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Abstract. 
In this paper, the 5000 m mining pipe is taken as the research object, and the transverse and longitudinal vibration laws of the pipe under different working conditions are analyzed. Based on the finite element method (FEM), the pipe is discretized and calculated by the Wilson-θ integral method; finally, the corresponding vibration laws of the mining pipe are obtained. The research shows that the mining pipe vibration responses are irregular motion, with the obvious oscillation phenomenon, and the overall vibration trend decreases first and then increases from the top to the bottom; the maximum vibration response occurs at the pipe top. Under the same working conditions, increasing the towing velocity will decrease the overall longitudinal vibration amplitude and increase the overall transverse vibration amplitude. While the ore bin weight will increase the longitudinal vibration amplitude and decrease the transverse vibration amplitude, increasing the mining pipe large diameter stepped section length and damping will decrease the longitudinal and transverse vibration simultaneously. When the towing velocity is between 0–2.8 m/s, the longitudinal vibration intensity is large, which is the main vibration mode. When the towing velocity is 2.8 m/s, the critical point is reached, and the longitudinal and transverse vibrations have the same intensity. When the towing velocity is greater than 2.8 m/s, the transverse vibration intensity is gradually greater than the longitudinal vibration intensity; at this time, the control of the transverse vibration should be appropriately increased.

1. Introduction
With the development of the society and the rapid increase of world population, the demand for mineral resources in various industries is also increasing day by day [1]. Due to the remarkable improvement of science and technology, the resources on the land have been continuously discovered and exploited; after a long time of unrestrained predatory excavation, the land resources began to be gradually exhausted [2]. The seabed contains rich mineral resources such as polymetallic nodules, cobalt-rich crusts, and sulfides. Taking the ocean as the turning point for resource development can alleviate the resource crisis in countries around the world [3]. The deep sea mining system is a multilink system engineering, which can collect the mineral resources from the seabed and transport them back to the land; it often faces the harsh and complex working environment in the ocean [4]. The mining pipe subsystem is an important part of the deep sea mining system, which produces a series of vibration deformation under the action of ocean currents and waves [5]. When the vibration is too large, it will cause the pipe to break, which will cause great economic loss and safety accident; therefore, the vibration amplitude of the mining pipe should be reduced as far as possible [6]. In order to ensure the safety and stability of the deep sea mining system, it is necessary to study the vibration characteristics of the mining pipe.
Numerous studies have been conducted on the dynamic response of transport pipes used for deep sea mining. American research scholars Cheng and Chung have studied the pipe nonlinear transient characteristics, and the axial stress was analyzed in detail [7]. Chung and Cheng optimized the pipe structure and added the vibration damping device, the lower-end boundary conditions are set as free end and fixed end, and the study shows that the dynamic response of the mining pipe caused by external excitation is weakened after the addition of the vibration damping device [8]. Achouyab and Bahrar used the FEM to analyze the pipe displacement offset under the fluid-solid coupling action [9]. The Korean scholar Hong et al. used the concentrated mass method to analyze the three-dimensional dynamics of the deep sea mining pipe and obtained the mining pipe towing motion law [10]. Haluk used the separation variable method to analyze the pipe longitudinal vibration and obtained the variation law of the longitudinal vibration under different damping [11]. Mannini et al. researched the aeroelastic behavior of a rectangular cylinder with a side ratio of 1.5 in the turbulent flow, the corresponding oscillation response of the model is obtained through experiments, and the response of the cylinder is found to be little sensitive to flow velocity fluctuations with small intensity, but is remarkably affected by strong turbulence [12, 13].
Professor Wu et al. of China used FEM to analyze the stability of the deep sea mining lifting system. He mainly studied the influence of mining ship heave motion on the axial tension of the mining pipe and obtained the law of axial stress changing with time [14]. Professor Li et al. analyzed the dynamic characteristics of 1000 m deep sea mining pipe, obtained the influence of inner flow and ore bin weight on the displacement of the mining pipe under different working conditions, and obtained the stress distribution law [15]. Professor Xu et al. studied the effect of lateral swing on the transportation characteristics of deep sea mining pipes [16]. Dr. Qiu carried out mechanical analysis on 1000 m mining pipe, deduced the longitudinal vibration equation with Galerkin theory, and obtained the law of longitudinal vibration and axial force changing with wave frequency [17].
In summary, the above scholars have done a lot of work on deep sea mining systems, but most of the research focuses on the analysis of the dynamic characteristics and offset characteristics of the mining pipe when the mining ship is stationary. There are few studies on the vibration characteristics of the 5000 m stepped mining pipe when the mining ship has towing velocity. In this paper, the FEM is used to analyze the mining pipe, and the vibration law under different towing velocities is obtained. The research methods and conclusions can provide reference for the system vibration control. In practical applications, the shock absorber can be installed reasonably according to the vibration conditions at different positions of the mining pipe, including the location and quantity of the shock absorber, and the shock absorber can also be adjusted in real time, such as adjusting the stiffness and damping appropriately to avoid the resonance phenomenon, and the vibration absorber can also be added to the top of the pipe according to the vibration law to reduce the excitation amplitude from the source, and the type of vibration absorber can be determined according to the magnitude of the vibration amplitude.
2. Modeling
A concept model can be seen in Figure 1. The deep sea mining system includes mining ship, flexible pipe, mining machine, and mining pipe subsystem [18]. The mining pipe subsystem is composed of mining pipe, middle ore bin, pump, and shock absorber [19]. The flexible pipe can transport minerals collected by the mining machine to the ore bin and can also play the buffering role [20]. The mining machine is used to collect the mineral resources, the pump provides power, and the mining pipe and flexible pipe are used to transport minerals to the mining ship; then, use the transport subship to transport the mineral resources back to land to complete the work of mineral mining [21].


