth is 3.5 cm, and the diameter of the rotating shaft of the disturbing roller is 3 cm. Under these conditions, the rate of rotation of the disturbing roller is only related to the forward speed; that is, the rate of rotation of the disturbing roller N is 5V (where V is the forward speed).



At the same time, the selection of materials for producing spring-teeth on the disturbing roller is also critical. At present, the most widely used materials for producing spring-teeth include metals, plastics, and nylons. Compared with other materials, metal spring-teeth are hard and heavy; plastic spring-teeth are light while having poor toughness, which is likely to damage dandelion plants; and nylon spring-teeth are light, which reduces the load on the motor, and they are also highly elastic, tough, and hard to break, showing good performance for their cost. Considering this, nylon was selected to produce spring-teeth on the disturbing roller.




3.2.2. Design of Negative-Pressure Blowers


By measuring the material characteristics of dandelion seeds, the average values of the long and short axes of dandelion seeds were found to be 3.096 and 0.588 mm, respectively, and the suspension speed of dandelion seeds with pappi was found to be about 0.82 m·s−1. Due to their characteristically small volume, light weight, and slow suspension speed, it is appropriate to collect dandelion seeds using negative-pressure blowers.



In this paper, based on the planting agronomic requirements of dandelion plants, the row spacing used was 15 cm, the harvester was designed to harvest the seeds of eight rows of dandelion plants at one time, and the fan was used for negative pressure harvesting. Three schemes of collecting devices were designed. The first scheme consists of a small fan used to harvest two rows of dandelion seeds and four small fans used to harvest eight rows. The second scheme uses a larger fan to harvest four rows at a time and uses two larger fans to harvest eight rows; the third scheme involves installing a small fan in the middle and back of the adjacent two fans of the first scheme and harvesting the dandelion seeds missing from the front fan. Three blower layouts shown in Figure 6 were preliminarily designed, and the optimal one needed to be selected from these layouts. The harvesting breadth was 120 cm, and the maximum diameters of blowers at the small and large feed ports were 30 and 60 cm, respectively. The layout and reliability of the blowers and the specifications of common blowers on the market were considered. Figure 6a shows the single-row layout of four blowers with diameters of 24 cm; Figure 6b illustrates the single-row layout of two blowers with diameters of 50 cm; Figure 6c presents the double-row staggered layout of seven blowers with diameters of 24 cm.





3.3. Flow-Field Simulation of the Collection Devices


The collection devices are key devices used to harvest dandelion seeds using the dandelion seed harvester. The objective of improving the collection rate of dandelion seeds can be achieved through the reasonable design and improvement of the collection devices. The size and layout of air inlets greatly influence the collection quality. Through flow-field simulation in the collection covers with the three designed blower layouts using Fluent software, flow fields in the three structures at different wind velocities were compared and analyzed. In this way, the optimal structure of the collection devices was determined [21,22], providing a basis for field harvesting tests.



3.3.1. Mesh Generation


The 3D modelling and mesh generation were performed for collection covers with the three different blower layouts, as illustrated in Figure 7.



As displayed in Figure 7d, when simulating flow fields in the collection covers, a cross-section Ⅰ passing the axis of air outlet was selected to observe and analyze the velocity nephograms in flow-field simulation. The velocity vector diagrams of the entire collection covers were observed and investigated to better understand the motion of airflows in the collection covers.




3.3.2. Simulation Results and Analysis


Figure 8 shows the velocity nephograms and velocity vector diagrams of the collection devices with the single-row layout of small blowers that rotate at 1.0, 1.5, and 2.0 m·s−1. The velocity nephograms demonstrate that the velocity changes slightly in adjacent areas in the collection cover and is uniform while the amount of air at the air outlet is large; thus, the wind velocity is fastest there. As displayed in velocity vector diagrams, the airflow field in the collection cover varies slightly with changes in the wind velocity. Roughly two flow directions are observed at the air inlet: part of the airflow moves towards the outlet while the residue converges with the other part of airflow after being reflected by the wall of the collection cover to flow from the air outlet. This indicates that the intake air is confluent in the collection cover.



