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Abstract

:

Larger vibration and noise often exist in agricultural machinery due to the harsh working environment and high power. The rubbing machine is one of the indispensable pieces of equipment in the agriculture and livestock industry, and it is affected by the vibration of large constraints on its promotion and use. To reduce the vibration of the rubbing machine, the vibration characteristics of the spindle rotor were first analysed by modal simulation, thus determining the larger contributions to the spindle rotor vibration. Second, aluminium foam material was installed in the large deformation part of the spindle rotor. Its vibration reduction and energy absorption characteristics were used to optimise the vibration reduction design by increasing the damping. Third, a steel ball impact test was conducted to analyse the vibration characteristics of the optimised spindle rotor. The results show that the maximum impact accelerations were reduced by 28.4% and 64.75% in the axial and radial directions, respectively, and the impact energies were reduced by 67.3% and 90.65% in the axial and radial directions within 2 s of impact collision, respectively, indicating that the optimised spindle rotor damping increased significantly. In addition, the vibration reduction effect of the optimised rubbing machine was verified by a bench test. By measuring the change degree of the static component of the spindle rotor vibration, the axial, radial, and vertical vibrations of the spindle rotor were improved by 5.78%, 10.32%, and 23.96%, respectively. Therefore, optimising the spindle rotor with aluminium foam material can reduce the vibration generated during the impact of the material on the spindle rotor. The rubbing machine’s vibration, damping, and energy absorption were also realised in real working conditions.
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1. Introduction


Agricultural mechanisation is an inevitable trend in the development of modern agriculture, and agricultural machinery has made considerable achievements in quantity and efficiency. With the continuous improvement in the agricultural mechanisation level, higher requirements are put forwards for its accuracy, timeliness, and humanisation. However, large vibrations and noise often exist in agricultural machinery due to its harsh working environment and high power [1]. Large vibration and noise not only restrict the further improvement of agricultural mechanisation but also harm its operators’ physical and mental health [2]. Stalk rubbing machines, as indispensable agricultural machinery in the process of stalk feeding, are widely used among farmers and herders. However, its further promotion is affected by the problem of large vibration and noise [3,4,5].



The design of vibration damping for agricultural machinery is mostly carried out by means of modal simulation analysis and resonance determination of several key components. This method is mostly used at the beginning of machine design, but for reasons such as manufacturing accuracy, this method does not easily dampen the machine after manufacturing or during use [6,7,8]. The rubbing machine uses the method of hitting and rubbing to process the stalk. In the long run, the vibration gradually becomes larger. The way in which to reduce the vibration urgently needs to be solved. The stalk rubbing machine drives the rotor to rotate at high speed through the main shaft. Furthermore, the cutting knife on the rotor first cuts the stalk into small segments. After the impact and collision with the high-speed rotating hammer on the rotor and the tooth plate in the rubbing chamber, the stalk segments are broken into the stalk-like filamentous stalk, which is finally thrown out by the throwing blade. Therefore, the vibration of the entire rubbing process not only comes from the dynamic unbalance of the rotor rotating at high speed but also the nonuniformity of stalk feeding and the airflow disturbance in the rubbing room. For the vibration reduction of rubbing machines, previous research focused on the structure of rubbing machines and the law of the airflow field. The vibration reduction process is mostly only for specific components, and the process is complicated [9,10,11,12,13,14,15,16,17,18].



In this study, the finite element simulation was used to optimise the vibration reduction design of aluminium foam material installed on a rubbing machine rotor. The vibration reduction effect was verified by theoretical analysis and simulated stalk impact test. Aluminium foam is a microporous damping material with large pore size [19,20,21,22]. Due to its loose porous structure characteristics, it has the advantages of good impact energy absorption and high economic benefits. It is widely used in automobiles, railways, and other fields [23,24,25]. Specifically, Lu Xiaojun et al. studied the influence of the pore structure parameters of aluminium foam on the sound absorption coefficient, thus designing an impedance combined exhaust muffler with aluminium foam as a core tube [26]. A. G. Hanssen et al. investigated the three-point bending behaviour of a square beam filled with aluminium foam under quasi-static loading. The results showed that the foam filler significantly changed the local deformation pattern of the beam. Some scholars have also found that closed-cell aluminium foam can absorb much energy during quasitatic compression by undergoing a large amount of plastic deformation under low transfer stress [27]. Thus, aluminium foam is beneficial for developing energy absorbers, packaging, crash barriers, and other engineering applications that require efficient use of impact energy, in which lightweight design concepts are a key aspect [28,29]. All the above scholars found that aluminium foam materials have certain energy absorption and vibration reduction properties through test results. However, it is rarely used in agricultural machinery at present [30,31,32]. Taking the rubbing machine rotor as an example, this study explored the vibration reduction effect of aluminium foam material in a simulation test, providing theoretical support and a basis for its application in the vibration and noise reduction of rotary feed machinery.