	
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
	
	
	
	
		



Figure 1: Sketch of the deep sea mining system.


Figure 2 is the sketch of the mining pipe subsystem. As the main component of the subsystem, the mining pipe is thousands of meters long. It is not only used for the transportation of minerals but also the installation carrier for cables and power components [22]. The pipe top moves with the ship in heave motion () [23]. Using the stepped pipe can reduce the load pressure on the pipe, the pipe is divided into four steps, and the diameter of the pipe gradually decreases from the top to the bottom [24]. Ignore the flexible pipe impact and treat the bottom end as a free end [25].


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
	
	
		
	
		
	
	
		
			
				
			
				
			
		
	
	
	
		
	
		
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
	
	
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
			
				
			
				
			
		
	
	
	
		
	
	
		
			
			
				
			
		
	
	
		
	
		
	
		
	
		
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
	



Figure 2: Mining pipe subsystem sketch.


3. Theoretical Analysis
The FEM is a numerical method for solving mathematical and physical problems based on the variational principle. It can be applied to the calculation of complex problems such as dynamic analysis, nonlinear analysis, and multiphysics coupling analysis. The basic idea of the FEM can be summed up in two aspects: discretization and difference. The discretization is to divide the continuum into the combination of finite elements, and the difference is to select an interpolation function for each element to approximately solve the unknown function of the whole region. In this way, the equation of the continuum can be solved and calculated.
3.1. Theoretical Analysis of the Longitudinal Vibration
3.1.1. Element Matrix Analysis
In the longitudinal and transverse vibration analysis of the mining pipe, the mining pipe is simplified as the two-dimensional beam-bar element, and any small element is selected; as shown in Figure 3,  and  are the nodes at both ends,  and  are the linear displacement components, and the element node displacement vector is expressed as follows:


	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
			
				
			
		
	
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	



Figure 3: The diagram of element node displacement.


Using the Hermite difference to get the interpolation function [26]:
In equations (2)–(5),  is the element length and , , , and  are the interpolation function of the beam-bar element.
The element node displacement can be expressed as follows:
The geometric equation can be written as follows:
The geometric matrix  is represented as follows:
The element stress can be expressed as follows:
The calculation formula of the element stiffness matrix is as follows:
The calculation formula of the element mass matrix is as follows:where  is the mining pipe density.
Through formulas (10) and (11), the element stiffness and mass matrix can be obtained, and the formula is expressed as follows:
In equations (12) and (13),where  is the cross-sectional area.
3.1.2. Overall Matrix Analysis
The element matrix is assembled into the overall matrix. As shown in Figure 4, the 5000 m mining pipe is divided into 200 units, 201 nodes, and 402 degrees of freedom.