Figure 9 illustrates the velocity nephograms and velocity vector diagrams of the collection devices with the single-row layout of large blowers that rotate at 1.0, 1.5, and 2.0 m·s−1. The velocity vector diagrams show that airflow is poorly confluent in the collection devices with the single-row layout of large blowers, and a large blank area of airflow can be seen in the center. The airflow entering the collection cover from the air inlet does not converge well with the airflow in other directions, which flows towards the air outlet after being reflected at the wall. Instead, some air flows obliquely downward after reflection at the wall, which disturbs the flow field in the collection cover and inhibits airflow at the air inlet, slowing its progress into the collection cover. As a result, the collected dandelion seeds are less readily passed out in the collection process.



Figure 10 shows the velocity nephograms and velocity vector diagrams of the collection devices with the double-row layout of small blowers that rotate at 1.0, 1.5, and 2.0 m·s−1. Analysis of the velocity nephograms reveals that the velocity changes little and is uniform in the collection cover, while there is a significant difference in wind velocities at the inlet and outlet. By observing the velocity vector diagrams, it was found that there is a large blank area of airflow in the collection cover with the double-row layout of small blowers. In addition, the same problem that arose in the collection devices with the single-row layout of large blowers also arises in this layout. That is, some air flows downward after being reflected by the walls, which disturbs the flow field in the collection cover and inhibits the otherwise smoother inflow of air at the air inlet to the collection cover.



Comprehensive analysis of the flow-field simulation results of collection devices with the three blower layouts indicates that the single-row layout of small blowers shows the best effect compared with the other two layouts. The layout enables smooth motion of airflow, meets requirements for collecting and transporting dandelion seeds, saves materials, and is easily machined. The wind field generated by the fan in Figure 7b is large and not concentrated in the lower part of the collection device. The collection rate in the pre-test is small, and it is easy to inhale other impurities into the machine. In the pre-test, the rear fan of the collection device shown in Figure 7b collects fewer seeds, and the overall collection rate is almost the same as that shown in Figure 7a. During the pre-test verification of the collection rate of the three schemes, it was found that the collection device of the style shown in Figure 7a had a higher collection rate than the other two schemes, and that the airflow in the flow field was stable and the cost was low. In summary, we chose the collection device of the style shown in Figure 7a.





3.4. Design of the Separation Devices


Separation is an important process to separate dandelion seeds from pappi so as to obtain dandelion seeds [23]. The separation devices include an impurity removal mechanism, a cap, a concave board for separation, and a separation drum. Figure 11 shows the 3D structure of the separation devices.



After entering the separation devices, dandelion seeds with pappi are separated from pappi under the action of the separation elements [24]. The separated seeds fall in the seed storage tank through the concave board, as shown in Figure 12. Finally, pappi are discharged from the harvester via the impurity removal mechanism, thus completing the seed–pappus separation stage. This overcomes the difficulty in seed–pappus separation, addresses low separation efficiency, and reduces the potential for harm to operators often caused during the manual separation of pappi.



3.4.1. Design of the Separation Drum


Optimal design of the separation drum can promote efficient seed–pappus separation [25,26]. Seeds with pappi are light and easily affected by the wind as they float. This makes it difficult to bring the seeds into contact with the separation drum to separate seeds from pappi. Therefore, the separation drum is designed as a closed drum (Figure 13), which narrows the space available to the seeds with pappi and to some extent solves the problems of floating, small contact areas with the separation drum and concave board, and low contact probability of seeds [27]. It also improves the separation efficiency of pappi and seeds, increases the separation rate, and reduces impurities in the harvest.



