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Abstract

:

The technological process of agricultural production is inextricably linked to the movement of a large number of goods, ranging from the supply of raw materials to their conversion and delivery of finished products. In the implementation of freight flows at the enterprises of agro-industrial complexes and the complex mechanization of raw material conversion processes, the main role is played by systems of transport and technological machines, which include screw conveyors with the ability to convert materials. For this purpose, the simultaneous performance of transportation and separation processes has been studied. The results of the investigation include the construction and study of the mathematical model of the system «a screw of the screw conveyor—grain mixture and separation process» involving further experimental research. The study of the effectiveness of separating agricultural materials with a multifunctional screw conveyor-separator showed that for effective sifting, the selected rational values of the parameters lie within the following limits: angle of inclination of the sieve was 0–14°, and frequency of rotation of the working body was 300–700 rpm. Some rational parameters were obtained during the grain mixture separation process on the basis of an experimental study, namely: n = 380 rpm; q = 0.9–4.7 kg/h·cm2, γ = 0–14°; P = 0.22–0.7 kW, depending on the size of the working sieve (100 × 200 mm). These rational parameters will make it possible to increase the efficiency of agricultural materials separation by a screw conveyor separator, to achieve maximum productivity, and to reduce energy consumption compared to other sorting devices.
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1. Introduction


The development of agriculture requires new types of machines and mechanisms that would improve labor conditions and combine and accomplish different technological processes. The process of cargo transportation dealing with agricultural products’ cleaning and processing plays an important role in agricultural production (ACP) [1,2]. Here, the overwhelming majority of all technological operations on agricultural goods transportation are performed by multi-purpose screw systems (MPSS), which carry out related technological operations [3,4].



MPSS must meet strict requirements on their fitness for purpose, quality of technological operations performed, efficiency, energy savings, reliability, maintainability, and ease of maintenance. The above-mentioned characteristics greatly influence the efficiency of the functioning of farms, threshing floors, compound feed plants, and other enterprises of the agricultural-industrial complex (AIC) [5]. Nevertheless, MPSS has some disadvantages, namely narrow technological possibilities and small application functionality. It can be explained by the absence of progressive structural schemes, often overcomplexity, high metal capacity, high production costs, and not high enough reliability and efficiency. Thus, conventional multi-purpose screw systems require considerable structural and technological improvement [6,7].



Some new designs of transport-technological systems have been developed; their operation has been theoretically substantiated; the theory of tubular scraper conveyors and high-speed screw conveyors, flexible screws in particular, has been clarified; and the problems of choosing their best structural parameters and operation modes have been solved [8,9,10]. The mathematical models of nonlinear bending and torsional vibrations of a tubular conveyor and a screw operating parts have been developed, and the principles of transition processes under the start-up of the machine and passing through resonance conditions have been determined on the basis of system analysis and structural-schematic synthesis with hierarchical grouping in the papers written by [11,12,13,14]. Moreover, some kinematic models and new engineering designs of tubular systems of continuous transport with a closed traction part have been developed, and the correspondent experimental confirmation has been conducted in [11,12]. The scientific principles of telescopic screw conveyor design have been developed in [15,16]. Some theoretical substantiation of the design, kinematic, and dynamic parameters of the proposed operating parts of flexible screw conveyors and automated taking of bulk material has been presented in studies [17,18,19]. The theoretical substantiation of pneumatic transporters for bulk material transportation on curvilinear routes by means of periodic dosed supply of air streams along the transport hose periphery has been made, and a model of bulk material interaction in the transport flow including the determination of the most efficient design, kinematic, and dynamic parameters of a pneumatic-mechanical transporter has been developed [16,18], as well as the technological support of transport-technological machines operation and parts production have been developed in study [20].



The method of discrete elements (DEM) was used in the investigations of some foreign scientists [21] to analyze the capacity of a screw conveyor when less than 1200 t/h could be used for the transportation of a wide range of ground, granulated, or small pieces of bulk material over a relatively short distance. The dynamic starting moments have been calculated according to the results of the study of the conveyor mathematical model [22]. It was found that rapid braking considerably increases the dynamic load, which could exceed the maximum critical torque of an electric motor (on average by 50–70%) and the nominal load moment (by 2.5–3 times) [20,23]. An analytical model of a single-screw conveyor machine, including its electrical, mechanical, measuring, and control drive systems, as well as its implementation as a computer simulator in the ANSYS environment, where the screw conveyor characteristics of speed, deformation, and acceleration were shown, have been described in a study [24]. A method for optimal control of the conveyor-type production line parameters was developed in the paper [25]. Different options for step control of the conveyor speed have been studied, enabling us to find the difference in a production line’s capacity based on the specified need for different parameters of step control.



In studies [26,27], the main principles of calculations have been studied, and the design of mechanisms for grain crop separation and extrusion has been described.



Some considerable savings in material and energy resources have been achieved due to the simultaneous combination of several processes, for example, transportation with simultaneous separation. The process of simultaneous transportation and separation of grain mixtures by a screw conveyor, with the establishment of the influence of different values of the parameters of this system, has not been considered. That is why our paper is devoted to their partial analytical study.