	
	
	
	
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
	
		
	
	
	
	
	
	
		
	
	
	
	
	
		
			
				
			
				
			
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
	
		
			
			
			
			
			
		
	



Figure 4: Discrete schematic diagram of the mining pipe.


The nth element stiffness matrix is , . The subelements are , , and  ranging from 1-2.  in the nth matrix is added to  in the (n + 1)th matrix; this point is taken as the basic point, and remaining items are added in turn to obtain the overall stiffness matrix, which is expressed as follows [27]:
Similarly, the overall mass matrix can be obtained, which is expressed as follows:
3.2. Theoretical Analysis of the Transverse Vibration
3.2.1. Element Matrix Analysis
In the transverse vibration of the mining pipe, take any section of the beam-bar element, as shown in Figure 5.  represents the offset angle; then, the displacement vector of the element node is expressed as follows:


	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
			
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	



Figure 5: The diagram of element node displacement.


Using the Hermite difference to get the interpolation function:
The element node displacement function is expressed as follows:
The geometric equation formula is as follows:where  is the axial strain of the element and  is the curvature.
The geometric matrix  is expressed as follows:
The element stress is expressed as follows:where  is the inertia moment.
The calculation formula of the element stiffness matrix is as follows:
The calculation formula of the element mass matrix is as follows:
Then, the element stiffness and mass matrix are expressed as follows:
In equations (25) and (26),
3.2.2. Overall Matrix Analysis
Similarly, the 5000 m mining pipe is divided into 200 units; each unit is 25 m long and has the total of 201 nodes. Each node contains 3 degrees of freedom, so there are 603 degrees of freedom in total.
The nth element stiffness matrix is , . The subelements are , , and  ranging from 1–6.  in the nth matrix is added to  in the (n + 1)th matrix. Based on this point, the remaining items are added in turn to obtain the overall stiffness matrix, which is expressed as follows:
Similarly, the overall mass matrix can be obtained, which is expressed as follows:
3.3. Load Analysis
The working environment of the mining pipe is complex, which is affected by the hydrodynamic force, pipeline gravity, and seawater buoyancy in the ocean [28]. In the actual sea conditions, under the action of ocean current, the mining pipe will be slightly offset, and under the action of mining ship excitation, the mining pipe will have vibration response [29]. According to the Morison equation, the ocean hydrodynamic force is composed of velocity force and inertial force. The calculation formula is as follows:where  is the velocity force vector and  is the inertial force vector:where  is the normal velocity force and  is the tangential velocity force. The calculation formula is as follows:
The calculation formula of the inertial force is as follows:
In equations (33)–(36),  is the normal resistance coefficient, the value is 1.2 [30],  is the tangential resistance coefficient, the value range is 0.01–0.04 [31],  is the inertial resistance coefficient, the value is 2.0 [32],  is the outside diameter of the pipe,  is sea water density,  is the relative velocity vector between sea water and pipe,  is the fluid velocity under the waves’ influence,  is the fluid velocity under the ocean influence,  is the velocity vector of the pipe motion,  is the water depth,  is the wave height, and  is the wave period.
Taking the moment to the top of the pipe, the calculation formula of the pipe offset angle is as follows [33]:where  is the middle ore bin weight and  is the pipe length.
Then, the external force matrix is as follows:
The longitudinal forces can be expressed as follows:
The transverse forces can be expressed as follows:where  is the mining ship heave amplitude, which can be calculated by Moore’s empirical formula [34], and  is the displacement of the mining ship.
3.4. Vibration Equation
The vibration equation is as follows [35]:where  is the damping matrix, which can be expressed as the viscous damping coefficient c multiplied by the matrix [36].
The initial states are as follows:
The Wilson-θ direct integral method is calculated as follows [37]:
From time  to , the iterative solution should be performed according to formulas (43)–(45), until the set time is reached to complete the iterative calculation.
4. Results and Discussion
When the deep sea mining system is working, the mining ship can mine while sailing [38]. At the beginning, the velocity of the mining ship accelerates from 0 m/s to the maximum constant towing velocity, and at the end, the mining ship decelerates from the maximum running velocity to 0 m/s. In this process, the vibration response of the mining pipe is directly related to the towing velocity of the mining ship [39]. As shown in Figure 6,  represents the towing function, 0 −  is the constant accelerated towing stage,  −  is the constant velocity towing stage,  −  is the constant decelerating towing stage, and  is constant towing velocity; this paper mainly analyzes the constant velocity towing stage ( − ).