Through comparison with separation devices of other harvesters and through combining the special material characteristics of dandelion seeds, the separation elements were designed as hairbrushes and wire-loops. Dandelion seeds with pappi were separated from pappi by the wire-loops and hairbrushes distributed on the drum, thus yielding pure dandelion seeds. The layouts of the separation elements exert a significant influence on the separation effect of pappi and seeds. To explore the optimal layout of separation elements, three element layouts (Figure 14) were designed to select the better combination through pre-testing. Figure 14a–c separately shows the spiral layouts of only wire-loops distribution, only brush distribution, and cross distribution of bow tooth brushes [28,29].



Furthermore, the selection of materials for producing the hairbrushes and wire-loops can also heavily influence the separation effect of pappi and seeds. Commonly used materials to produce hairbrushes include polybutylene terephthalate (PBT) fibers, bristles, nylon fibers, polypropylene (PP) fibers, and metal wires. Among them, PBT fibers and bristles are so soft that the separation effect cannot meet the operation requirement; PP fibers show poor elasticity and cannot recover all imposed long-term deformations, hindering the separation of pappi and seeds; metal wires are hard; and nylon fibers exhibit moderate hardness, favorable elasticity, and cost-effective performance, so nylon was also used to fabricate hairbrushes on the separation devices. Wire-loops are commonly made with metal (steel or iron). In the present study, steel was selected to produce the wire-loops.



The length of the separation drum is closely related to its separation capacity: the longer the drum, the longer the separation time and the higher the separation rate [30]. The length of the separation drum in the separation part is calculated using the following formula:


  L ≥  q   q 0     



(5)




where L represents the length of the separation drum (m); q denotes the feed quantity of the separation devices (kg/s) and is set to 0.5 kg/s in the present research; and q0 is the designed allowable feed quantity per unit length of the separation drum (kg/(s·m)) and is set to 0.5~0.8 kg/(s·m).



From Equation (2), the length L of the separation section of the separation drum is 0.63~1.0 m and it is set to 1.0 m here. Therefore, the length of the separation section of the drum is 1.0 m.



If the diameter of the separation drum is too small, only small amounts of seed–pappus mixtures are allowed to enter the drum, and the contact area between the mixtures and the concave board narrows [31], reducing the time taken for the separation of dandelion seeds from pappi. At present, the diameter of commonly used separation drums is 550~650 mm. The greater the diameter, the greater the feed quantity that can be sustained, although the heavier the load. Compared with the harvesting of wheat and rice, the feed quantity of dandelion is not that large. The diameter    D z    of the separation drum satisfies


   D z  =  D g  + 2  h z   



(6)




where    D g    is the tooth root diameter of the drum (mm) and    h z    is the height of the high separation elements (mm).



Generally,    D  g       ≥ 300 mm. Considering the separation effect and the feed quantity of dandelion seed–pappus mixtures,    D g    was determined to be 300 mm. To avoid collisions of wire-loops with bafflers on the cap, the heights of wire-loops and hairbrushes were separately set to be 35 and 50 mm. The diameter of the separation drum was then calculated to be 400 mm using Equation (3).



By conducting pre-tests on the separation drum, the separation effects of the separation drums with the three different element layouts were verified. The results show that the combined layout of hairbrushes and wire-loops allows the optimal separation effect of the separation drum and the significant separation effect of seeds and pappi. That is, the combined layout of hairbrushes and wire-loops was selected for separation elements on the separation drum; the length of the drum separation section is 1.0 m, and the diameter of the separation drum is 400 mm.




3.4.2. Design of the Concave Board


The concave board mainly consists of a perforated screen, a connecting plate with the upper cap, and an arcuate side-plate [32,33]. Holes are distributed uniformly on the perforated screen (Figure 15). To enable better contact of seed–pappus mixtures with the drum and convenient separation of seeds from pappi, the wrap angles of the concave board for separation are designed to be 180°; that is, the concave board is hemi-cylindrical. One end of the concave board is connected to the transmission pipeline, while the other end is connected to the impurity-removal device to coordinate with the separation drum to separate pappi from seeds and allow seeds to pass through the holes in the screen. In the meantime, pappi are retained on the concave board and discharged from the harvester via the impurity removal mechanism during the rotation of the separation drum.



