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Abstract

:

This article examines the static and dynamic deformation of the stem of an ear of wheat and of the individual grain. The purpose of the article is to determine the factors of influence on the ear of wheat to isolate the grain. Two stages of grain ripening are considered: in the early stage, the grain is attached to the spike by the stem; in the second, there is no stem, and the grain is attached to the ear by the scales. The ear fluctuations are considered within the Euler–Bernoulli bar theory. The developed model divides the study of the dynamics of the stem of an ear and the dynamics of the grain into two stages. The first stage studies the dynamics of the plant as a whole, while the second stage studies the dynamics of an individual grain in a moving system associated with the ear in bending and vertical fluctuation forms. The model of the ear and the grain fluctuation uses the mechanical characteristics of elastic bonds and elastic bodies, which are determined by spring stiffness, elastic moduli, etc. The results show that in the vertical forms of grain fluctuation, the frequency of fluctuation is much higher than in the bending ones. This article presents the natural fluctuation frequencies of grain at full ripeness and in the early phases of maturation, at which point it is released from the ear.
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1. Introduction


Agriculture was and is the most important sector of our country’s national economy. Agribusiness must meet the growing needs of the population for food as well as of industry for raw materials [1,2]. Modern production implies a highly efficient use of the production potential of the agro-industrial complex with technical, quality, and, especially, reliability upgrades of agricultural machinery to reduce losses and improve the quality of agricultural products [3,4,5,6,7,8,9,10,11].



Modern agriculture is unthinkable without the cultivation and production of grain crops. Grain crops occupy an area of over 40 million hectares in the Russian Federation, which is 10% of the world’s land area. Grain is the main and indispensable product in the diets of humans as well as productive farm animals and is the main element of food security [12,13,14]. Grain crops have high nutritional, taste, and dietary properties. Grain production achievements are essentially one of the most important indicators of the development level of agriculture in general.



The leading role among grain crops belongs to wheat and barley. They occupy more than half of the global acreage. This explains the close attention to all issues in one way or another related to the production and harvesting of these crops [15,16,17].



Plants of these crops at the time of maturation contain a grain in the ear, which, in natural conditions and in the full ripeness phase, gradually loses mechanical connection with it and crumbles in the field. For the harvest of full-grown grain, it is necessary to carry out timely harvesting before it falls off by artificially forcing grain separation from the ear [18,19]. In addition, a promising way to get a crop with high quality indicators is to harvest it in the phase of early ripeness. Studies [1,2,20] show that grain ripening reduces its nutritional and fodder value: there is a decrease in the amount of protein, micro- and macroelements, and essential amino acids. Therefore, harvesting crops in the early ripeness stages will almost completely eliminate biological and significantly reduce mechanical losses of grain.



Combine harvesters are now used everywhere for harvesting. To date, they are the main machine use for crop harvesting. Their designs implement a method of threshing and primary separation of the harvested heap. This method, invented more than a century ago, involves cutting the entire crop and feeding it into a threshing machine, where it is subjected to the drum beater’s impact while being dragged through a rigid grid. Up to 80% of the power is spent on threshing and grinding the straw, and about 7% of the energy is used to separate the grain from the receptacle [3,5].



This impact mode on the processed mass in combines, necessary for the extraction of grain and its separation from the ears of plants through the deck, has serious drawbacks: it is energy-consuming and leads to an overall high level of grain injury up to 20–30% of the entire threshed mass of grain.



Injured grain has reduced germination, and pathogens develop in the resulting cracks during storage. This often makes it impossible to obtain quality seed material, and when a certain level of the concentration of microtoxins is reached, the grain is unsuitable not only for the production of baked goods, but also for animal feed [5,21,22,23].



Moreover, the self-drainage process can occur in grain crops due to insufficient connection of the grain to the ear during untimely harvesting. This also causes grain losses, which amount to millions of tons per year [6].



Thirdly, combine harvesting technology assumes fully matured grain collection and does not allow for harvesting crops in the early phases of ripeness, since the grain that has not reached full ripeness has a strong connection with the ear. It is technically impossible to separate such grains from the ear by threshing.