	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
	
		
	



Figure 6: Towing process diagram.


The 5000 m mining pipe is divided into four steps. Table 1 is related parameters, the working environment is the level 6 working wind condition, and the mining pipe vibration law under different towing velocities is analyzed.
Table 1: Related parameters of the mining pipe system.
	

	Ladder section	1	2	3	4
	

	 (m)	1000	1000	1500	1500
	 (m)	0.28	0.26	0.24	0.22
	 (m)	0.20	0.20	0.20	0.20
	mh (kg/m)	236.63	170.08	108.46	51.76
	Ah (m2)	0.0302	0.0217	0.0139	0.0066
	Iz (m4)				
	J (m4)				
	 (GPa)	210	210	210	210
	 (GPa)	84	84	84	84
	



4.1. Natural Frequency Solution
The pipe top is connected to the mining ship. The bottom of the mining pipe is connected to the ore bin, and the effect of the flexible pipe on the mining pipe is not considered. The shock absorber provides controllable damping c. Since the length of the pipe is much larger than the thickness of the joint, the influence of flange weight can be ignored [40]. Then, the natural frequency calculation formula is as follows [41]:
The first 20 order natural frequency values are shown in Tables 2 and 3.
Table 2: Longitudinal natural frequency.
	

	Order number	Natural frequency (Hz)
	

	1	2.313
	2	5.057
	3	7.795
	4	11.83
	5	15.82
	6	19.74
	7	24.35
	8	26.05
	9	28.11
	10	31.59
	11	33.48
	12	35.58
	13	36.68
	14	38.69
	15	39.56
	16	40.78
	17	42.19
	18	45.81
	19	47.55
	20	50.94
	



Table 3: Transverse natural frequency.
	

	Order number	Natural frequency (Hz)
	

	1	0.003536
	2	0.003603
	3	0.003883
	4	0.004142
	5	0.004501
	6	0.004674
	7	0.004782
	8	0.005007
	9	0.005141
	10	0.005820
	11	0.006449
	12	0.01190
	13	0.01334
	14	0.01566
	15	0.01711
	16	0.02094
	17	0.02317
	18	0.02627
	19	0.02751
	20	0.02943
	



4.2. Vibration Analysis of the Mining Pipe When the Towing Velocity is 0 m/s
When the mining ship towing velocity is 0 m/s, the ore bin weight is 30 t, and the damping is 200 N·s/m, and the mining pipe vibration law is shown in Figures 7 and 8.
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(d)
Figure 7: The mining pipe longitudinal vibration at different positions. (a) At 1000 m. (b) At 2000 m. (c) At 3500 m. (d) At 5000 m.
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(d)
Figure 8: The mining pipe transverse vibration at different positions. (a) At 1000 m. (b) At 2000 m. (c) At 3500 m. (d) At 5000 m.


As shown in Figures 7 and 8, the mining pipe longitudinal and transverse vibration response is irregular motion, and the oscillation phenomenon is obvious. When the towing velocity of the mining ship is 0 m/s, the longitudinal vibration amplitude is much larger than the transverse vibration amplitude. At this time, longitudinal vibration is the main vibration mode, and hysteresis response occurs in the mining pipe, and the hysteresis time increases gradually from the top to the bottom. As shown in Figures 7(a)–7(d), the maximum longitudinal vibration amplitude between 1000 m–5000 m decreases first and then increases from the top to the bottom, and the minimum value occurs at a certain position between 1000 m–3500 m. As shown in Figures 8(a)–8(d), the maximum transverse vibration amplitude of the mining pipe between 1000 m–5000 m also decreases first and then increases, and the minimum amplitude occurs at a certain position between 2000 m–3500 m.
4.3. Vibration Analysis under Different Towing Velocities
When the towing velocity is 0 m/s, 0.2 m/s, 0.5 m/s, 1.0 m/s, 2.0 m/s, and 3.0 m/s, respectively, the ore bin weight is 30 t and the damping is 200 N·s/m; the pipe maximum vibration amplitude at different locations is shown in Figures 9 and 10.


	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
		
		
			
			
			
			
		
	
	
		
			
		
		
			
			
			
		
		
			
		
		
			
			
			
		
		
			
		
		
			
			
			
		
	
	
		
			
		
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	

Figure 9: Variation diagram of maximum longitudinal vibration amplitude.