The screening effect of the perforated screen is closely related to porosity of the screen, which is influenced by the hole shape, size, and layout. Dandelion seeds resemble paddy rice in appearance, both of which are elliptic. Considering the shape and passing performance of seeds through the perforated screen, round screen holes were designed; because dandelion seeds are generally 0.30~0.47 cm long, the screen holes are circular with a diameter of 0.5 cm.



The more porous the screen, the better the screening effect and the more seeds that pass through the screen. Therefore, screen holes are distributed in the form of equilateral triangles that enable high porosity (Figure 16). If the hole diameter d is 0.5 cm and the spacing between two adjacent holes l is 0.1 cm, the center-to-center spacing of two adjacent holes l1 is 0.6 cm. The porosity K of the screen is


  K =   π  d 0 2    2  3   l 1 2    × 100 % = 63 %  



(7)




where K is the porosity of the screen (%); d is the hole diameter on the screen (cm); and l1 is the center-to-center spacing between two adjacent holes (cm).






4. Field Tests


4.1. Test Conditions


Field tests on dandelion seed harvesting were conducted in a dandelion planting base at the Changyuan branch of the Henan Academy of Agricultural Sciences (Xinxiang City, Henan Province, China) [34]. The planting base was situated on a flat terrain, where dandelion plants grow well. The key parameters of dandelion plants and seeds were measured in the experimental field by measuring instruments. Dandelion plants have an average row spacing of 15 cm, an average height of 40 cm, and a seed moisture content of 9.82%. The growth cycle of dandelion was 3 months. A region some 30 m long and 10 m wide was selected from within the planting base as the harvesting test region. In addition, a harvester starting area and a parking area were also reserved on both sides of the test region (Figure 17).The photos of dandelion plants and dandelion seed crowns are shown in Figure 18.



The test instruments and devices include the self-propelled dandelion seed harvester, an anemograph, a tape, an electronic scale, a digital camera, and a rev-counter.




4.2. Harvesting Tests


4.2.1. Test Methods


The harvesting tests were conducted to assess the effects of varied test operating parameters of the collection and separation devices to explore the influences of the forward speed, wind velocity at the air inlet, and rate of rotation of the drum on the harvesting effect. Meanwhile, the operating quality of the harvester was verified, and the harvesting quality was reflected by measuring the collection rate. The main performance evaluation index was the rate of collection of dandelion seeds. The performance test of the harvester is shown in Figure 19.



The collection rate was measured using the following method: in the test region, the harvester was driven to harvest the seeds of all dandelion plants; after harvesting, the dandelion seeds in the seed storage tank were removed and weighed (recorded as    m 1   ); as shown in Figure 17, five sampling points measuring 1 m2 were selected artificially using the five-point sampling method in the test region to collect unharvested dandelion seeds left by the harvester; these seeds were separated from pappi and weighed (recorded as    m 2   ).



The rate of collection is calculated using the following equation:


   F 1  =      m 1    300   × 5      m 1    300   × 5 +  m 2    =    m 1     m 1  + 60  m 2     



(8)




where    F 1    is the collection rate of dandelion seeds using the harvester (%);    m 1    is the mass of dandelion seeds in the seed storage tank after harvesting (g); and    m 2    represents the mass of unharvested dandelion seeds left by the harvester at sampling points (g).




4.2.2. Test Design


Herein, the influences of the forward speed, the rate of rotation of the blowers at the feed port of the collection devices, and the rate of rotation of the drum on the harvesting effect of the harvester were discussed. To this end, taking the forward speed, wind velocity of blowers, and rate of rotation of the drum as test factors, quadratic regression orthogonal rotating combination tests were conducted. Combined with the pre-test data and material characteristics of dandelion seeds, the test ranges of the forward speed, wind velocity at blower inlets, and rate of rotation of the drum were set to 0.8~1.2 m·s−1, 1.0~2.0 m·s−1, and 300~500 rpm [35], respectively. The test factors are numbered (Table 3) and the simulation test schemes and results are listed in Table 4.