2. Theoretical Basis


2.1. Modal Theory


In physical coordinates, a set of coupled second-order ordinary differential equations is often used to describe the motion of a multi-degree-of-freedom linear vibration system. The physical coordinates are transformed into modal coordinates using the vibration mode matrix; the ordinary differential equation can be transformed into a set of mutually independent motion equations, each of which has the same structure as a single degree-of-freedom vibration system. This analysis method is called modal analysis.



In modal coordinates, modal parameters (natural frequency, mode shape, modal stiffness, etc.) are usually used to describe the dynamic characteristics of the system. The modal parameters of the system can generally be obtained by analytical calculations or dynamic testing methods.



The differential equation of motion of a damped system with multiple degrees of freedom is then expressed as follows:


   M     x ¨    +  C    x ˙   +  K   x  =  f   



(1)







In the formula, [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, {x} is the response vector, and {f} is the force vector.



Under the action of an external force, the motion equation in the form of the state vector of the system is


       C   M     M   0            x ˙        x ¨        +      K   0     0    − M            x      x ˙       =      f     0       



(2)







It is assumed that the external force acting on the system is simple and harmonic, that is,


   f  =  F   e  i ω t    



(3)







Then, the response of the physical coordinates and modal coordinates of the system is also simple and harmonic, namely,


   x  =  X     e  i ω t    



(4)






   a i  =      C   M     M   0         e  i ω t      



(5)




where    a i  =          Ψ i         s i   Ψ i         T       C   M     M   0             Ψ i         s i   Ψ i         .



The matrix expression of the frequency response function of the multi-degree-of-freedom damped system is derived by the state space method as follows:


    H  ω    =   ∑   i − 1  n     1   a i         Ψ i         Ψ i     T    i ω −  s i    +  1   a i ∗         Ψ i ∗         Ψ i ∗     T    i ω −  s i ∗       



(6)







Then, complex frequency is    s i  = −    a i     b i    ,  b i  =          Ψ i         s i   Ψ i         T       K   0     0    − M              Ψ i         s i   Ψ i        ;      Ψ i      is a complex modal vector.



In addition, the relevant theories of the modal assurance criterion (MAC) are also used. The MAC matrix is the dot product of the vibration mode vectors and is a tool for evaluating the spatial correlation of the modal vectors. Its calculated variable values are between 0 and 1. Its expression is


    MAC   i j   =        ϕ i T   ϕ j     2    (  ϕ i T   ϕ i  ) (  ϕ j T   ϕ j  )    



(7)




where    ϕ i     and     ϕ j    are the i-th-and j-th-order vectors of the vibration mode matrix, respectively.



If    ϕ i     and     ϕ j    are estimates of the same vibration mode by the same parameter identification method, i = j. The two modal vectors can be converted to each other according to a certain scale factor, so the values should be close in theory; therefore, the value of the ratio    MAC  i j     should be close to 1. If different vibration modes are estimated, theoretically, the value is relatively low, and the ratio     MAC   i j     value should be close to 0.