	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
			
		
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	

Figure 10: Variation diagram of maximum transverse vibration amplitude.


In Figure 9, the maximum longitudinal vibration amplitude of the mining pipe from the top to the bottom decreases first and then increases, and at 1500 m, the minimum vibration amplitude occurs; at the pipe top, the maximum vibration amplitude occurs. That is, the vibration amplitude gradually decreases at 0–1500 m and gradually increases at 1500 m–5000 m. This is because the diameter of the mining pipe is large at 0–1500 m, the contact area between nodes is large, and the energy consumption generated by the interaction force is large, so the vibration amplitude gradually decreases at this stage. At 1500 m–5000 m, the pipe diameter decreases, the contact area between the nodes is reduced, energy consumption decreases, and the inertia force is increased, so the vibration amplitude gradually increases at 1500 m–5000 m.
Similarly, in Figure 10, the pipe maximum transverse vibration amplitude decreases first and then increases from the top to the bottom, the minimum vibration amplitude appears at 3000 m, and the maximum vibration value appears at the top of the pipe, and the vibration amplitude gradually decreases at 0–3000 m and increases at 3000 m–5000 m. This is because the top of the pipe is directly excited by the mining ship, so the maximum value of vibration appears at the top, and then, there is the collision between the pipeline nodes, resulting in a loss of force, so the vibration amplitude gradually decreases. The diameter of the pipe at 0–3000 m is large, and the contact area is large, so the force loss is large, and the vibration amplitude decreases rapidly. The diameter of the pipeline at 0–3000 m is large, and the contact area is large, so the force loss is large, and the vibration amplitude decreases rapidly. At 3000 m–5000 m, the inertial effect of the pipeline itself and the ore bin is enhanced, the pipeline contact area is reduced, and the force loss is reduced, so the vibration amplitude will show an upward trend again.
As shown in Figures 9 and 10, increasing the towing velocity can decrease the overall longitudinal vibration amplitude and increase the overall transverse vibration amplitude. This is because when the towing velocity increases, the mining pipe offset angle becomes larger, the transverse excitation increases, and the longitudinal excitation decreases, so the longitudinal vibration amplitude decreases and the transverse vibration amplitude increases. However, the change of the towing velocity will not change the vibration law of the mining pipe which first decreases and then increases, nor will it change the position where the minimum vibration value appears. When the towing velocity is less than 2.0 m/s, the longitudinal vibration amplitude is much larger than the transverse vibration amplitude; at this time, longitudinal vibration is the main vibration mode. When the towing velocity is greater than 3 m/s, the transverse vibration amplitude exceeds the longitudinal vibration amplitude; at this time, attention should be paid to the influence of transverse vibration on the mining pipe.
4.4. Vibration Analysis under Different Ore Bin Weights
When the towing velocity is 0.2 m/s, the damping is 200 N·s/m, and the ore bin weight is 0 t, 30 t, 50 t, and 80 t, respectively. The pipe maximum vibration amplitude at different locations is shown in Figure 11.
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(b)
Figure 11: Variation diagram of maximum vibration amplitude under different ore bin weights. (a) Longitudinal. (b) Transverse.


As shown in Figure 11, increasing the ore bin weight will not change the pipe vibration trend, which decreases first and then increases, nor will it change the occurrence point of the minimum vibration value. However, increasing the ore bin weight will increase the overall longitudinal vibration amplitude and decrease the overall transverse vibration amplitude. This is because when the mining ship is towing at the low speed ( = 0.2 m/s), the amplitude of longitudinal vibration is much larger than that of transverse vibration. With the ore bin weight increase, the longitudinal inertia force and axial excitation are both increased, so the longitudinal vibration amplitude will increase. For the transverse vibration, with the ore bin weight increase, the mining pipe transverse excitation decreases, while the inertia force increases slightly, it is not enough to compensate for the decreased value, so the transverse vibration amplitude appears to be in the downward trend.
4.5. Vibration Analysis under Different Step Lengths
The total length of the mining pipe is 5000 m, and the length of each step section of the mining pipe is, respectively, case 1, case 2, and case 3, and the specific values are shown in Table 4. When the ore bin weight is 30 t, towing velocity is 0.2 m/s, and damping is 200 N·s/m, the pipe maximum vibration amplitude at different locations is shown in Figures 12 and 13.
Table 4: Length of each step.
	