4.3. Test Analysis


Software Design-Expert 8.0 was adopted to perform variance analysis of data in Table 4 and results are listed in Table 5 [36]. It can be seen from Table 5 that the test model is extremely significant (p < 0.0001), suggesting that the designed tests are reasonable and effective; the coefficient of determination R2 is 0.9626, indicative of a high degree of fitting of the regression equation. The forward speed, wind velocity of blowers, and rate of rotation of the drum all significantly affect the collection rate (p < 0.05). The interaction term between the forward speed and wind velocity of blowers exerts significant influence on the collection rate; the interaction term between the rate of rotation of the blowers and drum also has a significant influence. The response surfaces of the influence of the interaction terms of the test factors on the collection rate are illustrated in Figure 20 and Figure 21. Through a multiple regression of the test results, the regression equation of the collection rate can be obtained as follows:


  φ = + 87.16 − 0.24 A + 2.16 B + 2.32 C + 1.32 AB − 0.35 AC + 1.60 BC + 0.083  A 2  − 2.22  B 2  − 8.24  C 2   



(9)








4.4. Optimal Parameters


Taking the maximization of the collection rate as the objective, the optimization module in software Design-Expert 8.0 was used to solve the regression equation, thus determining the optimal solution. The equation set of the objective and constraints is expressed as Equation (10).


        MaxY ( A , B , C )       0.8 < A < 1.2       1.0 < B < 2.0       300 < C < 400        



(10)







According to the optimized results, the optimal working parameters of the dandelion seed harvester were selected as follows: a forward speed of 0.8 m·s−1, a wind velocity of blowers of 1.63 m·s−1, and a rate of rotation of the drum of 418.7 rpm (rounded to 419 rpm). After adjusting the relevant parameters of the harvester, harvesting tests were conducted in which the collection rate reached 89.1% (as expected based on experimental evidence).





5. Discussion


Through global analysis of the test process and results of the dandelion seed harvester, the deficiencies in the harvesting quality were investigated:




	
Environmental influences:



Under strong external natural wind, the blowers fail to draw all falling seeds into the harvester, which may cause a collection loss. If the ground is rough, seeds falling off under the disturbance of the disturbing roller cannot be collected due to the rugged ground and long distance from the blowers that results in inadequate wind strength, thus inducing the collection loss.



	
Inconsistent maturity:



Dandelion seeds have different degrees of maturity: in the maturation period of dandelion seeds, the plants mature quickly and near-simultaneously, whereas the maturation period of the seeds is very short, so the seeds need to be harvested timeously. In the harvesting process, some immature seeds may be entrained, and thus have a high moisture content and a strong connection to the pappi. Therefore, the separation devices cannot timeously and effectively separate the immature dandelion seeds from the pappi, which decreases the separation rate, reducing the yield.



	
Degree of proficiency of drivers:



The degree of proficiency of drivers for the dandelion seed harvester exerts certain influences on the harvesting quality. If the driver is less adept, the normal operation of the harvester cannot be guaranteed, thus inducing a lower harvesting quality. Improving the proficiency of drivers for the harvester provides certain assistance in increasing the harvesting efficiency and quality.









6. Conclusions


	
At present, there are few dandelion seed harvesters available, while manual harvesting of dandelion seeds calls for high labor intensity, is inefficient, and may induce a large loss of yield. To overcome these problems, a self-propelled dandelion seed harvester was designed. The harvester is mainly composed of collection devices, separation devices, transmission devices, and a rack. The harvester has the ability to collect and separate dandelion seeds.