2.2. Attenuated Vibration Theory


In free vibration, the mechanical energy of the vibration system remains constant, the vibration repeats indefinitely, and the amplitude remains constant. However, in the actual vibration system, due to damping, the mechanical energy of the vibration system gradually decreases; the amplitude gradually attenuates; and, finally, the bot tends to zero and stops vibrating. Such vibration is called attenuated vibration, and its vibration differential equation is as follows:


   x ¨  +  c m   x ˙  +  k m  x = 0  



(8)







Let    p n 2  =  k m   ,   2 n =  c m   




	
where n is called the attenuation coefficient, and the unit is 1/s;    p n    is the undamped vibration inherent in the system. The above equations can be written as follows:


   x ¨  + 2 n  x ˙  +  p n 2  x = 0  



(9)












The solution of the vibration differential equation is discussed in three cases of   n <  p n   ,   n >  p n  ,   and   n =  p n   . According to the time domain diagram of this test, the solution of the vibration differential equation needs to be discussed in the case of   n <  p n   , that is, small damping.



From the theory of differential equations, the general solution of the equation is as follows:


  x =  e  − n t      C 1  c o s  p d  t +  C 2  s i n  p d  t    



(10)







   C 1    and    C 2    are integral constants; when t = 0,   x =  x 0    and    x ˙  =   x ˙  0   , and thus we can obtain the following:


   C 1  =  x 0  ,    C 2  =   n  x 0  +   x ˙  0     p d     











Equation (10) can be written in the following form


  x = A  e  − n t   sin    p d  t + α    



(11)







The period of the function   sin    p d  t + α     is set as the period of the damped oscillation. Therefore, the period and frequency of the oscillation are


  τ =   2 π    p d    =   2 π     1 −  ξ 2     p n     



(12)






  f =    p d    2 π   =     1 −  ξ 2     p n    2 π    



(13)







In the equation,   ξ =  n   p n     , where  ξ  is the ratio of the attenuation coefficient n to the natural frequency of the undamped free vibration of the system, which is called the damping ratio. When   n <  p n   ,   ξ < 1  . According to Equations (12) and (13), damping can make the period of vibration longer and the frequency lower. Therefore, combined with the above equations, the image data obtained in the experiment can be processed and analysed to judge the vibration reduction effect of aluminium foam material.





3. Materials and Methods


3.1. Modal Test and Finite Element Simulation Analysis of Main Shaft Rotor of Rubbing Machine


3.1.1. Modal Test of Main Shaft Rotor of Rubbing Machine


The main shaft rotor is in the rubbing room. The rotor includes the main shaft, hob, hammer, hammer frame, throwing blade, and support plate, as shown in Figure 1. To determine the installation position of aluminium foam material, a modal analysis was carried out on the main shaft rotor of the rubbing machine. To further make the simulation results credible, a modal test was carried out on the main shaft rotor of the rubbing machine first, and the finite element simulation analysis results were corrected and adjusted according to the test results.



Because of the spindle rotor phase’s small volume and light weight, the mode test was carried out by suspending the spindle rotor. To maintain the free state of the spindle rotor, rubber ropes were employed to suspend the spindle rotor. Avoiding the rubber rope and the part except for the suspension point contact is essential. This configuration is shown in Figure 2.



Similarly, the three-dimensional wire diagram of the spindle rotor was drawn by CAD, and the modal test model of the spindle rotor was established. The main connection points, centre points, and boundary points of each component of the spindle rotor were selected as knocking measuring points. A total of 57 knocking measuring points were selected, and the three-axis vibration acceleration sensor was arranged at the end of the throwing blade of the spindle rotor, as shown in Figure 3.



According to the actual working conditions of the spindle rotor, the line value was selected as 400 Hz, span as 400 Hz, and linear as the average mode. In the spindle rotor modal test, three axes of each measuring point were struck, and each knock was repeated three times. The frequency response function of the excitation measuring point signal is shown in Figure 4. It is known that the rigid body modal frequency caused by suspension is far less than that of the first-order elastic mode, indicating that the support conditions of the test system do not influence the first-order elastic mode of the spindle rotor.



The PULSE Reflex module in PULSE software was used to analyse the data collected from the modal test of the spindle rotor, and the low-frequency band of 40~360 Hz was selected to extract the modal frequency band of each order. The test results are shown in Table 1.