The analysis of the above made it possible to establish a number of directions for the improvement of multifunctional screw systems: ensuring the multifunctional use, increasing the separation efficiency, ensuring the operating conditions of the performed processes, and achieving high economic characteristics. Therefore, a mathematical model of the “screw conveyor screw—grain mixture and separation process” system is proposed, which makes it possible to combine the processes of grain mixture transportation and separation through modeling, the development of a progressive design, and choosing their rational modes of operation. To increase the separation efficiency of agricultural materials, a screw conveyor-separator will allow for maximum productivity while reducing energy consumption compared to other sorting devices.




2. Materials and Methods


2.1. Theoretical Aspects


During a screw transporter operation, which is designed for grain mixture transportation with simultaneous separation, the screw makes some bending oscillations [28]. These oscillations are transmitted to the cylindrical body, along which the system of holes is located, which makes the grain mixture cleaning possible (or bulk medium calibration). The separation intensity greatly depends on the amplitude-frequency characteristics of the screw oscillations and a cylindrical body with holes (a sieve). It should be mentioned that technologically the last ones can be made variable, i.e., they can be made with holes of different sizes so that the same transporter will be able to separate grain mixtures from different grain crops [28,29].



The main assumptions form the basis of the process dynamics mathematical model construction for grain mixture transportation and separation. The screw of the screw conveyor within the process of technological operations implementation rotates with a constant angular velocity and performs some bending oscillations. The last ones occur due to both the external factors’ actions (drive action and screw interaction with grain mass) and the internal ones as well (screw imbalance). The calculation model and the stand we utilized to study the characteristics of the telescopic screw conveyor-separators are presented in Figure 1.



The grain mass, which is transported and separated, moves relative to the screw of the transporter at a constant speed V. Moreover, due to the process of separating the grain mixture, the running mass varies along the transporter’s length. The largest value of the running mass is at the beginning of the transporter, and the smallest one is at its end. If the position of the grain mass volume is fixed relative to the horizontal axis OX, which coincides with the neutral axis of the not-deformed screw, and its beginning coincides with the left end of the screw, then with a sufficient degree of accuracy, the running mass distribution along the screw ρ1(x) can be described by the dependence:


   ρ 1  ( x ) =  ρ  10     1 − k  x l     



(1)




where ρ10—the running mass of grain mixture at the point of its delivery from the bunker to the transporter; l —the screw length; k—the coefficient characterizing the process of separation (k belongs to the interval 0 < k < 1) [30].



As for the elastic characteristics of an auger screw, it is assumed that they are described by the nonlinear technical law of elasticity, and the force of resistance (viscous friction of the material) is proportional to the speed of deformation in the degree 2s + 1, and the last value is rather small compared with the linear component of elastic restoring force.



A mathematical model of the dynamics of the system «the screw of screw transporter—grain mixture», including the process of separation, can be built. In the case when the grain mixture is not delivered to the screw conveyor, the differential equation of its bending oscillations is, by its structure, the same as the differential equation of an elastic body bending while rotating around a fixed axis and looks like:


     ∂ 2  u   ∂  t 2    +   E I  ρ  ⋅    ∂ 4  u   ∂  x 4    −  ω 2  u = ε f   u ,   ∂ u   ∂ t   ,   ∂ u   ∂ x   ,    ∂ 2  u   ∂  x 2    ,    ∂ 3  u   ∂  x 3       



(2)




where u(x,t)—the section transverse movement of the auger screw with the coordinate x at a random moment of time t; EI—bending stiffness of the auger (E,I—the modulus of elasticity of the auger material and its inertia moment, respectively); ω—natural frequency of screw oscillations; ρ—constant (the auger running mass);   ε f   u ,   ∂ u   ∂ t   ,   ∂ u   ∂ x   ,    ∂ 2  u   ∂  x 2    ,    ∂ 3  u   ∂  x 3       —the function describing nonlinearly the elastic, dissipative, and forces of other nature of the system; ε—the small parameter indicating their small value compared to the linear constituent of the restoring force. In the case when the grain mixture is transported along the auger screw with a constant velocity value, the absolute acceleration ws of conditionally selected in a random place of the grain mixture element is found by the dependence:


   w s  =    ∂ 2  u ( x , t )   ∂  t 2    +    ∂ 2  u ( x , t )   ∂  x 2     V 2  + 2 V    ∂ 2  u ( x , t )   ∂ t ∂ x    



(3)







The terms in Equation (3) express a relative, portable, and Coriolis constituent of the grain mixture element acceleration, respectively.



If we take into consideration that the grain mixture does not influence the modulus of elasticity of the auger material [31], but only partially changes its moment of inertia, then the differential equation of the system «auger screw—grain mixture» will be written as:


      ρ +  ρ 1  ( x )      ∂ 2  u ( x , t )   ∂  t 2    + 2  ρ 1  ( x ) V    ∂ 2  u ( x , t )   ∂ t ∂ x   +  ρ 1  ( x )  V 2     ∂ 2  u ( x , t )   ∂  x 2    +     E  I ¯  ( x )    ∂ 4  u ( x , t )   ∂  x 4    −   ρ +  ρ 1  ( x )    Ω 2  u ( x , t ) = ε f   u ,   ∂ u   ∂ t   ,   ∂ u   ∂ x   ,    ∂ 2  u   ∂  x 2    ,    ∂ 3  u   ∂  x 3         



(4)




where    I ¯  ( x )  —the moment of inertia of the auger screw, including the grain mixture. The presented Equation (4) shows that the grain mixture that is transported along the auger gives quite a new form to the differential equation of its motion:




	-

	
due to the grain mixture motion, two new terms appear, namely:    ρ 1  ( x ) V    ∂ 2  u ( x , t )   ∂ t ∂ x     and    ρ 1  ( x )  V 2     ∂ 2  u ( x , t )   ∂  x 2     ;




	-

	
due to the separation process, the grain mixture running mass varies along the sieve length.