	
Important working parts, namely, the collection and separation devices of the harvester, were designed. The collection devices include the disturbing roller, collection cover, height-regulating device, and negative-pressure blowers. They are responsible for collecting dandelion seeds. The operating breadth of the harvester is 1.2 m. The operating height, forward speed, wind velocity of the blowers, and rate of rotation of the drum are adjustable within 0.35~0.45 m, 0.8~1.20 m·s−1, 1.0~2.0 m·s−1, and 300~500 rpm, respectively. The separation devices include the separation drum, concave board for separation, and impurity removal device, responsible for separating dandelion seeds from pappi. The length, diameter, and rate of rotation of the drum are 1.15 m, 0.4 m, and adjustable within 300~500 rpm, respectively.



	
To explore the optimal working performance of the dandelion seed harvester, multi-factor field tests were performed. Field tests show that the harvesting effect is optimal under the following conditions: a forward speed of 0.8 m·s−1, a single-row layout of small blowers, a wind velocity of blowers of 1.63 m·s−1, a combined layout of separation elements (hairbrushes and wire-loops), a rate of rotation of the drum of 419 rpm, and the use of a perforated screen with circular holes on the concave board. The rate of collection of dandelion seeds reached 89.1%, which reaches the expected harvesting effect desired in the design of the dandelion seed harvester.
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Figure 1. The three-dimensional (3D) structure of the harvester. 1. Collection devices; 2. Central control board; 3. Transmission pipeline; 4. Separation devices; 5. Seed storage tank; 6. Rack; 7. Height-regulating device. 
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Figure 2. Harvest operation diagram. 
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Figure 3. 3D structure of the collection devices. 1. Fan fixing bracket; 2. Disturbing roller; 3. Electrical machine; 4. Collection cover; 5. Height-regulating device; 6. Fan blades. 
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Figure 4. The 3D structure of the disturbing roller. 1. Electrical machine; 2. Spring-teeth; 3. Rotation shaft; 4. Support frame. 
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Figure 5. Schematic diagram of perturbation process. (a) After the perturbation process. (b) During disturbing the process. (c) Before the perturbation process. Screen, V and R, represent the forward speed of the harvester (m·s−1) and radius of rotation of the disturbing roller (m). 
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Figure 6. Negative pressure fan layout diagram. (a) Single row arrangement of small fans. (b) Single row arrangement of large fans. (c) Small fan double row layout. 
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Figure 7. Grid division of collection device model. (a) Grid division of the collection hood for the first type of fan layout, (b) Grid division of the collection hood for the second type of fan layout, (c) Grid division of the collection hood for the third type of fan layout, (d) Cross section schematic diagram of velocity cloud map. 
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Figure 8. Velocity nephogram and velocity vector diagram under different wind speeds. 
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Figure 9. Velocity nephogram and velocity vector diagram under different wind speeds. 
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Figure 10. Velocity nephogram and velocity vector diagram under different wind speeds. 
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Figure 11. The 3D structure of the separation devices. 1. Impurity removal mechanism; 2. Cap; 3. Concave board for separation; 4. Separation drum. 






Figure 11. The 3D structure of the separation devices. 1. Impurity removal mechanism; 2. Cap; 3. Concave board for separation; 4. Separation drum.



[image: Agriculture 13 00917 g011]







[image: Agriculture 13 00917 g012 550] 





Figure 12. Schematic diagram of separation process of grain and crown hair. (a) Before separation. (b) During separation. (c) After separation. 
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Figure 13. The 3D structure diagram of separation drum. 1. Impurity removal mechanism; 2. Wire-loops; 3. Hairbrush; 4. Closing drum. 
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Figure 14. Separation element combination mode. (a). Only wire-loops distribution. (b). Only brush distribution (c). Cross distribution of bow tooth brushes. 
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Figure 15. The 3D structure diagram of separation concave plate. 1. Connecting plate with the upper cap; 2. Perforated screen; 3. Arcuate side-plate; 4. Bolt hole. 
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Figure 16. Schematic diagram of sieve arrangement. 
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Figure 17. Experimental plot area division diagram. 
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Figure 18. Photos of dandelion plants and dandelion seed crown balls. 
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Figure 19. Harvester performance test. (a) Comparison diagram before and after harvest. (b) Harvester operation diagram. (c) Separated seeds and crown hairs. 
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Figure 20. Interaction between forward speed and wind velocity of blowers. 
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Figure 21. Interaction between wind velocity of blowers and drum rotational speed. 
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Table 1. Parameters table of dandelion seed harvester.
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	Item
	Value