The correlation of the modal shapes of the spindle rotor was analysed, and the MAC matrix modal confidence criterion was obtained. Figure 5 shows that according to the MAC matrix modal confidence criterion, the MAC value of the same mode was 1, indicating that the theoretical modes were correlated. For the values other than the off-diagonal matrix, it is indicated that the independence of each order calculation mode was good, and the correlation was small, which indicates that the test effectively extracted the modal parameters of the structure. The modal test results of the spindle rotor had high credibility.




3.1.2. Finite Element Simulation Analysis of Rubbing Machine Spindle Rotor


The 3D model of the spindle rotor was established with Solidworks software and imported into the finite element software for modal simulation. The main material was structural steel in an unconstrained free state with a density of approximately 7.9 kg·m−3. The connection mode of each part of the spindle was set to be welded, and the grid was divided, as shown in Figure 6.



Finite element modal simulation analysis was carried out in ANSYS Workbench finite element software. Because the first six modes obtained by simulation are rigid body modes and the model deformation is small, the 7th to 12th modes of the finite element simulation results were considered to correspond to the 1st to 6th modes of the modal test. The results of the finite element simulation test and modal test were compared and analysed, as shown in Table 2.



Comparing and analysing the results of the modal test and finite element simulation, the error between the two matters for the corresponding order frequency was 8.7% at most and 0.3% at least. Hence, the results of the modal simulation test were consistent with the results of the modal test analysis. Parameters such as the spindle rotor’s deformation and the spindle rotor’s vibration mode can be obtained by the modal simulation test, as shown in Figure 7.



As the primary power source of rotating machinery, the deformation of the spindle rotor will affect the vibration of the entire machine. According to the finite element simulation mode in Figure 7, the throwing blade deformation was obvious, the support plate connected with the throwing blade deformation was obvious, and the hob deformation was obvious. Therefore, in the optimisation design of vibration reduction, it is necessary to consider the optimisation of throwing blades, support plates, hobs, and other parts prone to deformation in order to improve the vibration of the spindle rotor.





3.2. Vibration Reduction Optimisation and Test Verification of the Main Shaft Rotor


According to preliminary tests and a literature review, when impact collision occurs between the stalk and rotor, the attenuation vibration of the throwing blade of the spindle rotor lasts longer. In continuous impact collision and throwing blade of the stalk, the vibration amplitude of the spindle rotor gradually strengthens, thus causing vibration of the entire stalk rubbing machine [33,34,35,36,37,38,39,40,41]. In addition, spindle rotation is the leading cause of stalk rubbing machine vibration. The finite element simulation results show that the spindle rotor throwing blade, support plate, and hob deformation were large. At the same time, the vibration theory analysis shows that increasing the damping of the rotor can suppress the vibration and reduce the vibration amplitude. Therefore, when optimising the vibration reduction of the stalk rubbing machine, the method of increasing the damping of the rotor was adopted to optimise the vibration reduction. The aluminium foam material used in the optimisation design of rotor vibration reduction is shown in Figure 8.



On the basis of the results of vibration tests, vibration theory analysis, modal tests, and modal simulation, the vibration reduction optimisation design of the rotor’s throwing blade, support plate, and hob shaft sleeve was carried out. In the optimisation design of vibration reduction, four pieces of 100 × 100 × 10 mm square aluminium foam materials were installed on the four pieces of the throwing blades and close to the shaft sleeve, and five pieces of triangular aluminium foam materials between each square aluminium foam sheet and adjacent blades. The aluminium foam material and throwing blade were fixed by glue bonding. The steel sheet and the throwing blade were welded to form extrusion pressure on the triangular aluminium foam material to prevent the aluminium foam material from falling off during the operation of the spindle rotor, as shown in Figure 9. In addition, damping rings made of aluminium foam were installed on the hob shaft bush and the support plate, as shown in Figure 10 and Figure 11 [42]. Thus, the vibration reduction optimisation of the spindle rotor can be realised, and the vibration of the stalk rubbing machine can be solved.