All the above-mentioned information creates some additional difficulties in the analytical study of the set of parameters that influence the process dynamics. The last one is connected with the construction of the solution of the obtained equation. The study of the impact of the whole spectrum of factors on the available process dynamics can be the most thorough on the basis of an analytical solution.



The solution to the differential equation can be represented by its form, boundary level, and initial conditions. The boundary value conditions are first of all determined by the method of the auger screw fixing and the motion transmission from the drive motor. The latter, in many cases, causes some oscillations in the auger, so the boundary value conditions for the differential Equation (4) look like this:


      u ( 0 , t ) = ε  k 1  s i n ( p t + θ )        ∂ 2  u ( 0 , t )   ∂  x 2    = 0     u ( l , t ) = 0        ∂ 2  u ( l , t )   ∂  x 2    = 0      



(5)




where k1, p, θ—constant values characterizing amplitude, frequency, and the initial phase of an external periodic disturbance. We must admit that the amplitude of periodic disturbances is a small value. We assume that the drive device (engine) is at the beginning of the auger screw. Thus, the problem of the study of the transportation process with simultaneous separation of the grain mixture is reduced to the construction and study of the solution of the boundary value problem (4), (5).



The analytical study of the transportation process with simultaneous separation of the grain mixture has been reduced to finding the solution of the differential Equation (4) under heterogeneous boundary value conditions (5). In this case, the boundary value problem with heterogeneous boundary value conditions is to be reduced to a simpler problem with homogeneous boundary value conditions. For this purpose, in Equation (4), we will change the variables [28]:


  u ( x , t ) = v ( x , t ) + w ( x , t )  



(6)




where the function w(x,t) is the solution of the differential equation:


     ∂ 4  w   ∂  x 4    = 0  



(7)




that satisfies the boundary value conditions conforming with (5), (6):


      w ( 0 , t ) = ε  k 1  s i n ( p t + θ )        ∂ 2  w ( 0 , t )   ∂  x 2    = 0     w ( l , t ) = 0        ∂ 2  w ( l , t )   ∂  x 2    = 0      



(8)







Function w(x,t) is the solution to the differential Equation (7), which satisfies the heterogeneous boundary value conditions (8):


  w ( x , t ) = ε  k 1  ( 1 −  x l  ) s i n ( p t + θ )  



(9)







The function v(x,t) is the solution to the homogeneous boundary value problem with the differential equation:


      ρ +  ρ 1  ( x )      ∂ 2  v   ∂  t 2    + 2  ρ 1  ( x ) V    ∂ 2  v   ∂ t ∂ x   +  ρ 1  ( x )  V 2     ∂ 2  v   ∂  x 2    +     E  I ¯  ( x )    ∂ 4  v ( x , t )   ∂  x 4    −   ρ +  ρ 1  ( x )    Ω 2  v ( x , t ) = ε  f ¯    v ,   ∂ v   ∂ t   ,   ∂ v   ∂ x   ,    ∂ 2  v   ∂  x 2    ,    ∂ 3  v   ∂  x 3    , p t + θ      



(10)




under homogeneous boundary value conditions, obtained from Equations (5)–(9), i.e.,


      v ( 0 , t ) =    ∂ 2  v ( 0 , t )   ∂  x 2    = 0     v ( l , t ) =    ∂ 2  v ( l , t )   ∂  x 2    = 0      



(11)







As for the right side of the Equation (10), i.e., the function    f ¯    x , v ,   ∂ v   ∂ t   ,   ∂ v   ∂ x   ,    ∂ 2  v   ∂  x 2    ,    ∂ 3  v   ∂  x 3    , p t + θ    , it takes the well-known form with 2π—periodic by phase the external disturbance:


     f ¯    x , v ,   ∂ v   ∂ t   ,   ∂ v   ∂ x   ,    ∂ 2  v   ∂  x 2    ,    ∂ 3  v   ∂  x 3    , p t + θ   = f      u ,   ∂ u   ∂ t   ,   ∂ u   ∂ x   ,    ∂ 2  u   ∂  x 2    ,    ∂ 3  u   ∂  x 3            u ( x , t ) = v ( x , t ) ,          ∂ 3  u   ∂  x 3    =    ∂ 3  v ( x , t )   ∂  x 3         +     +  k 1   p 2    ρ +  ρ 1  ( x )     1 −  x l    s i n ( p t + θ ) − 2  ρ 1  ( x ) V    k 1   l  c o s ( p t + θ )    











Building the boundary level problem solution (10), (11) is possible due to the following restrictions:




	-

	
values on the right side of the Equation (10);




	-

	
values of external periodic disturbances;




	-

	
changes in the running mass of the grain mixture transported with simultaneous separation.