	Overall dimension (mm)
	2450 × 1200 × 1100



	Height of chassis off the ground (mm)
	500



	Walking system power (w)
	1500



	Forward speed (m·s−1)
	0.8~1.2



	Wind velocity of blowers (m·s−1)

Drum rotational speed (rpm)
	1.0~2.0

300~500



	Cutting width (mm)
	1200
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Table 2. Material characteristics of dandelion plants and seeds.
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	Item
	Value





	Row spacing (cm)
	15



	Plant height (cm)
	35~45



	Moisture content of seeds (%)
	9.82



	Diameter spherical seed heads (cm)
	4~6



	Suspension speed of seeds with pappi (m·s−1)
	0.82



	Seed length (cm)
	0.30~0.49
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Table 3. Coding of simulation test factors.
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Code

	
Experimental Factors




	
Forward Speed (m·s−1)

	
Wind Velocity of Blowers (m·s−1)

	
Drum Rotational Speed (rpm)






	
−1

	
0.8

	
1.0

	
300




	
0

	
1.0

	
1.5

	
400




	
1

	
1.2

	
2.0

	
500
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Table 4. Experiment scheme and results.
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No.

	
Experimental Factors

	
Experimental Index




	
Forward Speed

	
Wind Velocity of Blowers

	
Drum Rotational Speed

	
Harvest Rate






	
1

	
−1

	
−1

	
0

	
85.8%




	
2

	
1

	
−1

	
0

	
79.4%




	
3

	
−1

	
1

	
0

	
88.0%




	
4

	
1

	
1

	
0

	
86.9%




	
5

	
−1

	
0

	
−1

	
79.1%




	
6

	
1

	
0

	
−1

	
75.4%




	
7

	
−1

	
0

	
1

	
83.3%




	
8

	
1

	
0

	
1

	
78.2%




	
9

	
0

	
−1

	
−1

	
73.5%




	
10

	
0

	
1

	
−1

	
74.1%




	
11

	
0

	
−1

	
1

	
76.1%




	
12

	
0

	
1

	
1

	
83.1%




	
13

	
0

	
0

	
0

	
87.5%




	
14

	
0

	
0

	
0

	
87.0%




	
15

	
0

	
0

	
0

	
87.3%




	
16

	
0

	
0

	
0

	
87.1%




	
17

	
0

	
0

	
0

	
86.9%
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Table 5. Analysis of variance of regression equations.
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	Source of Variance
	Sum of Square
	Degree of Freedom
	Mean Square
	F
	p





	Model
	448.41
	9
	49.82
	95.83
	<0.0001



	A-A
	33.21
	1
	33.21
	63.88
	<0.0001



	B-B
	37.41
	1
	37.41
	71.95
	<0.0001



	C-C
	43.25
	1
	43.25
	83.17
	<0.0001



	AB
	7.02
	1
	7.02
	13.51
	0.0079



	AC
	0.49
	1
	0.49
	0.94
	0.3640



	BC
	10.24
	1
	10.24
	19.7
	0.0030



	A^2
	0.029
	1
	0.029
	0.055
	0.8211



	B^2
	20.7
	1
	20.7
	39.82
	0.0004



	C^2
	286.06
	1
	286.06
	550.19
	<0.0001



	Residual
	3.64
	7
	0.52
	
	



	Lack of Fit
	3.41
	3
	1.14
	19.58
	0.0075



	Pure Error
	0.23
	4
	0.058
	
	



	Cor Total
	452.05
	16
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