The principle of the steel ball impact vibration test is as follows. First, the steel ball has no initial velocity, and the potential energy of the steel ball is converted into kinetic energy to obtain the initial velocity. Then, it collides with the throwing blade of the spindle rotor to stimulate the spindle rotor to attenuate vibration under its damping effect. Consequently, the present study assumed that the motion between the ball and the throwing blade is a rigid collision. The same kinetic energy is obtained by making the falling height of the ball always before and after optimisation. Therefore, the vibration reduction effect of the vibration reduction optimisation of the spindle rotor can be analysed by comparing the mean value, mean square value, and variance of the vibration acceleration before and after the optimisation of the spindle rotor.



The steel ball impact vibration test was carried out in an environment without a large vibration source and electromagnetic interference. During the test, the steel ball (diameter of 10 mm, weight of approximately 4.11 g) at a fixed height (150 mm, 550 mm from the vertical direction of the excitation point) without an initial velocity impacted the free end of the throwing blade of the spindle rotor. The heights of 150 mm and 550 mm were selected as the near relative point and far point between the throwing blades, respectively, being representative. Before the impact vibration test of the steel ball, to avoid excessive contact between the rubber rope and the part except for the suspension point so that it was in a free state, the rubber rope was first used to hang the spindle rotor. This was to ensure that the vibration of the spindle rotor was only affected by the rotor itself and the environmental damping. On this basis, the steel ball impact vibration test system was built. The three-axis vibration acceleration sensor was arranged at the free end of the throwing blade and connected to the data acquisition card through the data transmission line to receive the vibration signal. The collected signal was analysed and stored by the PULSE software. The channels of the three-axis vibration acceleration sensor connected to the data acquisition card corresponded to the axial and radial directions of the spindle rotor, as shown in Figure 12. In the steel ball impact vibration test, the line value was 1600 Hz, the span value was 400 Hz, and the sampling time was 4 s.





4. Results


The vibration signal was collected and analysed by the steel ball impact vibration test system, and the vibration law of the spindle rotor before and after vibration reduction optimisation was obtained. When the falling height of the steel ball was 550 mm, the axial vibration acceleration of the spindle rotor before and after vibration reduction optimisation was as shown in Figure 13a,b, respectively. Notably, the latter had a faster vibration attenuation and a smaller acceleration value.



Taking the maximum vibration acceleration as the initial time, the vibration variation law of the spindle rotor before and after the vibration reduction optimisation within 2 s after the initial time was studied. Through analysis, when the steel ball fell at 150 mm and 550 mm, the mean value, mean square value, and variance of the radial and axial vibration acceleration of the spindle rotor after vibration reduction optimisation were smaller than those before vibration reduction optimisation, as shown in Figure 14a,b. This indicates that the vibration system’s static component, average energy, and fluctuation were reduced after vibration reduction optimisation. Given this, the vibration attenuation of the vibration system was faster, and the energy loss was more severe and tended to stabilise faster. In addition, by analysing the axial and radial vibration reduction effect of the optimised spindle rotor, the mean values of the impact vibration acceleration of the steel ball were reduced by 64.43% and 75.80% in the axial and radial directions, respectively. The mean square values of the vibration acceleration were reduced by 67.30% and 91.65% in the axial and radial directions, respectively. This indicated that the radial vibration reduction effect of the spindle rotor was more significant than the axial vibration reduction effect.



The difference diagram of the mean, mean square value, variance, and maximum value of the time domain data of the no-load vibration signal before and after the vibration reduction optimisation of the stalk rubbing machine was obtained, which is shown in Figure 15. When the spindle speed changed, by analysing the difference among the five indicators of the time domain data before and after the vibration reduction optimisation of the stalk rubbing machine, the mean value, mean square value, variance, and maximum value of each measuring point in the axial, radial, and plumb directions of the bearing after vibration reduction optimisation were reduced. This indicated that the static component, average energy, fluctuation degree, and peak value of each measuring point vibration were weakened. The change degree of the static component of the vibration of each measuring point was analysed to explore the vibration reduction effect of the stalk rubbing machine. After vibration reduction optimisation, the vibrations of the bearing axial, radial, and plumb directions of the stalk rubbing machine were improved by 5.78%, 10.32%, and 23.96%, respectively. The vibrations of the bearing in the axial, radial, and plumb directions were improved when the spindle speed changed.