All the above-mentioned is the basis for considerable mathematical simplification of the left side of Equation (10), as in this case, the coefficients at the function derivatives v(x,t) are slowly variable functions of the linear variable x. From the above-mentioned differential equation, the simpler is the equation with constant coefficients:


      ρ +  ρ  10        ∂ 2  v   ∂  t 2    + 2  ρ  10   V    ∂ 2  v   ∂ t ∂ x   +  ρ  10    V 2     ∂ 2  v   ∂  x 2    +     E  I ¯     ∂ 4  v ( x , t )   ∂  x 4    −   ρ +  ρ  10      Ω 2  v ( x , t ) = ε  f ¯    v ,   ∂ v   ∂ t   ,   ∂ v   ∂ x   ,    ∂ 2  v   ∂  x 2    ,    ∂ 3  v   ∂  x 3    , p t + θ   +     + k  ρ  10    x l         ∂ 2  v   ∂  t 2    + V    ∂ 2  v   ∂ t ∂ x   +  V 2     ∂ 2  v   ∂  x 2    −  Ω 2  v ( x , t )     =     =     = g   x , v ,   ∂ v   ∂ t   ,   ∂ v   ∂ x   ,    ∂ 2  v   ∂  x 2    ,    ∂ 3  v   ∂  x 3    , p t + θ      



(12)







The most convenient method for solution construction under homogeneous boundary value conditions (10) is the method (12) based on the main idea of the Bubnov-Halyorkin method [19] and the principle of single-frequency oscillations in nonlinear systems with concentrated mass and distributed parameters [31,32]. The basis for using the above-mentioned is also the existence of a complete orthonormal system of functions      X k  ( x )   =   s i n   k π  l  x     that satisfies the conditions    X k  ( 0 ) =  X k  ( l ) =  X k ″  ( 0 ) =  X k ″  ( l ) = 0  . According to the above-mentioned equation, the solution to the boundary value problem (11), (12) can be represented as v(x,t) = X1(x)T1(t). In this case, the unknown function T1(t) is obtained from an ordinary nonlinear differential equation:


         d 2   T 1  ( t )   d  t 2    +  1   ρ  10   + ρ     E I      π l     4  −  ρ  10    V 2       π l     2  −  Ω 2     T 1  ( t ) =  ε   ρ  10   + ρ   F    T 1  ( t ) ,   T ˙  1  ( t ) , p t + θ             1   ρ  10   + ρ   F    T 1  ( t ) ,   T ˙  1  ( t ) , p t + θ   =  2     ρ  10   + ρ   l       ∫ 0 l     g   x , v ,   ∂ v   ∂ t   ,   ∂ v   ∂ x   ,    ∂ 2  v   ∂  x 2    ,    ∂ 3  v   ∂  x 3    , p t + θ         v ( x , t ) =  X 1  ( x )  T 1  ( t )       = −  ε   ρ  10    + ρ   β      T ˙  1  ( t )    2 s + 1   +  ε   ρ  10    + ρ     α ¯  1      T 1  ( t )   3  +  h ¯  s i n ( p t + θ ) −     h ¯  ¯     ρ  10   + ρ   V c o s ( p t + θ )     +  1   ρ  10   + ρ      α 2   I  11    T 1  ( t ) − 2   k  ρ  10    l  ⋅  π l  V  I  12     d  T 1    d t              h ¯  =    ∫ 0 l    k 1   p 2       ρ +  ρ 1  ( x )     1 −  x l    s i n  π l  x d x       h ¯  ¯  =    ∫ 0 l   − 2  ρ 1  ( x )    k 1   l  s i n  π l  x d x ;         I  11   =    ∫ 0 l   x s i n  π l  x d x =    l 2   π          I  12   =    ∫ 0 l   x c o s  π l  x d x =   2 l    π 2       .      α 2  =   k  ρ  10    l     ω 2  +  V 2       π l     2  +  Ω 2     I  11       











The accepted assumptions concerning the grain mixture transportation process with its simultaneous separation made it possible to prove that the maximum value of the right side of the differential Equation (12) is a small value compared to the maximum value of the second term of the right side of this equation. This is the reason to use asymptotic methods in nonlinear mechanics [19,26,28]. Thus, the first approximation of the asymptotic solution for the non-resonant case (  ω ≠ p  ) can be written as:


  T  t  = a  t    cos ψ ( t ) , ψ ( t ) = ω t + φ  t   



(13)




where the unknown parameters a(t) amplitude and φ(t) frequency of the auger oscillations depend on the right side of Equation (12) and are determined by the system of differential equations:


      d a   d t   =  ε  (  ρ  10   + ρ ) ω π       ∫ 0  2 π      − β       T ˙  1   t      2 s + 1   +   α ¯  1       T 1   t     3  +    α 2   I  11    T 1   t  − 2   k  ρ  10    l   π l  V  Ι  12     d  T 1    d t                 T 1  = a cos ψ ,         T ˙  1  = − a ω sin ψ        sin ψ d ψ +     +  1  4  π 2  ω      ∫ 0  2 π       ∫ 0  2 π       h ¯    sin γ d γ −    h ¯  ¯    ρ  10   + ρ   V cos γ           d ψ d γ ;   p t + θ = γ ,    










      d ψ   d t   = ω +  ε  (  ρ  10   + ρ ) ω π a       ∫ 0  2 π      − β       T ˙  1   t      2 s + 1   +   α ¯  1       T 1   t     3  +    α 2   T 1   t  − 2   k  ρ  10    l   π l    d  T 1    d t   V  Ι  12                 T 1  = a cos ψ ,         T ˙  1  = − a ω sin ψ        cos ψ d ψ +     +  h  4  π 2     ρ  10   + ρ   ω a      ∫ 0  2 π       ∫ 0  2 π    sin         γ cos ψ d ψ d γ .    