Thus, the pressing issue of the day is to ensure low-energy and low-traumatic forced grain extraction from the ear as well as grain extraction from the ear at the early ripeness phase.



For this purpose, it is necessary not only to improve the existing methods of grain harvesting [24,25], but also to develop new, highly effective physical–mechanical methods of its harvesting and, accordingly, to design the appropriate equipment [7,8,9,26].



The most suitable method, which ensures low grain trauma as well as the ability to harvest crops in the early stages of ripeness, is the method of combing at the root. However, the design for the harvesting of grain crops must be further refined to ensure the full harvesting of grain crops, including in the early stages of ripeness, and thus the design of the combing cutterbars should be further developed. For this purpose, it is necessary to determine the natural resonance frequencies and fluctuation forms, where the grain’s release from the ear occurs. The ripeness phase at which the grain is harvested affects the presence or absence of grain connection with the ear: in the early ripeness stages, the grain is attached to the stalk and has a strong connection with the ear, while at maturity the grain is held in the ear only by the scales. Therefore, the natural resonance frequencies for fully mature and early ripening grains will differ significantly [27,28].



The solution to this problem requires the development and creation of adequate analytical and numerical physical–mechanical models, including models based on CAD–CAE complexes, which are able to describe the interaction between the elements of the stem–column–grain system. At the same time, there are physical–mechanical models of the process of working bodies of grain harvesting equipment and their impact on the stem–spike–grain system [10,11,29,30,31,32]. Obtaining such models will make it possible to substantiate the design and kinematic parameters of a new harvesting unit by the root combing method. Due to the data obtained, for the first time, the method of grain crops harvesting in the early stages of ripeness will be substantiated, aimed at achieving the Sustainable Development Goals formulated by the UN, including the elimination of hunger, ensuring food security and improved nutrition, and the promotion of sustainable agricultural development.




2. Materials and Methods


A block theory can be considered as an approximate mathematical model considering the peculiarities of the geometry. Herewith, in the general case, the section characteristics and mechanical properties depend on the longitudinal coordinate of the beam, which leads to boundary value problems with variable coefficients that can be solved analytically only in particular cases. A simpler model is a beam consisting of two homogeneous parts (stem and spike); in this case, the solution can be constructed analytically in both static and harmonic analysis [33,34,35,36,37].



2.1. Ear and Grain Fluctuation Mathematical Model Based on the Beam Theory


2.1.1. Continuous One-Dimensional Ear Fluctuation Model


Ear fluctuations are considered within the Euler–Bernoulli beam theory. The ear model is represented by an inhomogeneous beam with variable cross-section, density, and elastic modulus (Figure 1).



The lower end of the rod is fixed and a distributed pressure or a concentrated force acts on its surface, which in the general case depends on a time variable, and in special cases is a harmonic influence with circular frequency. The fluctuation equation has a form with respective transverse displacements and appears as follows:


     ∂ 2    ∂  x 2     (  E  ( x )  J  ( x )     ∂ 2  v   ∂  x 2     )  + ρ  ( x )     ∂ 2  v   ∂  t 2    = q  (  x , t  )   



(1)




where     E  ( x )    is the Young’s modulus,   J  ( x )    is the moment of inertia, and   ρ  ( x )    is the density.



The boundary conditions are as follows:


   at   x = 0      v = 0 ,   ∂ v   ∂ x   = 0   










  at   x =  l 1  +  l 2  ,    ∂ 2  v   ∂  x 2    = 0 ,    ∂ 3  v   ∂  x 3    = 0 ,  



(2)







The initial conditions correspond to the absence of motion at the initial moment of time:


  v  (  x , 0  )  = 0 ,   ∂ v   ∂ t    |  t = 0   = 0 ,  



(3)







In the general case of the parameters’ dependence of the ear model on the axial coordinate, the solution of the initial boundary value problem (Equations (1)–(3)) can be constructed numerically, particular in computer mathematical systems such as Maple or MATLAB mathematical packages, using the built-in numerical integration procedures of differential equations.