	Case	Ladder section	1	2	3	4
	

	1	L (m)	500	1500	1500	1500
	2	L (m)	1000	1000	1500	1500
	3	L (m)	1500	1000	1000	1500
	





	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
		
		
			
			
			
			
		
	
	
		
			
		
		
			
			
			
		
		
			
		
		
			
			
			
		
		
			
		
		
			
			
			
		
	
	
		
			
				
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
			
				
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	

Figure 12: Variation diagram of maximum longitudinal vibration amplitude.




	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
		
		
			
			
			
			
		
	
	
		
			
				
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
			
				
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	

Figure 13: Variation diagram of maximum transverse vibration amplitude.


As shown in Figures 12 and 13, changing the length of the mining pipe each step section cannot change the mining pipe vibration law, but it can change the position where the minimum vibration value appears. In case 1, case 2, and case 3, the minimum longitudinal vibration amplitude appears at 1000 m, 1500 m, and 2000 m, and the minimum transverse vibration amplitude appears at 2500 m, 3000 m, and 3500 m, respectively. When the length of the first ladder section (large diameter section L1) is increased, the pipe overall vibration amplitude will decrease. The reason is because this stepped section pipeline diameter is large, strong force between nodes, the energy loss is large, and increasing the length of L1 will increase the energy loss, so the vibration amplitude will decrease. On the contrary, when the L1 length is reduced, the mining pipe overall vibration amplitude will increase.


	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 14: Longitudinal vibration frequency under different towing velocities.




	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 15: Transverse vibration frequency under different towing velocities.




	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	

Figure 16: Longitudinal vibration frequency.




	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
	
	
	
	
	
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	

Figure 17: Transverse vibration frequency.




	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	

Figure 18: Longitudinal vibration frequency.




	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	

Figure 19: Transverse vibration frequency.
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(d)
Figure 20:  = 0.2 m/s. Variation diagram of longitudinal vibration intensity. (a) First-order. (b) Second-order. (c) Third-order. (d) Fourth-order.
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(d)
Figure 21:  = 0.2 m/s. Variation diagram of transverse vibration intensity. (a) First-order. (b) Second-order. (c) Third-order. (d) Fourth-order.
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(d)
Figure 22:  = 2.8 m/s. Variation diagram of longitudinal vibration intensity. (a) First-order. (b) Second-order. (c) Third-order. (d) Fourth-order.
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(d)
Figure 23:  = 2.8 m/s. Variation diagram of transverse vibration intensity. (a) First-order. (b) Second-order. (c) Third-order. (d) Fourth-order.
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(d)
Figure 24:  = 3.0 m/s. Variation diagram of longitudinal vibration intensity. (a) First-order. (b) Second-order. (c) Third-order. (d) Fourth-order.
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(d)
Figure 25:  = 3.0 m/s. Variation diagram of transverse vibration intensity. (a) First-order. (b) Second-order. (c) Third-order. (d) Fourth-order.


Table 5: Vibration data statistics table.
	

	Longitudinal	Transverse
	Vibration frequency order number	c = 0 N·s/m, vibration intensity (dB)	c = 200 N·s/m, vibration intensity (dB)	Attenuation value (dB)	Vibration frequency order number	c = 0 N·s/m, vibration intensity (dB)	c = 200 N·s/m, vibration intensity (dB)	Attenuation value (dB)
	

	1	22.036	18.956	3.080	1	0.5429	0.4670	0.0759
	2	18.459	16.057	2.402	2	0.4548	0.3956	0.0592
	3	20.378	17.730	2.648	3	0.5020	0.4368	0.0652
	4	19.244	16.739	2.505	4	0.4741	0.4124	0.0617
	



Table 6: Vibration data statistics table.
	

	Longitudinal	Transverse
	Vibration frequency order number	c = 0 N·s/m, vibration intensity (dB)	c = 200 N·s/m, vibration intensity (dB)	Attenuation value (dB)	Vibration frequency order number	c = 0 N·s/m, vibration intensity (dB)	c = 200 N·s/m, vibration intensity (dB)	Attenuation value (dB)
	

	1	15.726	13.528	2.198	1	15.626	13.442	2.184
	2	13.173	11.459	1.714	2	13.089	11.386	1.703
	3	14.543	12.654	1.889	3	14.450	12.572	1.878
	4	13.733	11.946	1.787	4	13.646	11.870	1.776
	



Table 7: Vibration data statistics table.
	