(14)







By directly integrating (14), we have obtained:


        d a   d t   =   − ε   (  ρ  10   + ρ ) ω π   β    π  Γ   s + 1     Γ     2 s + 1  2  + 1      a  2 s + 1   +  1   ρ  10   + ρ   2   k  ρ  10    l     π 2   l  V  Ι  12   ω a ,         d ψ   d t   = ω +   3 ε  α 1    32 (  ρ  10   + ρ ) ω π a    a 2  +  1  (  ρ  10   + ρ )     k  ρ  10    l     ω 2  +  V 2       π l     2  +  Ω 2     I  11   .      












2.2. Theoretical Results of Changes over Time of the Screw Oscillations Natural Frequency


According to Equation (14) in Figure 2, some graphs of the dependence of changes in time are presented for different values of the system parameters of the natural vibration frequency of the screw transporting the grain mixture, taking into account the process of separation.



Based on Equation (14), Figure 2 describes the temporal variations of the oscillations natural frequency of a screw transporting a grain mixture, taking into account the process of separation. The presented curves have proved that when the angular velocity of the screw rotation in the interval from Ω = 10 c−1 to Ω = 20 c−1 is getting higher, the natural frequency of its flexural oscillations is getting lower (without taking into account the process of separation (Figure 2d); the longitudinal motion of grain mixture along the auger screw reduces its natural frequency of oscillations (without taking into account the process of separation); and the process of grain mixture transportation with its separation increases the natural oscillations frequency. Moreover, the more intensive the separation process, the larger the rise in the natural frequency is; the larger the value of the grain mixture’s linear mass, the lower the natural frequency of flexural oscillations is. The motion velocity V (line 1) has a linear dependence and has a value from 7.5 m/s (Figure 2c) to 10 m/s (Figure 2a,b,d). The coefficient k characterizing the process of separation also obtained a linear dependence, and that’s why the angular velocity when k = 0.1 (line 2) has the smallest value, increases proportionally when k = 0.15 (line 3), and obtains the maximum value when k = 0.2 (line 4).




2.3. Theoretical Results of Resonance Oscillations’ Impact on the Process of Grain Mixture Transportation with Its Simultaneous Separation


The resonance processes are characterized by a considerable increase in amplitude [12]. It results, on the one hand, in a certain increase in the lateral vibration amplitude of the screw and, therefore, in some increase in the dynamic stresses in it; but, on the other hand, it causes an increase in the grain mixture mixing rate. The latter contributes to the improvement of the separation process [28,29]. Thus, we should apply a complex approach to the resonance process of grain mixture transportation with separation.



As for the mathematical process of the above-mentioned phenomenon description, it is well known that the main parameters describing it [30,33] depend on the difference in phases of natural and forced oscillations—  θ  t  = ψ  t  − γ  t   . The resonance ratio (in the case of the main resonance) is described by the following equation:


      d a   d t   =   − ε   (  ρ  10   + ρ ) ω π   β    π  Γ   s + 1     Γ     2 s + 1  2  + 1      a  2 s + 1   +  1   ρ  10   + ρ   2   k  ρ  10    l     π 2   l  V  Ι  12   ω a     +  1  2 π ω      ∫ 0  2 π       h ¯    sin γ d γ −    h ¯  ¯    ρ  10   + ρ   V cos γ   sin   θ + γ   d γ         










      d θ   d t   = ω − p +   3 ε  α 1    32 (  ρ  10   + ρ ) ω π a    a 2  +  1  (  ρ  10   + ρ )     k  ρ  10    l     ω 2  +  V 2       π l     2  +  Ω 2     I  11   +     +  1  2 π ω a      ∫ 0  2 π       h ¯    s i n γ d γ −    h ¯  ¯    ρ  10   + ρ   V c o s γ   c o s   θ + γ   d γ       



(15)







After some simple transformations, the dependences (15) have been reduced to the following form:


       d a   d t   =   − ε   (  ρ  10   + ρ ) ω π   β    π  Γ   s + 1     Γ     2 s + 1  2  + 1      a  2 s + 1   +  1   ρ  10   + ρ   2   k  ρ  10    l     π 2   l  V  Ι  12   ω a +     +   h ¯   2 ω   c o s θ −    h ¯  ¯   2 (  ρ  10   + ρ ) ω   V s i n θ ,     −  1  2 ω a     d θ   d t   = ω − p +   3 ε  α 1    32 (  ρ  10   + ρ ) ω π a    a 2  +  1  (  ρ  10   + ρ )     k  ρ  10    l     ω 2  +  V 2       π l     2  +  Ω 2     I  11   +     −   h ¯   2 ω a   s i n θ −    h ¯  ¯   2 (  ρ  10   + ρ ) ω a   V c o s θ     



(16)







According to the differential Equation (16) in Figure 3, some change over time of the oscillation amplitude is presented under the transition through resonance conditions.