According to Figure 1, the rod consists of two main parts, where, in a simplified version, its characteristics can be considered constant. In this case, the mathematical Equation (4) consists of a differential equations system with constant coefficients and boundary conditions (Equation (2)), which has the following form:


    E i   J i     ∂ 4   v i    ∂  x 4    +  ρ i     ∂ 2   v i    ∂  t 2    = q  (  x , t  )      ( i = 1 , 2 )   



(4)




where    E i    is the Young’s modulus,    J i    is the moment of inertia, and    ρ i    is the density, which are constant values at each site.



The docking equations at   x =  l 1    are


   v 1  =  v 2  ,   ∂  v 1    ∂ x   =   ∂  v 2    ∂ x    










   E 1   J 1     ∂ 2   v 1    ∂  x 2    =  E 2   J 2     ∂ 2   v 2    ∂  x 2    ,  E 1   J 1     ∂ 3   v 1    ∂  x 3    =  E 2   J 2     ∂ 3   v 2    ∂  x 3     



(5)







For the harmonic excitation of fluctuations with a circular frequency  ω , the system of Equation (4), respecting the amplitude of fluctuations, appears as below:


   E i   J i     ∂ 4   v i    ∂  x 4    +  ρ i   ω 2   v i  = q  ( x )   



(6)







The homogeneous (  q  ( x )  ≡ 0  ) boundary values of Equations (2), (5), and (6) are considered to find the resonant natural frequencies.




2.1.2. Relative Grain Motion Equations


Figure 2 shows the layout of the grain in question and the mobile coordinate system    O 1   x 1   x 2   x 3   .



Figure 3 shows the scheme of grain attachment to the ear (3a, on the stem; 3b, without stem). Grain dynamics is investigated in two variants: the first model does not take into account grain size and considers a material point; the second model considers a solid body with a given inertia matrix.



The linear stiffness spring    C 1    and the spiral stiffness spring    C 2    simulate the grain and ear relationship; moreover, the linear spring corresponds to the stem’s presence and the spiral spring corresponds to the scales’ interaction.



Choosing a mobile coordinate system coherent with the translational transverse motion of the point (  x =  l 1  + l  ) of grain to ear attachment, grain acceleration can be represented as follows:


   a ¯  =    a ¯   e  +    a ¯   r   



(7)




where      a ¯   e  ,    a ¯   r    are the transfer acceleration and the relative acceleration, respectively.


     a ¯   e  =  (  0 ,    ∂ 2  v   ∂  t 2     |  x =  l 1  + l   , 0  )   



(8)







Here, the transport acceleration is found from the solution of the corresponding boundary value problems of Section 2.1.



Then, the motion of the grain equation with mass  m  in the mobile coordinate system    O 1   x 1   x 2   x 3    with initial conditions will take the following form:


  m    r ¯   ¨  =  F ¯  − m    a ¯   e   



(9)






   r ¯   |  t = 0   =    r ¯   c  ,    r ¯   ˙   |  t = 0   = 0  








where    r ¯  =  (   x 1  ,  x 2  ,  x 3   )    is the radius vector of the grain mass center in motion,      r ¯   c    is the radius vector of the grain mass center before the commencement of motion, and    F ¯  =    F ¯   P  +    F ¯   1  +    F ¯   2    represents the resultant force of the weight and elasticity forces of the linear and circular springs, respectively.


      F ¯   P  = −  (  m g , 0 , 0  )   ,     F ¯   1  = −  C 1   |   |   r ¯   | − |     r ¯   c   |   |   r ¯  /  |   r ¯   |  ,   










      F ¯   2  =    C 2   (  ϕ −  ϕ 0   )     |   r ¯   |     (  sin ϕ ,   − cos ϕ ,   0  )    ,   ϕ = arctan (  x 2  /  x 1  )   



(10)