	Longitudinal	Transverse
	Vibration frequency order number	c = 0 N·s/m, vibration intensity (dB)	c = 200 N·s/m, vibration intensity (dB)	Attenuation value (dB)	Vibration frequency order number	c = 0 N·s/m, vibration intensity (dB)	c = 200 N·s/m, vibration intensity (dB)	Attenuation value (dB)
	

	1	15.425	13.269	2.156	1	16.127	13.873	2.254
	2	12.921	11.240	1.681	2	13.509	11.751	1.758
	3	14.262	12.408	1.854	3	14.913	12.975	1.938
	4	13.471	11.718	1.753	4	14.083	12.250	1.833
	



4.6. Vibration Frequency Analysis
(i)In case 2, when the ore bin weight is 30 t, the towing velocity is 0 m/s, 0.2 m/s, 0.5 m/s, 1.0 m/s, 2.0 m/s, and 3.0 m/s, and the damping is 200 N·s/m; the mining pipe vibration frequency is shown in Figures 14 and 15. As shown in Figures 14 and 15, increasing the towing velocity will decrease the longitudinal vibration intensity and increase the transverse vibration intensity. However, the vibration frequency of the mining pipe does not change with the change of towing velocities. At the first-order vibration frequency, the maximum longitudinal and transverse vibration intensity occurs, and when the towing velocity is less than 2 m/s, the longitudinal vibration intensity is greater than the transverse vibration intensity.(ii)In case 2, when the ore bin weight is 0 t, 30 t, 50 t, and 80 t, towing velocity is 0.2 m/s and damping is 200 N·s/m; the vibration frequency is shown in Figures 16 and 17. It can be seen from Figures 16 and 17 that increasing the ore bin weight will increase the intensity of longitudinal vibration and decrease the intensity of transverse vibration, but the change of the ore bin weight will not change the vibration frequency. When the mining ship is sailing at the low velocity ( = 0.2 m/s), the intensity of longitudinal vibration is much greater than that of transverse vibration; at this time, the intensity of longitudinal vibration is mainly reduced.(iii)The length of the step section is case 1, case 2, and case 3, respectively. When the ore bin weight is 30 t, the towing velocity is 0.2 m/s and the damping is 200 N·s/m; the vibration frequency is shown in Figures 18 and 19. As shown in Figures 18 and 19, under the condition that the mining pipe total length is unchanged, changing the length of each step section can make the vibration intensity and vibration frequency change, and increasing the L1 length can reduce the vibration intensity and vibration frequency, but the maximum value of longitudinal and transverse vibration intensity still appears at the first-order vibration frequency. However, when the towing velocity is 0.2 m/s, no matter how the length of the mining pipe each step section changes, the intensity of the longitudinal vibration is much greater than that of the transverse vibration. At this time, the longitudinal vibration is still the main vibration mode.(iv)Under the case 2, taking the first four order vibration frequencies for research, the corresponding longitudinal vibration frequencies were 11.57 Hz, 12.45 Hz, 13.33 Hz, and 13.82 Hz, respectively; the corresponding transverse vibration frequencies were 0.023 Hz, 0.0249 Hz, 0.0267 Hz, and 0.0276 Hz, respectively. The distance between the vibration frequency and the natural frequency nearest to itself: the first-order vibration frequency is closest to the natural frequency, followed the third-order, then the fourth-order, and finally the second-order, which is the farthest away from the natural frequency.(1)When the ore bin weight is 30 t, the towing velocity is 0.2 m/s, and the damping is 0 N·s/m and 200 N·s/m; the variation diagram of vibration intensity is shown in Figures 20 and 21. In Figures 20 and 21, when the towing velocity is 0.2 m/s and the damping increases from 0 N·s/m to 200 N·s/m, the longitudinal and transverse vibration intensity will attenuate to different degrees; the specific values are shown in Table 5. According to data analysis, whether it is longitudinal or transverse vibration, the vibration intensity at the first-order vibration frequency is the largest, followed the third-order, then the fourth-order, and finally the second-order vibration frequency, which has the lowest vibration intensity. After adding damping, the amplitude of vibration intensity reduction at the first-order frequency is the largest, and the amplitude decrease at the second-order is the smallest. It indicates that the closer the vibration frequency is to the natural frequency, the greater the vibration intensity is, after adding damping, the greater the vibration attenuation degree is, and the more obvious the vibration reduction effect is. In addition, comparing Figures 20 and 21, it can be found that the longitudinal vibration intensity is much greater than the transverse vibration intensity at this time. When the same damping is added, the attenuation value of the longitudinal vibration intensity is large, and the vibration reduction effect is obvious, but the longitudinal vibration intensity after adding damping is still far greater than the intensity of transverse vibration without damping. It shows that when the towing velocity is 0.2 m/s, the longitudinal vibration is the main vibration mode, and the longitudinal vibration is mainly processed in the vibration reduction control.