The obtained results regarding grain mixture transportation and its simultaneous separation have proven that:




	-

	
the impact of the initial value of the oscillations amplitude and the value of periodic disturbance on the amplitude of the transition through resonance is insignificant;




	-

	
resonance frequency is getting lower when the angular velocity of the screw rotation is getting higher, and simultaneously the transition through the resonance amplitude is increasing;




	-

	
the grain mixture separation process is accompanied by a simultaneous increase in the transition through the resonance amplitude, i.e., the more intensive the separation, the larger the amplitude.











3. Results and Discussion


To study the separation efficiency in telescopic screw conveyors (TSC), an experimental plant was designed (Figure 4), equipped with some separating sieves (Figure 5 and Figure 6).



When conducting research using the developed stand, it is possible to choose and study those characteristics that must be studied according to the developed technique of conducting tests [19,34]. During the course of conducting tests, they are displayed on the PC monitor as data in the tables and dependency graphs. The data are recorded at a preliminary specified frequency. Due to this program in automated mode on the PC, the required rotation frequency of the engine shaft is chosen, and we can start the engine. Moreover, under the engine control conditions, there is a possibility of a smooth increase and decrease of its rotation frequency within the range of 0 to 1480 rpm, which enables us to carry out research both in statics and dynamics. Moreover, a sudden stop and a sudden turn on the reverse of the engine shaft are possible. The program PowerSuite was used for the experimental equipment operation to adjust the frequency converters of the series Altivar (as depicted in Figure 1), where the selection of the characteristics required to make the experiments according to the developed technique of conducting tests was performed. During testing, they are displayed on the PC monitor as data in the tables and dependency graphs in a percentage ratio to the rated capacity with the preliminary specified frequency.



The program of experimental research included the study of the agricultural materials separation efficiency by multi-purpose screw conveyors and the assessment of the influence of bulk material mass, the conveyor rotation frequency, and its angle of inclination as well. The research under discussion also includes the statistical processing of the results of experiments to determine the regression equations and empirical dependences necessary to describe the processes under investigation properly [19].



Study [13] discussed the dependence of the angular velocity of the disturbance on the physical-mechanical and geometrical parameters of the conveyor branch system and the angular velocity of the screw working body. It was established that for larger values of the angular speed of rotation of the working body, the resonance value of the oscillation frequency is smaller at L = 8 m and Ω = 17–40 s−1. For longer working bodies, the amplitude of the resonance transition increases from 0.1121 to 0.2311 m at Ω = 10–25 s−1 and L = 8 m. An increase in the relative speed of the bulk material movement leads to a decrease in the amplitude of the resonance transition in the range between 0.1023–0.0701 m for a mass of 50 kg and a velocity of 5–7.5 m/s.



A study [30] established that with increasing auger speed, auger elongation length, and conveyor angle, the torque on the auger drive increases, and the maximum torque of 17.51 Nm is reached during wheat transportation. The maximum torque on the drive of the Tetrahydrocannabinol auger for transportation of corn and compound feed is 16.75 Nm and 15.02 Nm, respectively, and the minimum—9.94 Nm and 8.93 Nm. Increasing the speed of the auger from 300 rpm up to 700 rpm leads to a 35% increase in torque on the auger drive. The increase in the angle of the conveyor from 5 to 45 degrees gives an increase in torque of 4.1%, and increasing the length of the elongation of the auger from 1.33 to 1.61 m leads to an increase in torque of 24.4%.



Based on these studies, a program of experimental research is proposed that includes the study of the separation efficiency of agricultural materials by multi-purpose screw conveyors and the assessment of the influence of bulk material mass, the conveyor rotation frequency, and its angle of inclination as well. The research under discussion also includes the statistical processing of the results of experiments to determine the regression equations and empirical dependences necessary to describe the processes under investigation properly [19].



The experimental technique of our study involved both the use of standard equipment and the presented experimental plant. In particular, laboratory scales, some measuring containers, a measuring tape, rulers, a protractor, a personal computer, a frequency converter of the series Altivar, software PowerSuite, stand installation, and specially designed screw operating parts, a set of pressed sieves with the holes of different diameters, were used [19,20].



In the experimental plant, the auger’s external diameter is 97 mm, the internal diameter of the fixed nozzle is 100 mm, and the external diameter is 107 mm; the internal diameter of the movable nozzle is 109 mm. The movable nozzle is made of a galvanized sheet, so it has a joining weld, some ovalities, and roughness along its length, which had an impact on the twisting and untwisting of the telescopic section of the screw transporter. There are some guides on the external surface of the movable nozzle where the grids of different fractions can be installed.



The experimental study of the process of agricultural materials separation efficiency by a worm screw transporter-separator has proved that an increase of the screw rotation frequency from 200 rpm to 400 rpm has caused a 1.42-times increase in screw drive power within the boundaries of maximum 0.7 kW and minimum 0.22 kW and an increase in the screw drive torque of up to 25% (Figure 7).



The obtained experimental data were processed by the well-known techniques of regression analysis [19,22]. Using Statistica-6.0 software for PCs, we constructed a graphical reproduction of common regression models in the form of quadratic response surfaces and their two-dimensional sifting efficiency E as a function of two variable factors with a constant, unchangeable level taking into account the third factor. To obtain the regression models of optimization parameters, the proper plan of a full factorial experiment was chosen.