5. Conclusions


By analysing the simulation test results, we found that the vibration of the rubbing machine rotor excited by the falling collision of small steel balls was attenuated vibration. Therefore, the vibration reduction design was considered by optimising the machine rotor with aluminium foam material to increase its damping. According to the comparative test of simulated stalk impact, the vibration absorption and vibration reduction effect of aluminium foam material on the rubbing machine rotor were as follows: (1) The optimised rotor had a significantly increased damping, and the maximum impact accelerations were reduced by 28.4% and 64.75% in the axial and radial directions within 2 s, respectively. (2) The impact energies decreased by 67.3% and 90.65% in the axial and radial directions within 2 s, respectively. The change degree of the static component of the vibration of each measuring point in the vibration test of the rubbing machine was analysed to explore the vibration reduction effect of the entire machine. After vibration reduction optimisation, the axial, radial, and vertical vibrations of the bearing of the stalk rubbing machine were improved by 5.78%, 10.32%, and 23.96%, respectively. This shows that the vibration of the bearing in three directions was improved when the spindle speed changed. Compared with the vibration reduction of other rotating agricultural machinery, the vibration reduction method mentioned in this study is simple and feasible. It does not need to carry out vibration reduction design for each structure, but only needs to process the foam aluminium material of the machine rotor, which is simple and convenient. Finally, combined with theoretical analysis, simulation tests, and vibration tests, it can be concluded that aluminium foam material has certain vibration reduction and vibration absorption effects in agricultural machinery with impact force, providing new ideas and methods for the research on vibration and noise reduction in agricultural machinery.
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Figure 1. Three-dimensional model of the spindle rotor. (1) Spindle; (2) disc cutter; (3) hammer frame; (4) hammer; (5) throwing blade; (6) support plate. 
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Figure 2. Modal test layout. (1) Suspension point; (2) sensor placement point. 
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Figure 3. Test point of spindle rotor modal test diagram. 
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Figure 4. Spindle rotor frequency response function. 
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Figure 5. Spindle rotor mac matrix. 
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Figure 6. Spindle rotor simulation process. 
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Figure 7. Mode shape diagram of each order. (a) The 7th order; (b) the 8th order; (c) the 9th order; (d) the 10th order; (e) the 11th order; (f) the 12th order. 
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Figure 8. Microcellular foam aluminium material. 
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Figure 9. The installation position of the foamed aluminium material of the throwing blade. (1) Throwing blade; (2) steel plate; (3) triangular aluminium foam; (4) square aluminium foam. 
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Figure 10. Mounting position of the damping ring of the hob shaft sleeve. (1) Hob shaft sleeve; (2) damping ring. 
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Figure 11. Installation position of the support plate damping ring. (1) Support plate; (2) damping ring. 
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Figure 12. Site of the steel ball impact vibration test. (a) Sensor placement; (b) steel ball impact vibration test system. 
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Figure 13. Axial vibration acceleration before and after vibration reduction optimisation. (a) Axial vibration acceleration before optimisation; (b) axial vibration acceleration after optimisation. 
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Figure 14. Comparison of shock and vibration test results before and after spindle rotor reduction optimisation: (a) 150 mm test; (b) 550 mm test. 
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Figure 15. Comparison of time domain data difference in all directions of bearing before and after vibration reduction optimisation. 
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Table 1. First 6 natural frequencies.
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	Order
	Frequency/Hz
	Damping/%





	1
	113.59
	0.90



	2
	138.59
	0.24



	3
	143.83
	0.39



	4
	154.31
	2.34



	5
	233.34
	5.66



	6
	262.38
	3.72
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Table 2. Free modal test results and simulation results of the rotor of the rubbing machine.
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Modal Test Results

	
Simulation Test Results

	
Error/%




	
Order

	
Frequency Hz

	
Order

	
Frequency/Hz






	
1

	
113.59

	
7

	
116.77

	
2.8




	
2

	
138.59

	
8

	
139.03

	
0.3




	
3

	
143.83

	
9

	
144.54

	
0.5




	
4

	
154.31

	
10

	
156.04

	
1.1




	
5

	
233.34

	
11

	
223.53

	
4.2




	
6

	
262.38

	
12

	
285.22

	
8.7
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