(2)When the ore bin weight is 30 t, the towing velocity is 2.8 m/s, and the damping is 0 N·s/m and 200 N·s/m; the variation diagram of vibration intensity is shown in Figures 22 and 23. In Figures 22 and 23, when the towing velocity is 2.8 m/s, increasing the damping will reduce the vibration intensity; the specific values are shown in Table 6. It can be seen from the data in Table 6 that there is little difference between the longitudinal and transverse vibration intensities at this time. After damping is added, the attenuation value of the vibration intensity is almost the same. This indicates that when the towing velocity is 2.8 m/s, the longitudinal and transverse vibrations are the same and both have strong vibration intensity; therefore, attention should be paid to both the transverse and longitudinal vibrations during the vibration reduction control.(3)When the ore bin weight is 30 t, the towing velocity is 3.0 m/s, and the damping is 0 N·s/m and 200 N·s/m; the variation diagram of vibration intensity is shown in Figures 24 and 25. As shown in Figures 24 and 25, when the towing velocity is 3.0 m/s and the damping is increased from 0 N·s/m to 200 N·s/m, the longitudinal and transverse vibration intensity will also be attenuated; the specific values are shown in Table 7. At this time, the transverse vibration intensity is greater than the longitudinal vibration intensity. When the same damping is added, the attenuation degree of the transverse vibration is greater and the damping effect is more obvious. However, the transverse vibration intensity after adding the damping is still greater than the longitudinal vibration intensity under the same condition, so when the towing velocity is 3.0 m/s, the vibration reduction control of the transverse vibration should be appropriately increased during the vibration reduction work.
5. Conclusions
In this study, the 5000 m stepped mining pipe is taken as the research object; under the level 6 working wind condition, the mining pipe longitudinal and transverse vibration characteristics are studied, respectively; the main conclusions can be summarised as follows:(1)The longitudinal and transverse vibration response is irregular motion, and the oscillation phenomenon is obvious, the overall vibration trend decreases first and then increases from the top to the bottom, and the maximum vibration amplitude occurs at the pipe top.(2)When the ore bin weight, the length of the pipe each step section, and damping are constant, increasing the towing velocity can reduce the longitudinal vibration amplitude and increase the transverse vibration amplitude, but changing the towing velocity will not change the pipe vibration law which decreases first and then increases, nor will it change the position where the minimum vibration occurs.(3)When the external conditions are stable, increasing the ore bin weight will increase the overall longitudinal vibration amplitude and reduce the overall transverse vibration amplitude. Similarly, changing the ore bin weight will not change the mining pipe vibration law. Increasing the length of the large diameter step section (L1) will simultaneously reduce the longitudinal and transverse vibration amplitude.(4)When the total length of the mining pipe remains unchanged, the length of the each step section is changed, not only the amplitude of transverse and longitudinal vibration intensity but also the vibration frequency will be changed.(5)When the external conditions are stable, the towing velocity is between 0–2.8 m/s, the longitudinal vibration is the main vibration mode, and the intensity of longitudinal vibration is much greater than that of transverse vibration. When the towing velocity reaches 2.8 m/s, the longitudinal and transverse vibration intensity is the same, and the damping effect is the same after adding damping. When the towing velocity is greater than 2.8 m/s, the transverse vibration is gradually greater than the longitudinal vibration, and at this time, the vibration reduction control of the transverse vibration should be emphasized.
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