The response function, i.e., determination of sifting efficiency E = f(n,m,γ), found by the experimental method, is presented as a mathematical model of a complete quadratic polynomial.



The unknown coefficients of the quadratic polynomial regression have been determined, and the obtained values of the regression coefficients are given in Table 1.



The general view of the regression equation of wheat and millet sifting efficiency by a telescopic screw transporter-separator depends on the variable frequency of the auger rotation n, bulk material mass in the telescopic conveyor m, and the angle of inclination of the unloading main γ, i.e.,   E = f ( n , m , γ )   by the results of the conducted full factorial experiment 33 [19]:




	-

	
for wheat separation:


  E = 91.322 + 0.0072 n + 0.126 m + 0.42 γ − 0.00015 n ⋅ m − 0.0006 n ⋅ γ − 0.0071 m ⋅ γ  



(17)








	-

	
for millet separation:


  E = 93.04 + 0.0033 n + 0.17 m + 0.26 γ − 0.00071 n ⋅ γ − 0.0021  m 2  − 0.0071 m ⋅ γ  



(18)













The obtained regression Equations (17) and (18) can be used for studying the wheat and millet sieving efficiency by a telescopic screw transporter-separator depending on the variable frequency of the auger rotation n, bulk material mass in the telescopic conveyor m, and the angle of inclination of the unloading main γ within the following boundaries of input factors change: 300 ≤ n ≤ 700 (rpm); 50 ≤ m ≤ 10 (kg); 14 ≤ γ ≤ 0 (degrees).



The response surfaces of value change E from the simultaneous change of two factors for wheat and millet (a)—E = f(m,n); (b)—E = f(n,γ); (c)—E = f(m,γ) are shown in Figure 8 and Figure 9.




	-

	
for wheat separation:
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Figure 8. The response to a change in the value of surfaces E from the simultaneous change of two factors for wheat is (a)—E = f(m,n); (b)—E = f(n,γ); and (c)—E = f(m,γ) 
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	-

	
for millet separation:
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Figure 9. The response to a change in the value of surfaces  E  from the simultaneous change of two factors for millet is (a) —E = f(m,n); (b)—E = f(n,γ); and (c)—E = f(m,γ). 
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The study of the separation efficiency of agricultural materials by a screw transporter-separator has proved that the best parameter values chosen for efficient sieving are within the boundaries: the angle of inclination of the sieve is 0–14° and the rotation frequency of the working body is 300–700 rpm. The bigger the angle of inclination of the working body under constant, specific load conditions, the lower the sieving efficiency is.




4. Conclusions


Considerable savings of material and energy resources have been achieved during the study process due to the simultaneous combination of several technological processes (transportation and simultaneous separation). A mathematical model of the dynamics of the system «a screw of the screw conveyor—grain mixture and the process of separation» has been constructed in the study under discussion. Some graphs of dependence showing the change over time of the natural frequency of the screw oscillations for different values of the system parameters have been obtained for the screw transporting and simultaneously separating the grain mixture, and they have proved that:




	-

	
the higher the angular velocity of the screw rotation, the lower the natural frequency of its bending vibrations (without taking into account the process of separation);




	-

	
longitudinal movement of the grain mixture along the worm screw reduces its natural frequency of vibrations (without taking into account the process of separation);




	-

	
the process of transportation of a grain mixture with its separation increases its natural vibration frequency, i.e., the more intensive the separation process, the higher the natural frequency;




	-

	
the higher value of the grain mixture mass per unit length, the lower the natural frequency of its bending vibrations.









We have found that the resonance vibration of the process of grain mixture transportation with the simultaneous separation under transition through resonance conditions:




	-

	
makes an impact on the vibration amplitude and the values of periodic disturbance and transition through the resonance amplitude, though this impact is insignificant;




	-

	
the resonance frequency decreases while the angular velocity of the screw rotation increases, whereas the transition through the resonance amplitude is increased;




	-

	
the process of grain mixture transportation with its simultaneous separation is accompanied by an increased amplitude of passing through resonance, which, in this way, makes the separation process more intensive. Thus, at the coefficient of separation k = 0.15, the angular velocity of screw rotation Ω = 20 s−1, linear masses of the screw and the grain mixture, respectively,    ρ  10   = 20   kg/m;   ρ = 15   kg/m the resonance amplitude of oscillations of the screw of length l = 6 m is 13% larger than at the coefficient of separation k = 0.1.









Energy consumption of the grain mass separation depends on the angle of inclination, the rotation frequency of the working body under material transportation, and the specific load conditions at their rational values n = 480 rpm; q = 0.9–4.7 kg/h × cm2, α = 0–14°, is equal to 0.22–0.7 kW per working sieve size of 100 × 200 mm.
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Figure 1. A calculation model and a stand for studying the characteristics of telescopic screw conveyor-separators: (a) scheme of the separation process: 1—fixed in the axial direction of the screw section; 2—fixed in the axial direction of the casing; 3—movable in the axial direction of the screw section; 4—movable in the axial direction of the casing; 5—guides; 6—separating mesh; 7—height adjustment support; (b) the calculation model of the separation unit. 
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Figure 2. Values of the natural vibration frequency of the worm-screw-grain mixture system that are separated at different values of parameters at    ρ  10     = 20 kg/m, ρ  = 5 kg/m, Ω = 20 s−1, 1 − k = 0; 2 − k = 0.1; 3 − k = 0.15; 4 − k = 0.2: (a) l = 6 m and 1 − V = 10; (b) l = 8 m and 1 − V = 10; (c) l = 8 m and 1 − V = 7.5; (d) l = 6 m and 1 − V = 10; 1—motion velocity; 2—angular velocity if k = 0.1; 3—angular velocity if k = 0.15; 4—angular velocity if k = 0.2. 