When moving in the plane    O 1   x 1   x 2   , the vector Equation (9) is reduced to a system (taking into account the notations    x 1  = x  ( t )  ,  x 2  = y  ( t )   ):


     d 2    d  t 2    x  ( t )  = −      C 1   |  − 1 +        x 0 2  +  y 0 2        x    ( t )   2  + y   ( t )  2       |  x  ( t )   m  +    C 2   (  arctan  (    y  ( t )    x  ( t )     )  − arctan  (     y 0     x 0     )   )  y  ( t )      x    ( t )   2  + y   ( t )  2    x  ( t )    1 +   y   ( t )  2    x   ( t )  2      m    










      d 2    d  t 2    y  ( t )  = −      C 1   |  − 1 +        x 0 2  +  y 0 2        x    ( t )   2  + y   ( t )  2       |  y  ( t )   m  +    C 2   (  arctan  (    y  ( t )    x  ( t )     )  − arctan  (     y 0     x 0     )   )      x    ( t )   2  + y   ( t )  2      1 +   y   ( t )  2    x   ( t )  2      m   +  ω 2   V 0  sin  (  ω t  )    



(11)




where    x 0  ,    y 0    are the initial coordinates of the grain mass center,  ω  is the fluctuations’ circular frequency of the ear, and    V 0    is the point fluctuations’ amplitude    O 1    center of grain attachment (Figure 3).



Equations (9) and (10) are nonlinear differential equations and their solutions can be numerically constructed. As a result, maximum elastic force    F 1   , moment of elasticity    M 2  =  C 2  ϕ  , and their effects    A 1  ,  A 2    in the increasing section    |   r ¯   |    and    | ϕ |    can be found as


   A 1  = −  C 1    | |   r ¯   max   | − |   r ¯  c  | |    2   2  ,        A 2  = −  C 2     ϕ  max  2   2   



(12)







In turn, these are compared to similar data obtained in experiments on grain extraction from the ear [27,28,38].




2.1.3. Analytical Solution to the Problem


The solution of the homogeneous boundary value problem from of Equations (2), (5) and (6) will be found in the following form (here and below,    v 1   ( x )  ,  v 2   ( x )    is denoted by    y 1   ( x )  ,    y 2   ( x )   , and    l 1  ,  l 2    by    L 1  ,  L 2   , respectively):


   y 1   ( x )  =  C 1   (   1 2  cosh  (   β 1  x  )  +  1 2  cos  (   β 1  x  )   )  +  C 2   (   1 2  sin  (   β 1  x  )  +  1 2  sinh  (   β 1  x  )   )   +  C 3   (   1 2  cosh  (   β 1  x  )  −  1 2  cos  (   β 1  x  )   )   +  C 4   (   1 2  sin  (   β 1  x  )  +  1 2  sinh  (   β 1  x  )   )   



(13)






    y 2   ( x )  =  C 5   (   1 2  cosh  (  k  β 1  x  )  +  1 2  cos  (  k  β 1  x  )   )  +  C 6   (   1 2  sin  (  k  β 1  x  )  +  1 2  sinh  (  k  β 1  x  )   )   +  C 7   (   1 2  cosh  (  k  β 1  x  )  −  1 2  cos  (  k  β 1  x  )   )   +  C 8   (   1 2  sin  (  k  β 1  x  )  +  1 2  sinh  (  k  β 1  x  )   )    



(14)




where, to simplify the notation, we use the following:    β 1  ≔   (    p 1   ω 2     E 1   J 1    )    (   1 4   )     L 1  ,   k ≔     (    p 2   E 1   J 1     p 1   E 2   J 2    )    (   1 4   )     L 2     L 1     , where   c o s h ( )   and   s i n h ( )   are hyperbolic cosine and sine, respectively. The constants    C 1  ,    C 2  , … ,  C 8    are found further from the boundary and coupling conditions.



Satisfying the boundary conditions at the ends of the beam, we obtain


   C 1  ≔ 0 ,    C 2  ≔ 0 ,    C 7  ≔ 0 ,    C 8  ≔ 0  



(15)







The docking Equation (5) lead to a linear system:


     C 3   (   1 2  cosh  (   β 1   L 1   )  −  1 2  cos  (   β 1   L 1   )   )  +  C 4   (  −  1 2  sin  (   β 1   L 1   )  +  1 2  sinh  (   β 1   L 1   )   )  −   C 5   (   1 2  cosh  (  k  β 1   L 2   )  +  1 2  cos  (  k  β 1   L 2   )   )  −  C 6   (   1 2  sin  (  k  β 1   L 2   )  +  1 2  sinh  (  k  β 1   L 2   )   )  = 0       C 3   (   1 2  sinh  (   β 1   L 1   )   β 1  +  1 2  sin  (   β 1   L 1   )   )   β 1  +  C 4  ( −  1 2  cos  (   β 1   L 1   )   β 1  +  1 2  cos h  (   β 1   L 1   )  )  β 1     +  C 5   (   1 2  sinh  (  k  β 1   L 2   )  k  β 1  −  1 2  sin  (  k  β 1   L 2   )  k  β 1   )     +  C 6   (   1 2  cos  (  k  β 1   L 2   )  k  β 1  +  1 2  cosh  (  k  β 1   L 2   )   )  k  β 1  = 0      C 3   (   1 2  cosh  (   β 1   L 1   )   β 1 2  +  1 2  cos  (   β 1   L 1   )   )   β 1 2  +  C 4   (   1 2  sin  (   β 1   L 1   )   β 1 2  +  1 2  sin h  (   β 1   L 1   )  )  β 1 2   )     −  C 5   (   1 2  cosh  (  k  β 1   L 2   )   k 2   β 1 2  −  1 2  cos  (  k  β 1   L 2   )   k 2   β 1 2   )     −  C 6   (  −  1 2  sin  (  k  β 1   L 2   )   k 2   β 1 2  +  1 2  sinh  (  k  β 1   L 2   )   )   k 2   β 1 2  = 0   



(16)






    C 3   (   1 2  sinh  (   β 1   L 1   )   β 1 3  −  1 2  sin  (   β 1   L 1   )   )   β 1 3  +  C 4  (  1 2  cos  (   β 1   L 1   )   β 1 3  +  1 2  cos h  (   β 1   L 1   )  )  β 1 3     +  C 5   (   1 2  sinh  (  k  β 1   L 2   )   k 3   β 1 4  +  1 2  sin  (  k  β 1   L 2   )   k 3   β 1 3   )     +  C 6   (  −  1 2  cos  (  k  β 1   L 2   )   k 3   β 1 3  +  1 2  cosh  (  k  β 1   L 2   )   )   k 3   β 1 3  = 0   











Matrix A of the system (16) is represented by the following:


  A =  [    cosh  (  β 1   L 1  )  − cos  (  β 1   L 1  )                    sinh  (  β 1   L 1  )  −   sin  (  β 1   L 1  )      −     sin  (  k β 1   L 2  )  −   sinh  (  k β 1   L 2  )      − cosh  (  k β 1   L 2  )  −   cos  (  k β 1   L 2  )                sinh  (  β 1   L 1  )  +   sin  (  β 1   L 1  )                      cosh  (  β 1   L 1  )  −   cos  (  β 1   L 1  )      k (     cos  (  k β 1   L 2  )  + cosh  (  k β 1   L 2  )  )     k ( − sin  (  k β 1   L 2  )  +   sinh  (  k β 1   L 2  )  )             cosh  (  β 1   L 1  )  + cos  (  β 1   L 1  )                  sinh  (  β 1   L 1  )  +   sin  (  β 1   L 1  )      −  k 2  ( −     sin  (  k β 1   L 2  )  + sinh  (  k β 1   L 2  )  )      k 2  ( cos  (  k β 1   L 2  )  − cosh  (  k β 1   L 2  )  )             sinh  (  β 1   L 1  )  −   sin  (  β 1   L 1  )                    cosh  (  β 1   L 1  )  + cos  (  β 1   L 1  )          −  k 3  ( cos  (  k β 1   L 2  )  −   cosh  (  k β 1   L 2  )  )      k 3  ( sinh  (  k β 1   L 2  )  + sin  (  k β 1   L 2  )  )            ]   











Equality to zero of the determinant of matrix A, D = det(A) = 0, is the equation aimed at finding natural frequencies.