Figure 2. Values of the natural vibration frequency of the worm-screw-grain mixture system that are separated at different values of parameters at    ρ  10     = 20 kg/m, ρ  = 5 kg/m, Ω = 20 s−1, 1 − k = 0; 2 − k = 0.1; 3 − k = 0.15; 4 − k = 0.2: (a) l = 6 m and 1 − V = 10; (b) l = 8 m and 1 − V = 10; (c) l = 8 m and 1 − V = 7.5; (d) l = 6 m and 1 − V = 10; 1—motion velocity; 2—angular velocity if k = 0.1; 3—angular velocity if k = 0.15; 4—angular velocity if k = 0.2.



[image: Agriculture 13 00870 g002]







[image: Agriculture 13 00870 g003 550] 





Figure 3. Changes in the bending vibration amplitude of a worm-screw-grain mixture system at transition through the main resonance, taking into account the process of separation: (a) for    ρ  10     = 20 kg/m,  ρ  = 15 kg/m, l = 8 m, Ω = 20 s−1, V = 0, k = 0, then 1 − k = 0.2, 2 − k = 0.15, 3 − V = 10; (b) for  ρ  = 15 kg/m, l = 6 m, Ω = 20 s−1, then: 1 −    ρ  10     = 15 kg/m, V = 10, k = 0.15; 2 −    ρ  10     = 25 kg/m, V = 10, k = 0.1; 3 −    ρ  10     = 30 kg/m, V = 0, k = 0; (c) for  ρ  = 15 kg/m, Ω = 20 s−1, then: 1 −    ρ  10     = 15 kg/m, l = 6 m, V = 10, k = 0.15; 2 −    ρ  10     = 25 kg/m, V = 10, k = 0.1; 3 −    ρ  10     = 30 kg/m, V = 0, k = 0; (d) for  ρ  = 25 kg/m, Ω = 25 s−1, l = 8 m, then: 1 −    ρ  10     = 15 kg/m, V = 10, k = 0.15; 2 −    ρ  10     = 20 kg/m, V = 10, k = 0.1; 3 −    ρ  10     = 20 kg/m, V = 0, k = 0; (e) for    ρ  10     = 20 kg/m, ρ  = 15 kg/m, l = 6 m Ω = 20 s−1, then: 1 − V = 10, k = 0.15; 2 − V = 7.5, k = 0.1; 3 − V= 0, k = 0; (f) for    ρ  10     = 30 kg/m,  ρ  = 30 kg/m, l = 6 m Ω = 20 s−1, , then: 1 − V = 10, k = 0.15; 2 − V = 7.5, k = 0.1; 3 − V= 0, k = 0. 
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Figure 4. A stand for studying the characteristics of telescopic screw conveyor separators: general view: 1—screw section fixed in axial direction; 2—auger of the fixed in axial direction screw section; 3—casing part fixed in axial direction; 4—screw section movable in axial direction; 5—auger of the movable in axial direction screw section; 6—casing part movable in axial direction; 7—guides; 8—guide locks; 9—unloading nozzle; 10—material supply height adjustment support; 11—frame; 12—moveable table; 13—scale of augers overlapping; 14—bunker; 15—transporter electric drive; 16—belt transmission; 17—drive rotation frequency converter Altivar; 18—personal computer; 19—separating mesh. 
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Figure 5. Separating mesh is mounted on the movable in the axial direction of the casing of the telescopic screw conveyor: 6—casing part movable in axial direction; 7—guides; 19—separating mesh. 
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Figure 6. Separating grids are used in the study of the efficiency of separation by a screw conveyor: 6—casing part movable in axial direction; 7—guides; 8—guide locks; 9—unloading nozzle; 10—material supply height adjustment support; 11—frame; 19—separating mesh. 
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Figure 7. Power parameter values for bulk material transportation by a multi-purpose screw convey-or-separator: 1—torque change; 2—power consumption change. 
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Table 1. Coefficient values of regression equations.






Table 1. Coefficient values of regression equations.





	Coef.
	b0
	b1
	b2
	b3
	b12
	b13
	b23
	b11
	b22
	b33





	wwheat
	91.376
	5.8 × 10−3
	0.167
	0.4257
	1.5 × 10−4
	6 × 10−4
	−0.0071
	0.14 × 10−5
	−6.9 × 10−4
	0.011



	millet
	93.071
	0.0033
	0.167
	0.214
	−1.9 × 10−10
	−7.1 × 10−4
	−7.1 × 10−3
	0.64 × 10−9
	0.21 × 10−3
	0.0034







b0 … b33—coefficients of regression equations of a quadratic polynomial (encoded values).
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