    4 k ( 1 − cosh  (   β 1   L 1   )  sin  (   β 1   L 1   )   k 3  cosh  (  k  β 1   L 2   )  sin  (  k  β 1   L 2   )      − cosh  (   β 1   L 1   )  sin  (  β 1 L 1  )   k 3  cos  (  k  β 1   L 2   )  sinh  (  k  β 1   L 2   )      + cosh  (   β 1   L 1   )  cos  (   β 1   L 1   )   k 4  cos  (  k  β 1   L 2   )  cosh  (  k  β 1   L 2   )      + cos  (  k  β 1   L 2   )  cosh  (  k  β 1   L 2   )      + sinh  (   β 1   L 1   )  cos  (   β 1   L 1   )  k cos  (  k  β 1   L 2   )  sin h  (  k  β 1   L 2   )      − sinh  (   β 1   L 1   )  cos  (   β 1   L 1   )  k cos h  (  k  β 1   L 2   )  sin  (  k  β 1   L 2   )      − 2 sinh  (   β 1   L 1   )  sin  (   β 1   L 1   )   k 2  sin  (  k  β 1   L 2   )  sinh  (  k  β 1   L 2   )      + cos  (   β 1   L 1   )  sin h  (   β 1   L 1   )   k 3  cos h  (  k  β 1   L 2   )  sinh  (  k  β 1   L 2   )  +  k 4      + cosh  (   β 1   L 1   )  cos  (   β 1   L 1   )  cos  (  k  β 1   L 2   )  cosh  (  k  β 1   L 2   )      + sin  (   β 1   L 1   )  cosh  (   β 1   L 1   )  k cos  (  k  β 1   L 2   )  sin h  (  k  β 1   L 2   )      − sin  (   β 1   L 1   )  cos h  (   β 1   L 1   )  k cos  (  k  β 1   L 2   )  sin h  (  k  β 1   L 2   )      + cosh  (   β 1   L 1   )  cos  (   β 1   L 1   )  −  k 4  cos  (  k  β 1   L 2   )  cosh  (  k  β 1   L 2   )      − cosh  (   β 1   L 2   )  cos  (   β 1   L 2   )   k 4  = 0    



(17)







In particular, with   k = 0.1 ,    L 1  = 0.8   m ,    L 2  = 0.09   m  , the dependence of the normalized value of the determinant   D  (   β 1   )    on the parameter    β 1    appears as in Figure 4.



The first three roots are equal, respectively:


   β 1  = 2.344   kHz ;    β 2  = 5868   kHz ;    β 3  = 9818   kHz ;  











Analysis of the natural waveforms shows that the form corresponding to the second natural frequency (   β 2  = 5868   kHz  ) is characterized by intensive movement of the part of the ear containing grains, which agrees with the results obtained in the next paragraph of this article by the finite element method. The frequency interval corresponding to the second natural frequency can be called the low-frequency range, in which effective grain extraction from the ear is possible. It should be noted that this mode can be implemented directly in the field during the harvesting of grain crops when the ear is not separated from the stem and the stem is not cut.






3. Numerical Experiments


The second frequency range, in which effective grain extraction from the ear is possible, is the range of intense grain vibrations itself in the ear. Here, it should be noted that there are several modes associated with different grain maturity degrees, namely, the grain is attached to the stalk and the grain is held by the scales. This frequency range can be called the high-frequency range because it is a kilohertz interval.



To carry out numerical calculations on the developed mathematical model, experimental data on the deformation and destruction of plant elements obtained earlier were used [27,28,38].



Numerical experiments to determine the grain motion characteristics in this range were carried out in the finite element analysis software package ACELAN [39,40]. This software has the status of freeware. Its developer is the Southern Federal University, Rostov-on-Don, Russia. The fourth author of this article is one of its developers.



About 25,000 tetragonal 3D finite elements were used for the calculation. The dimensions of the finite elements were chosen from the following condition: at least six elements per half wavelength. The finite-element mesh thickened until the results of the calculations became independent of its shape. The inaccuracy of the resulting finite-element solution was estimated from the characteristic size of the element and the order of approximation. On a PC with an Intel i7processor, 8 GB of RAM, and a 1 TB HDD, the calculation time of one option was about 5–10 min.



In a numerical experiment, the fluctuations of an individual grain at different stages of its maturation were considered in the cases of its connection with the ear (early stage) and in the absence of such a connection (late stage).



Modal analysis was carried out and natural resonance frequencies and forms of fluctuations were found. Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 show the results for the frequencies at which the fluctuations of the grain contribute to its separation from the ear.



Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 show the parameters of the corresponding value indicated in the figure caption: the blue color corresponds to a smaller value, the red one to a larger one. Figure 5a,b shows the units of measurement. The sides of one square are 1 mm. The scale is identical for Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9.



Thus, Figure 5a,b shows distributions of the stress–strain state (DSS) of the grain at its own frequency of 2.36 kHz, in the case of it not interacting with the scales, in the presence of a connection of the grain with the ear through the stalk. The characteristic of movement corresponds to the fluctuation of the grain at the stalk (Figure 5a), in which the maximum stresses arise (Figure 5b); this may serve as the basis for its detachment from the ear. Figure 6a,b shows similar results with a rigid connection between the grain and the scales; due to their rigidity, the frequency increases compared to the previous case. There is a qualitative overlap of DSS characteristics with the previous case.



Figure 7a,b shows results in the presence of a rigid connection to the scales. The natural frequency in this case is slightly lower and is 54.63 kHz. The maximum stress levels, as in the previous case, occur in the stalk.



Figure 8a,b shows the results of bending grain fluctuations in the second maturity stage (no connection with the stalk); the maximum stresses occur at the base of the scales, which may be a sign of their destruction if the fluctuations’ amplitude is sufficient.



The figures below show the fluctuation forms and characteristics of the stress–strain state during vertical movement of the grain without connection with the scales and in the presence of this connection. It should be noted that the natural sequences in this case are much higher than the previous bending modes.



Figure 9a,b shows vertical displacements and stress intensity distributions in the absence of the peduncle, but with the grain connection with the scales, at the natural frequency of 11.73 kHz, which, due to the lower rigidity of the scales compared to the peduncle, is much lower than in the case in which there is a peduncle. The maximum stresses, as before, occur at the place where the scales are attached to the spike, which will also lead to their detachment.




4. Results and Discussion


Studies conducted earlier by other researchers have mainly been aimed at modeling the process of grain threshing and separation after its detachment from the ear. Research on mathematical modeling and numerical calculations has been carried out for the first time [41,42,43,44]. The use of the applied beam theory and the general continuum formulation within the linear theory of the elasticity framework made it possible to determine the natural forms and frequencies of the grain crops’ ears. Thus, at the natural frequency of 5.868 kHz, there is an intensive ear movement that contributes to the release of grain from it. The frequency interval corresponding to the second natural frequency can be called the low-frequency range. This mode can be used for grain crops harvesting when the ear is not separated from the stem and the stem is not cut.



Numerical experiments aimed at natural ear fluctuation frequency determination were carried out; natural ear fluctuation frequencies contribute to the release of grain at different degrees of maturity.



Grain in the early stages of ripeness has a strong connection with the stem, so for harvesting grain at this stage, vertical and bending forms of grain fluctuation on the stem with and without connection with the scales were considered.



When considering the bending forms of grain fluctuations on the stalk without connection with the scales (Figure 5a,b), the maximum stresses occur at the fluctuation frequency of 2.36 kHz, which may serve as the basis for its detachment from the ear. When considering the bending forms of fluctuations on the stalk with the connection between the grain and scales (Figure 6a,b), due to the increase of stiffness, the natural frequency increases to 2.97 kHz, at which the grain detachment from the ear occurs.



Assessment of the grain vibration forms on the peduncle with and without connection with the scales was considered for the grain extraction from the ear in two cases: in the first case, grain was extracted from the ear by breaking the connection of the grain with the peduncle and the scales; in the second case, the grain connection with the peduncle only was broken by the impact of resonant frequencies, which can lead to grain release through breaking off scales from the spike, leaving the scales on the spike unbroken. From the energy-saving point of view, the latter is more advantageous; the frequency of vibrations aimed only at breaking the connection with the stalk was 0.61 kHz lower than the frequency of vibrations aimed at breaking the connection of the grain with the stalk and with the scales.



In reviewing the vertical forms of grain fluctuation on the stem without connection with the scales, the maximum stress is in the material of the stem, which contributes to its destruction. The fluctuation frequency in this case was 56.01 kHz. When considering the presence of a rigid connection with the scales, (Figure 7a,b) the natural frequency of fluctuations in this case was slightly lower at 54.63 kHz. Maximum stresses also occur in the stalk.



At full maturity, the grain is held in the ear only by the scales; the grain has no connection with the stalk. Assessing the bending form of fully ripe grain fluctuations (Figure 8a,b), the maximum stresses occurred at the base of the scales, which may be a sign of their destruction with s sufficient amplitude of fluctuations. Grain release from the ear was observed at the natural frequency of 0.95 kHz.



When analyzing the distribution of vertical displacements and stress intensity of the grain in the ear (Figure 9a,b), the maximum stresses, as in bending forms of fluctuation, occurred in the place of attachment of the scales to the ear, which will also lead to their detachment. The natural frequency of fluctuations in this case was 11.73 kHz.




5. Conclusions


The use of resonant frequencies for grain extraction from the ear is a highly effective physical and mechanical method of its harvesting. To design agricultural harvesting machinery using resonant frequencies, it is necessary to have data on the interaction between the elements of the stem–column–grain system, as well as physical and mechanical models of the process of harvesting machinery working tools and their impact on this system.



This article presented fluctuation models of the stem with the spike and the individual grain in the spike. The applied beam theory and the general continuum formulation within the framework of linear elasticity theory were used for this purpose. Analysis of the fluctuations’ natural forms showed that, at a natural frequency equal to 5.868 kHz, there is an intensive movement of the part of the ear containing grains. The data obtained are consistent with the results obtained by numerical experiments.



Numerical experiments have shown that the separation of grain from the ear at full ripeness, when the grain in the ear is held only by scales and there is no connection with the stalk, in the bending fluctuation form had a natural frequency at which the grain can be separated of 0.95 kHz. With the vertical form of grain, the vibrations’ natural frequencies increased to 11.73 kHz, which is more energy consuming. Therefore, it is advisable to apply bending forms of grain fluctuations at its full ripeness.



When considering the effect of resonant frequencies on the grain of the early phases of ripeness, when the grain has a strong connection with the ear with the help of the stalk, the natural frequencies of the grain, at which its release from the ear can occur, increase.



Thus, in the bending forms of grain fluctuation on the peduncle without connection with the scales, the natural frequency of fluctuation was 2.36 kHz. At bending forms of grain fluctuations on the peduncle with a connection with the scales, the natural frequencies increased to 2.97 kHz.



The vertical forms of grain fluctuation on the stalk with and without scales sharply increased the natural frequencies at which grain is released from the ear. The natural frequency of grain vibrations in the case of the impact of resonant vibrations on the stalk and scales was 54.63 kHz. The natural frequency of grain on the peduncle fluctuations without connection with the scales was 56.01 kHz.



The results show that the bending form of grain fluctuation both at full ripeness and in the early phases of ripeness is the least energy-consuming form.
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Figure 1. Ear diagram. 
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Figure 2. Local (mobile) coordinate system. 
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Figure 3. Grain fixing scheme: on the stem (a), without stem (b). 
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Figure 4. Plot of determinant versus parameter. 
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Figure 5. Bending form of grain fluctuation on the stem without scales’ connection (fluctuation frequency 2.36 kHz, E+0xx corresponds to × 10xx): (a) distribution of horizontal displacements and (b) distribution of stress intensity. 
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Figure 6. Bending form of grain fluctuation on the stem with scales’ connection (fluctuation frequency 2.97 kHz, E+0xx corresponds to × 10xx): (a) distribution of horizontal displacements and (b) distribution of stress intensity. 
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Figure 7. Vertical shape of grain fluctuation on the stem with scales’ connection (fluctuation frequency 54.63 kHz, E+0xx corresponds to × 10xx): (a) distribution of vertical displacements and (b) distribution of stress intensity. 
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Figure 8. The bending form of grain fluctuation without a stalk with scales’ connection (fluctuation frequency 0.95 kHz, E+0xx corresponds to × 10xx): (a) distribution of horizontal displacements and (b) distribution of stress intensity. 
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Figure 9. Vertical shape of the fluctuation of the grain without a stem with scales’ connection (fluctuation frequency: 11.73 kHz, E+0xx corresponds to × 10xx): (a) distribution of vertical displacements and (b) distribution of stress intensity. 
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